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Preface

The intent of this book is to present major advances in accelerator physics and

technology implemented at the Tevatron proton–antiproton collider at the Fermi

National Accelerator Laboratory in Batavia, IL, USA, during its quarter of century

long quest for better and better performance. The collider was arguably one of the

most complex research instruments ever to reach the operation stage and is widely

recognized for many technological breakthroughs and numerous physics discover-

ies. In this book we have tried to coherently describe the contributions to the

physics of colliding beams made at the Tevatron. Both theoretical and experimental

works are presented in uniform fashion. Throughout the text, we use the same

symbol definitions and provide references which are readily available for the

reader. For example, all the references to the proceedings of the International,

European and IEEE Particle Accelerator Conference series (PACs) can be found

at the JACOW website http://accelconf.web.cern.ch/accelconf/. All cited Fermilab

technical publications are available at inSPIRES http://inspirehep.net/.

In Chap. 1 we outline the basics of the colliding beams technique and brief

history of the Tevatron, describe the Fermilab accelerator complex, and overview

the collider luminosity progress. Other chapters are devoted to special topics, such

as beam optics methods used in the Tevatron accelerators (Chap. 2), accelerator

magnets and magnetic field effects on beam dynamics (Chap. 3), novel longitudinal

beam manipulation methods widely used at the Tevatron (Chap. 4), high intensity

beam issues and instabilities (Chap. 5), beam emittance growth and halo collima-

tion (Chap. 6), production and cooling of the antiprotons (Chap. 7), the beam–beam

effects (Chap. 8), and beam instrumentation (Chap. 9).

Batavia, IL Valery A. Lebedev

Vladimir D. Shiltsev
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Symbols

Symbol(s) Meaning Units

L Luminosity per IP cm�2 s�1

IL¼
R
L dt Integrated luminosity pb�1/week, fb�1

Ep,a Proton(antiproton) beam energy GeV

C, R¼C/2π Ring circumference, radius m

c¼ 2.9979� 108 m/s, v Speed of light, velocity, relativistic

factors (protons, antiprotons)β¼ v/c; γp,a¼ (1�β2p,a)
�1/2

f0¼C/v, fRF, h¼ fRF/f0 Revolution frequency, RF fre-

quency, harmonics number

MHz

x, y, z, s Horizontal, vertical, and longitudi-

nal displacements, longitudinal

coordinate

Qx,y,s Horizontal, vertical, synchrotron

tune

Nb Number of bunches

tb Bunch spacing ns

Np,a Protons (antiprotons)/bunch 109

ε( p,a) (x,y,L ) RMS normalized emittance (pro-

ton, antiproton), (horizontal,

vertical, longitudinal)

π μm, eV s

σ( p,a)(x,y,z) RMS beam size (proton, antipro-

ton), (horizontal, vertical,

longitudinal)

μm, m

σE,δ RMS energy spread, relative

energy spread

βx,y, αx,y, Dx,y, β
*
x,y Beta- and alpha-beam optics func-

tions (horizontal, vertical), dis-

persion, beta-function at IP

m, cm

x,y,z¼ (2Jx,y,zβx,y,z)
1/2 cos(ψx,y,z) Coordinates, actions, variables, and

phases

VRF RF voltage amplitude MV

(continued)

xi



Symbol(s) Meaning Units

Z||, Z⊥, Z0 Longitudinal, transverse imped-

ance, free space impedance

Ohm, Ohm/m, 377Ω

H(σz, β
*, . . .) Hour-glass factor

e¼ 2.71828 . . .

e¼ 1.602� 10�19 C Electron charge

mp¼ 938.27 MeV/c2 Proton mass

me¼ 511 keV/c2 Electron mass

rp¼ e2/mpc
2¼ 1.535� 10�18 m Proton classical radius

re¼ e2/mec
2¼ 2.818� 10�15 m Electron classical radius

xii Symbols



Abbreviations

AA Antiproton Accumulator at Fermilab

ANL Argonne National Laboratory, USA

BNL Brookhaven National Laboratory, USA

BPM Beam position monitor

CERN European Organization for Nuclear Research, Switzerland

DESY Deutsches Elektronen-Synchrotron Laboratory, Germany

FNAL Fermi National Accelerator Laboratory, USA

Fermilab Fermi National Accelerator Laboratory, USA

HERA Hadron-Elektron Ring-Anlage at DESY

IP Interaction point

ISR Intersection Storage Ring at CERN

LHC Large Hadron Collider at CERN

Linac Linear accelerator

MI Main Injector synchrotron at FNAL

Quad Quadrupole magnet

RR Recycler Ring at FNAL

Sp(p)S Super Proton (antiproton) Synchrotron at CERN

SSC Superconducting Super Collider, USA

Tevatron TeV proton antiproton collider at Fermilab
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Parameters of Fermilab Accelerators

BS MI RR DB AA TeV

Particles p p, pbar pbar pbar pbar p, pbar

Circumference C 474 3,319 3,319 505 474 6,283 m

Injection energy

(kinetic)

Einj 0.4 8 8 8 8 150 GeV

Peak energy

(kinetic)

E 8 150 8 8 8 980 GeV

Cycle time 1/15 2.2 - 2.2 - ramp 84 s

Harmonic

number

h 84 588 - 90 84 1,113

Transition

gamma

γt 5.5 21.6 20.7 7.7 6.2 18.6

Maximum RF

voltage

VRF 0.75 4.0 0.002 5.1 0.04 1.4 MV

βmax in cells 34/20 (h/v) 57 55 16 52/40 100 m

β* at collision
points

– – – – – 0.28 m

Maximum

dispersion

Dx 3.2 2.2 2 2.1 9 8 m

Tune (approx.) Qx,y 6.7 22.42 25.45/

24.46

9.76/

9.78

6.68/

8.68

20.59

Bend magnet

length

2.9 6.1/4.1 4.3/2.8 1.6 1.5/3/4.6 6.1 m

Half-cell length 19.76 17.3 17.3 4.4 29.7 m

Bend magnets/

cell

4 4 4 2 8

Bend magnets

total

96 300 344 66 24 774

Phase advance

per cell

96 90 79/87 (v/h) 60 68 �

Cell type FOFDOOD FODO FODO FODO FODO

BS booster,MImain injector,DB debuncher, AA antiproton accelerator, RR recycler, TeV tevatron,

p protons, pbar antiprotons
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Chapter 1

Introduction

S. Holmes, R. Moore, J. Peoples, and V. Shiltsev

1.1 Colliding Beams and the Tevatron Collider

Particle accelerators have been widely used for research in physics since the early

twentieth century and greatly progressed both scientifically and technologically

since then. To get an insight into the physics of elementary particles, one acceler-

ates them to very high kinetic energy, let them impact on other particles, and detect

products of the reactions that transform the particles into other particles. The center

of mass energy Ecm for a head-on collision of two particles with masses m1 and m2

and energies E1 and E2 is

Ecm ¼ 2E1E2 þ m2
1 þ m2

2

� �
c4 þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
1 � m2

1c
4

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
2 � m2

2c
4

q� �1=2
: ð1:1Þ

For many decades, the only arrangement of accelerator experiments was a fixed

target setup when a beam of particles accelerated with a particle accelerator hit a

stationary target set onto the path of the beam. In this case, as follows from Eq. (1.1),

for high energy accelerators E�mc2, the CM energy is Ecm� (2Emc2)1/2. For
example, 1,000 GeV protons hitting stationary protons can produce reactions with

about 43 GeV energy. A more effective colliding beam setup in which two beams of

particles are accelerated and directed against each other has much higher center of

mass energy of Ecm� 2(E1E2)
1/2. In the case of two equal mass of particles (e.g.,

protons and protons, or protons and antiprotons) colliding with the same energy E of

1,000 GeV, one gets Ecm¼ 2E or 2,000 GeV. Such an obvious advantage secured the
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V. Shiltsev (*)

Accelerator Physics Center, Fermi National Accelerator Laboratory, MS221, PO Box 500,

Batavia, IL 60510, USA

e-mail: shiltsev@fnal.gov

V. Lebedev and V. Shiltsev (eds.), Accelerator Physics at the Tevatron Collider,
Particle Acceleration and Detection, DOI 10.1007/978-1-4939-0885-1_1,

© Springer Science+Business Media New York 2014

1

mailto:shiltsev@fnal.gov


place of the colliders as frontier high energy physics machines since 1960s [1]. The

first electron–positron colliders were built in the early 1960s almost simultaneously

three laboratories: AdA collider at the Frascati laboratory near Rome in Italy, the

VEP-1 collider in the Novosibirsk Institute of Nuclear Physics (USSR), and the

Princeton–Stanford Colliding Beam Experiment at Stanford (USA). Their center of

mass energies were 1 GeV or less. Construction of the first hadron (proton–proton)

collider the Intersecting Storage Rings began at CERN (Switzerland) in 1966, and in

1971 this collider was operational and eventually reached Ecm¼ 63 GeV. In the case

of electrons and positrons the synchrotron radiation results in fast damping of betatron

and synchrotron oscillations and creates an effectiveway to accumulate large currents.

The synchrotron radiation has negligible effect on damping of particle oscillations in

proton (hadron) colliders and, therefore, a construction of proton–antiproton colliders

required damping based on a mechanism other than the synchrotron radiation. The

invention of stochastic cooling technique in 1969 led to the construction of the first

proton–antiproton collider SppS in CERN in 1982. Many electron–positron and

hadron colliders were built over the past half a century—see, e.g., [2]. The Tevatron

proton–antiproton collider [3] was the world’s highest energy collider for almost

25 years since it began its operation in December 1985 until it has been overtaken

by the LHC in 2009.

The aim of the Tevatron collider was to explore the elementary particle physics

phenomena with center of mass collision energies of up to 1.96 TeV. The number of

events per second generated in the Tevatron collisions is given by:

dNevent=dt ¼ L � σevent, ð1:2Þ

where σevent is the cross section for the event under study, and L is the machine

luminosity. The machine luminosity depends only on the beam parameters and for a

Gaussian beam distribution is:

L ¼ γf 0
NbNaNp

4πβ�ε
H σs=β

�ð Þ, ð1:3Þ

where Np,a is the number of particles (protons or antiprotons) per bunch, Nb the

number of bunches per beam, ε is the average rms normalized emittances of two

round beams (εa + εp)/2,H(x) is the geometric luminosity reduction factor (“hourglass

factor”) which depends on the ratio of the rms bunch length σs and beta-function at the
collision point β*, γ is the relativistic factor, and f0 is the revolution frequency. The

exploration of rare events in the Tevatron collisions therefore requires not only high

beam energy but also a high beam brightness. The initial design luminosity of the

Tevatron was 1030 cm�2 s�1, however due to many upgrades, the accelerator has been

able to deliver luminosities up to L¼ 4.3� 1032 cm�2 s�1 to each of two high

luminosity experiments, CDF [4] and D0 [5]. It is configured as a particle–antiparticle

collider in which both circulating beams share a common vacuum andmagnet system.

In its latest operation with 36 bunches in each beam and a nominal bunch spacing of

396 ns, the common beam pipe implies 72 collision points per turn for each beam.

2 S. Holmes et al.



The high voltage electrostatic separators excite helical orbits of opposite signs for

protons and antiprotons making the beams separated at the undesirable collision

points. At injection the beams are separated everywhere. The total relative separation,

in the units of the rms beamhorizontal and vertical sizes σx and σy,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2=σx2 þ y2=σy2

p
,

is limited by available aperture and stays in the range of 4–12 σ (5–16mm in the arcs).

The beam sizes decrease with beam acceleration and after ~500 GeV the beam

separation becomes limited by the strength of the electrostatic separators. It results

in that at the end of acceleration the relative beam separation is approximately the same

as at the injection in spite of larger ratio between the available aperture and the beam

size. At collisions the beams are separated by 5–15 σ (3.5–8.5mm) everywhere except

the two experimental interaction pointswhere beams collide head-on. For computation

of the above beam separation the reference rms beam emittance of 3.2 mm-mrad and

the reference rms momentum spread of 5.2� 10�4 at the injection and 1.2� 10�4 at

the top energywere used. The aperture of the vacuumpipe in Tevatron quadrupole and

dipole magnets is about 70 mm. The major aperture limitation comes from the

electrostatic separators which limit it to 50 mm.

The maximum beam energy that can be reached in the Tevatron is limited by the

peak dipole field in the superconducting magnets. The nominal field is 4.33 T,

corresponding to the energy of 980 GeV. The maximum field attainable in the ring

is some 2 % higher, and such an operational margin is needed to tolerate for the heat

load and temperature raises due to the beam losses. The operation at the top energy

is extremely sensitive to the beam losses and they have to be minimized. The basic

Tevatron parameters are given in Table 1.1.

There are several important performance limitations of the collider. Production of

antiprotons is the most challenging one, as it requires operation of sophisticated

Table 1.1 Basic parameters of the Tevatron collider

Colliding particles Protons and antiprotons

Particle energy 980 GeV

Circumference 2,000 π m� 6,283 m

Magnetic lattice Alternating gradient focusing, separated function

Focusing order FODO

Number of main bending

magnets

774a

Bending magnetic field 0.664 T at injection, 4.33 T at the maximum energy

Bending magnet Nb–Ti conductor at 4.3 K, cold-bore, iron at ambient temperature

Quadrupole field gradient 11.4 T/m at injection, 74.5 T/m at maximum energy

Betatron tunes 20.583 (h), 20.585 (v)

Energy ramp time 85 s (in operation, 15 s minimum)

Long straight sections Number—6, length—50 m (incl. two low-beta insertions)

RF system (tunable) Eight cavities (4 per beam), 53.1 MHz, 1.2 MeV/turn total maximum

voltage for each beam, independent voltage control for each beam

Vacuum chamber Stainless steel, rounded square 70 mm full aperture (h, v) in dipoles
aThis number of dipoles implies that all magnets would have the same field and length. Actually

two Tevatron dipoles are replaced by special purpose magnets. That leaves 772 standard 6.12 m

long dipoles used for beam bending

1 Introduction 3



antiproton complex consisting of the antiproton target area and three 8GeV antiproton

synchrotrons: Accumulator, Debuncher, and Recycler in which stochastic and elec-

tron cooling systems are utilized for collection, beam size reduction, and accumula-

tion. The complex has set all the world’s records in the antimatter production,

including the most antiprotons accumulated in 1 hour: 28.5� 1010, in 1 week:

4.1� 1013, and the total number of antiprotons produced—some 1016, or 17 ng (that

is more than 95 % of the world’s total number of antiprotons ever produced).

The maximum particle density per bunch is limited by the nonlinear beam–beam

interaction that each particle experiences when bunches of both beams collide with

each other. The strength of beam–beam interaction is measured by the linear tune

shift, which for round beams is given by:

ΔQp,a ¼ NIPξp,a ¼ NIP

Na, p

4πεa, p
, ð1:4Þ

where rp¼ e2/(mpc
2) is the classical proton radius. The Tevatron experience is that

the total linear tune shift summed over its two main interaction points (IPs) should

not exceed 0.025–0.03 for operation with acceptable performance loss. This implies

that the linear beam–beam tune shift for each IP should satisfy ξ< 0.012–0.015.

The collisions in other interaction points also strongly affect the strength of beam–

beam effects (see details in Chap. 8).

Magnetic field quality errors compromise the particle stability in the storage

ring, and hence a loss-free operation requires a high field quality of few 10�4 of the

main field at a reference radius of 1 in. The Tevatron was the first large accelerator

operating with superconducting magnets and the first to deal with decay of persis-

tent currents and their “snap back” at the beginning of the ramp resulting in some

5 G field errors. Achieving small beam losses therefore required a tight control of

the magnetic field errors during magnet production and careful compensation

during machine operation.

At nominal operation a total beam current of two beams is about 0.10 A. It

corresponds to a stored beam energy of about 2.1 MJ. In addition to the energy

stored in the circulating beams, the Tevatron magnet system has a stored electro-

magnetic energy of approximately 400 MJ. Both the beam and magnetic stored

energies must be absorbed safely at the end of each run or in the case of a

malfunction or an emergency. That has been taken care of with the beam dumping

system and the magnet quench-protection and energy dump systems.

The luminosity in the Tevatron is not constant over a physics run (also called “HEP

store”), but decays due to the degradation of intensities and emittances of the circu-

lating beams. The main causes of the luminosity decay during nominal Tevatron

operation are beam size (emittance) increase due to intra-beam scattering (IBS), the

beam loss from collisions and beam–beam effects, reduction of the hourglass factor

due to bunch lengthening, in turn caused by the intra-beam scattering. The emittance

blow-up can also be caused by the scattering of particles on residual gas, the nonlinear

force of the beam–beam interaction, RF noise, and other external noises. The initial

decay time of the Tevatron luminosity was 10–15 h in the early years of relatively

4 S. Holmes et al.
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low-luminosity operation, while at the ultimate high luminosities in excess of

3� 1032 cm�2 s�1 the initial decay time is about 5–6 h.

Filling the Tevatron requires special magnet preparation ramps and multiple

injections of protons and antiprotons. Together with ramping up and down time and

several minutes needed for low-beta squeeze and beam halo scraping, the average

turnaround time for the collider is of the order of 70–90min, though it tookmany years

to optimize the whole collider accelerator complex operation to achieve that.

The collider has been typically operated for about 40 weeks/year with some

100–120 h of colliding store time a week. At the end the Tevatron Run II it has been

delivering about 2.4 fb�1 of integrated luminosity a year with record performance

of 0.073 fb�1/week and 0.273 fb�1/month. A peak luminosity over

4� 1032 cm�2 s�1—that is 400 times its original design value—has been reached

by continuous upgrade of all the systems, introducing advanced accelerator tech-

nologies and streamlining the operational procedures. The Tevatron has delivered

an integrated luminosity of about 12 fb�1 from its start to end of 2011.

Highlights from the Tevatron collider high energy physics research can be found in

[6] and include the discovery of the top quark in 1995, the observation of B-mesons

oscillations in 2006, and the indications in 2010 that B-meson decays produce slightly

more muons than antimuons, which may help explain the dominance of matter over

antimatter, and, in 2011, a strong evidence for a never-before-seen particle with some

140 GeVmass that does not fit into any of our established theories. In addition, a large

range of mass was excluded for the elusive Higgs boson.

1.2 History of Fermilab and Its Accelerators

Fermi National Accelerator Laboratory (Fermilab), located just outside Batavia

near Chicago, Illinois, is a US Department of Energy (DOE) national laboratory

specializing in high energy particle physics. The moment of creation of Fermilab

was December 16, 1966, when the US Atomic Energy Commission (AEC)

announced that it had selected the 6,800 acre Weston, Illinois site for the

200 GeV project. Very soon, thereafter, “members of Universities Research Asso-

ciation, Inc. (URA) and the AEC met to discuss arrangements for the new labora-

tory” and in January 1967, first, the AEC awarded URA a temporary contract to

prepare for the construction of the 200 GeV project, and then, URA selected Robert

R. Wilson as the Director of the new laboratory (Fig. 1.1).

When Wilson accepted the Directorship he promised the AEC and the Joint

Committee on Atomic Energy (JCAE) to reach the highest energy that the project

funding of about $250 million would enable. He also insisted that URA name the

Laboratory the National Accelerator Laboratory (NAL) so that it would be clear

that it would have the national character that the physics community wanted. It was

renamed in honor of Enrico Fermi in 1974.
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1.2.1 Building the 400 GeV Main Ring

Starting with the well-developed Berkeley design the NAL team explored changes

which would reduce the cost and time to completion while creating the ability to

significantly exceed 200 GeV. The essential elements of the design were a 750 kV

Cockcroft–Walton Pre-Accelerator, which delivered protons to a 200 MeV proton

Linac, which in turn delivered protons to a 15 Hz, 8 GeV rapid cycling strong

focusing synchrotron, and the 8 GeV protons were injected into the Main Ring, the

multi-hundred GeV proton synchrotron, and accelerated to the peak energy and

then slowly extracted and transported to the external experimental areas. The radius

of the Main Ring was set to 1 km and the length of each external beam transport line

from the Main Ring to the experimental areas was made long enough to increase the

energy at a later date. The team selected the separated function dipoles and

quadrupoles for the magnet lattice as opposed to the more traditional alternating

gradient dipoles. All of these choices opened up the possibility of reaching 400 GeV

or even 500 GeV. While Wilson and his team briefly considered the use of

superconducting magnets as a way of reaching an even higher energy, they con-

cluded that superconducting magnet technology was not sufficiently advanced at

the time to use it in the project. Nevertheless, space was left for such an accelerator

above and below the Main Ring.

Ground breaking for the Linac Gallery was held in December 1968. The Linac

group purchased a complete Cockcroft Walton from Switzerland, adopted the

Brookhaven 200 MeV Linac design, which it was building, capitalized on their

work to build the first tank of the drift tube Linac, borrowed parts from other

laboratories and from the pieces assembled a system in temporary building in the

village. The first 10 MeV beam from the ion source was realized in June 1969 in the

village, although the whole system had to be taken apart and reinstalled in the Linac

Gallery when it was finished less than 6 months later. The traditional sequence of

Fig. 1.1 Robert Rathbun

Wilson (courtesy of

Fermilab Video Media

Services)
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designing prototyping components and then building production components was

dropped in favor of building the Linac and putting it into service as the injector for

the next machine in the cascade. The faster pace and the lack of a prototype

program saved money. The 8 GeV Booster followed a similar hectic pace. As

soon as the Booster enclosures were available installation of components began and

by January 1971 all of the magnets were in place and Booster commissioning was

underway. The construction of the Main Ring followed the same template and the

last Main Ring magnet was installed in April 1971. Once it was possible to

accelerate beams in one of the machines it was done. Commissioning the “air

cooled” Main Ring with protons from the Booster began in the summer of 1971

before the low conductivity water system was complete. Main Ring magnets began

to fail at an alarming rate and for a while threatened the continuation of the project;

ultimately 350 magnets out of 1,014 magnets failed and were repaired. These

problems were sufficiently under control to allow protons to be stored and then

accelerated in the Main Ring at the beginning of 1972. Protons were accelerated to

200 GeV on March 1, 1972, just 40 months after ground breaking. There was still

enormous amount of work remaining to complete accelerator complex, including

completing the Main Ring low conductivity water system, and the conventional

construction of the experimental areas had barely begun. Nevertheless, by July

1972, 200 GeV protons were transported through the neutrino area to the 30 in.

bubble chamber, which had been acquired from neighbor Argonne National Labo-

ratory, and the first collisions with 200 GeV protons at NAL were photographed.

A year later the Meson, Neutrino, and Proton experimental areas were just

complete enough to start the initial experiments, albeit under very primitive con-

ditions. Preliminary results of these experiments were presented to the 1973

summer conferences. By May 1974, less than 6 years after ground breaking, the

entire complex was in full operation and it was dedicated as the Fermi National

Accelerator Laboratory. Moreover, the Main Ring had accelerated protons to

400 GeV and delivered them to the Neutrino Area and the Proton Area for

experiments. However the Main Ring magnets continued to develop ground faults

at the rate of several per month as the energy was increased thereby reducing the

available beam time for experiments.

1.2.2 The 400 GeV Experimental Program

By 1975 the Main Ring and all the experimental areas were routinely operating at

400 GeV. The effort to reach the highest energy that the project budget could afford,

paid off handsomely in 1977 when Leon Lederman’s group discovered the Upsilon

the Υ(1s) and its first excited state the Υ(2s) and had strong evidence for a second

excited stateΥ(3s). These results clinched the evidence for the b quark and the third
generation of quark states. It is doubtful that this discovery could have been made if

the proton energy was only 200 GeV.
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In 1976 Carlo Rubbia, David Cline, and Peter McIntyre proposed that theW and

Z vector bosons could be discovered by operating the CERN SPS or the Fermilab

Main Ring as a proton–antiproton collider if a luminosity of 1029 cm�2 s�1 could be

achieved. They further proposed implementation schemes to produce proton–anti-

proton (often referred as p–pbar) collisions at a center of mass energy of about

500 GeV both at CERN and at Fermilab [7]. Each scheme required a new facility

for the accumulation and cooling of antiprotons that could produce and cool

approximately 1011 antiprotons per day. The CERN Council approved the anti-

proton accumulation facility and the conversion of the SPS to a pbar–p collider in

late 1977. The commissioning of the CERN AA (Antiproton Accumulator) Ring

with protons from the PS and antiprotons produced by the PS was underway by

mid-1980. Collider operations commenced in 1981 and the discovery of the W and

Z bosons was announced in early 1983. Initially the SPS supported collisions at

540 GeV (center-of-mass) and then later at 630 GeV. A quick path to the discovery

of the W and Z with the Fermilab Main Ring was far more risky because the Main

Ring had to first accelerate and deliver 120 GeV protons to the antiproton produc-

tion target for collection, and then once collection was done send them back to the

Main Ring so that they could collide with protons after accelerating protons and

antiprotons to the peak energy that the Main Ring could sustain. The Main Ring

magnets could not operate as a storage ring much above 150 GeV and even in 1976

they were still failing at a rate of one or more per month. If the Doubler was used as

the collider ring and the Main Ring was used to produce pbars, those risks would be

removed but at the cost of ceding the race for the W to CERN. In 1978 Fermilab

finally decided once and for all that proton–antiproton collisions would be

supported in the Tevatron, at roughly 2,000 GeV (center-of-mass).

1.2.3 The Energy Doubler

The Energy Doubler concept conceived as a way of doubling the energy of the

Fermilab complex from 500 to 1,000 GeV. At first it was an informal part time

effort focused on the development of superconducting magnets and the related

cryogenic technology for a synchrotron in the Main Ring enclosure. Prior to 1972

the Laboratory had carried out some studies of superconducting magnets and

cryogenic technology, but these efforts were officially set aside when the Main

Ring magnet crisis erupted in 1971 with the intention of resuming the work once the

Main Ring experimental program was underway. Between 1972 and 1974 a proto-

type magnet program was launched and this gradually evolved into a full time effort

for the people who worked on it.

The original name, the “Energy Doubler,” reflected the goal of doubling the

energy and dated back to at least 1970. The name was changed by DOE to the

Energy Saver/Doubler in 1977 because it highlighted the benefit of reduced power

utilization through the use of superconducting magnets [3]. The name Tevatron had
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been coined in 1975 with the intention of renaming the project “The Tevatron” once

it was finished.

Even in 1974 a great deal of development was needed because superconducting

magnet technology was still in its infancy. The Doubler Group approached this

challenge by rapidly trying many ideas with one foot model magnets, while

changing only feature at a time. Ideas were only incorporated into larger magnets

built in the prototype magnet production facility when their success was demon-

strated in the one foot program. By 1978, in parallel with building accelerator

quality prototype magnets, Fermilab began to develop plans to use the Doubler for

both fixed target physics in the existing experimental areas and pbar–p collider

physics at 2,000 TeV in the pbar–p center of mass system.

While the Doubler Group was making substantial progress on magnets and

cryogenic technology, subpanels of HEPAP (High Energy Physics Advisory

Panel—the critical advisory committee for the DOE) did not give the Doubler a

high priority for new construction. That convinced Wilson that the Doubler would

never be finished unless the level of funding for the Doubler increased. When his

direct appeal to the Secretary of Energy did not improve the prospects of funding

the Energy Doubler Wilson offered his resignation. In February 1978 the URA

Board of Trustees accepted his resignation. In August 1978 Leon Lederman was

offered the Directorship and he accepted in October 1978. Lederman consolidated

the confusing multiplicity of collider proposals into a single scheme and set

building and commissioning the Energy Saver/Doubler as the Laboratory’s highest

priority. The Tevatron I proposal was submitted in 1979 and subsequently funded.

Tevatron I included an antiproton source, the accelerator components that were

needed to make the Energy Saver/Doubler a pbar–p collider, such as a low-beta

magnet insertion for tighter focusing at the B0 location of the Ring (CDF experi-

ment) and Main Ring overpasses at B0 and D0, and other improvements to the

accelerator complex that would enable colliding beams in the Tevatron.

1.2.4 Tevatron I: The Fermilab Collider

The antiproton source concept that Fermilab submitted in 1979 to DOE for funding

consisted of a target station, beam transport lines, and two storage rings that

collected and cooled the antiprotons. This concept used stochastic cooling in the

first ring and electron cooling in the second ring. It was based on the experience

gained with 200 MeV electron cooling ring that had been started in 1977 and

successfully cooled 200 MeV protons from the Linac. This design was reconsidered

in 1981 once it was realized that it had a very limited potential for future improve-

ments, and this effort lead to the current scheme of two 8 GeV antiproton storage

rings which only employ stochastic cooling. The Tevatron Collider I scheme as

established in 1982 (see Fig. 1.2) included: the high energy storage ring—Tevatron

at 900 GeV per beam; the antiproton producer—120 GeV beam from the Main Ring

(MR) sent to a target; the antiproton source—two 8 GeV rings the Debuncher and
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the Accumulator both employing a stochastic cooling method. The MR would also

accelerate antiprotons and protons for injection into the Tevatron. The MR was

equipped with two overpasses to provide space for the large detectors located in two

crossing points of the Tevatron. The construction of the antiproton source took

place in the period 1982–1985. The conventional construction for the Antiproton

Source began in mid-1983 and by early 1985 the installation of components in the

Antiproton Source enclosures and the target station was underway. Commissioning

with protons began that spring and by late summer antiproton cooling and accu-

mulation had been demonstrated, albeit at a rate well below the design goals. The

accumulation rate was sufficient to justify a dedicated month long run to testing

colliding beams in the Tevatron beginning in September 1985. The first collisions

were observed at 1,600 GeV center of mass energy on October 13, 1985, with a

partially built CDF detector. Within days accelerator operations in the Main Ring/

Tevatron enclosure were suspended for the next 9 months to build the conventional

facilities for the CDF overpass at the B0 location and the collisions hall at D0

location. During this shutdown the accelerator systems needed for colliding beams

were added to Main Ring and the Tevatron and the antiproton source was com-

pleted. After a recommissioning run that started in late 1986, colliding beams for

physics with an essentially complete CDF detector began in January 1987 and

continued to the end of May 1987. Copious production of intermediate vector

bosons was observed at 1,800 GeV and the results verified that expected large

increase in the cross section with center of mass energy relative to production at

640 GeV in the SPS. Energy mattered.

After a technical stop to repair the superconducting magnet current leads and a

Tevatron fixed target run in 1988 colliding beams operations for physics were

resumed. Between the two collider runs a large number of small modifications

were made to improve the efficiency of the beam transfers between machines and to

Fig. 1.2 Schematics of the Tevatron I accelerator complex (left) and its antiproton source (from

[19] and [18])

10 S. Holmes et al.



increase the antiproton accumulation rate. The benefits of these improvements were

quickly reaped and the original luminosity goal of 1030 cm�2 s�1 was met and

exceeded. The luminosity was limited by the beam tune shift created by the six

bunches of protons and antiprotons which collided at 12 locations. The R&D that

would in time lead very significant increases in the collider luminosity, including

reducing the number of beam crossing from 12 to 2, was also set in motion.

1.2.5 The Path to High Luminosity in the Tevatron

From 1988 to 1998, the lab was directed by John Peoples. Major accelerator

undertakings during this period included installation of HV separators needed for

a helical orbit beam separation scheme and new low-beta insertions at D0 and B0

interaction regions in 1990–1992, the 1992–1993 Collider Run Ia at 1.8 TeV

c.o.m. with two simultaneously working detectors CDF and D0, construction and

commissioning of a new 400 MeV Linac (1992–1993), the Collider Run Ib

(1994–1996) culminating in the top quark discovery, and finally, initiation, con-

struction, and commissioning of a new injector synchrotron, the Main Injector, to

increase the average proton beam power on the antiproton target and to eliminate

the perturbation of the experiments by the MR overpasses (1993–1999). The Main

Injector is a synchrotron of 3.32 km circumference and a minimum repetition time

of 1.4 s. It is located in a new tunnel and provides the protons at 120 GeV for

antiproton production. It also accelerates the antiprotons and the protons from 8 to

150 GeV for injection into the Tevatron (see following section for more details).

From 1999 until 2005, the lab was run by Michael S. Witherell succeeded by

Piermaria Oddone. Since 2007, Fermilab is operated by the Fermi Research Alli-

ance, a joint venture of the University of Chicago and the Universities Research

Association (URA). Fermilab’s highest priority over that period of time was to

explore the energy frontier at the Tevatron final run (called Run II). The initial goal

of the collider was set to deliver over several years an integrated luminosity of at

least 15 fb�1 to each CDF and D0 detector that would be enough for a five-standard-

deviation signal of Higgs boson particle heavier than 115 GeV. That goal was factor

of 100 higher than what was achieved in the preceding Run I and posed significant

challenges. At first, the shutdown between the two Runs lasted 2 years longer than

anticipated. And when the collider did finally start running again in March 2001, the

Tevatron’s performance over the first few years was not fully up to expectations. A

number of internal and external reviews appreciated that the Tevatron collider is, by

far, the most complex accelerator ever to reach the operation stage and recognized

that at the frontier of several technologies, achievement of required beam param-

eters turned out to be tougher than anticipated. The laboratory responded by setting

in motion reorganizations, reanalysis, and revitalized efforts to maximize the total

output of the Collider Run II. In 2003, a DOE committee approved the course of

actions and noted that “. . .(the Collider) Run II is not a construction project. Run II
is a complex campaign of operations, maintenance, upgrades, R&D and studies.”
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All that paid off in the end, and the ultimate performance of Run II exceeded

expectations by roughly 70 %. With the startup of the higher energy Large Hadron

Collider at CERN, the Tevatron was scheduled to be shut off on September

30, 2011. Excellent performance of the machine and detectors, and the LHC startup

delays raised hope among particle physicists to extend the life of the Tevatron

through 2014—as recommended by the HEPAP—but the budgetary situation did

not allow the required additional funding. Additional details on the history of

Fermilab accelerators can be found in [8–10].

1.3 Overview of the Fermilab Accelerator Complex

The accelerator complex at Fermilab supports a broad physics program including

Tevatron Collider Run II [11], neutrino experiments using 8 and 120 GeV proton

beams, as well as a test beam facility and other fixed target experiments using

120 GeV primary proton beams. This section provides a brief description of each of

the accelerators in the chain as they operate at the end of the Collider Run II (2011)

and an outline of the Collider shot-setup process (cycle of injection, acceleration,

low-beta squeeze, and collisions) (Fig. 1.3).

1.3.1 Accelerators

The Proton Source consists of the Pre-Accelerator (Pre-Acc), Linac, and Booster.

For operational redundancy, there are two independent 750 kV Pre-Acc systems

which provide H� ions for acceleration through the Linac. Each Pre-Acc is a

Cockcroft–Walton accelerator having its own magnetron-based H� source running

at a 15 Hz repetition rate, a 750 kV Haefely voltage multiplier to generate the

750 kV accelerating voltage, and chopper to set the beam pulse length going into

the Linac. The typical H� source output current is 50–60 mA.

The Linac accelerates H� ions from 750 keV to 400 MeV. Originally, the Linac

was a 200 MeV machine made entirely of Alvarez-style drift tube tanks [12], but a

1991 upgrade replaced some of the drift tubes with side-coupled cavities to allow

acceleration up to 400 MeV [13]. Today, the low energy section (up to 116 MeV) is

made of drift tube tanks operating with 201 MHz RF fed from tetrode-based 5 MW

power amplifier tubes. The high energy section (116–400 MeV) consists of seven

side-coupled cavities powered by 805 MHz 12 MW klystrons providing a gradient

of �7 MV/m. A transition section between the two Linac sections provides the

optics matching and rebunching into the higher frequency RF system. The nominal

beam current out of the Linac is 34 mA.

The Booster is a 474 m circumference, rapid cycling synchrotron ramping from

400 MeV to 8 GeV at a 15 Hz repetition rate. (Note that while the magnets ramp at

15 Hz, beam is not present on every cycle.) Multi-turn injection is achieved by

passing the incoming H� ions through 1.5 μm thick (300 μg/cm2) carbon stripping
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foils as they merge with the circulating proton beam on a common orbit. The

96 10-ft long combined-function Booster gradient magnets are grouped into

24 identical periods in a FOFDOOD lattice [14]. The Booster RF system (harmonic

number¼ 84) consists of 19 cavities (18 operational + 1 spare) that must sweep

from 37.9 to 52.8 MHz as the beam velocity increases during acceleration. The

ferrite tuners and power amplifiers are mounted on the cavities in the tunnel. The

cavities provide a sum of �750 kV for acceleration. The Booster transition energy

is 4.2 GeV which occurs at 17 ms in the cycle. Figure 1.4 illustrates Booster

efficiency for various beam intensities during an acceleration cycle; the efficiency

is 85–90 % for typical beam intensities of 4.5–5.0� 1012 protons per pulse.

Collimators are used to localize as much of the lost beam as possible to reduce

the radiation dose absorbed by technicians during maintenance periods. Figure 1.5

shows how Booster throughput has increased remarkably over the Booster opera-

tional history. A majority of the proton flux through Booster is delivered to the

8 and 120 GeV neutrino production targets.

The Main Injector [15] (MI) is 3,319.4m in circumference and can accelerate beam

from 8 GeV up to 150 GeV. It has a FODO lattice using conventional, separated

function dipole and quadrupole magnets. There are also trim dipole and quadrupoles,

skew quadrupole, sextupole, and octupole magnets in the lattice. Since the Main

Injector circumference is seven times the Booster circumference, beam frommultiple

consecutive Booster cycles, called batches, can be injected around the Main Injector.

In addition, even higher beam intensity can be accelerated by injecting more than

seven Booster batches through the process of slip-stacking: capturing one set of

injected proton batcheswith oneRF system, decelerating them slightly, then capturing

another set of proton injections with another independent RF system, and merging

them prior to acceleration (see Fig. 1.6). There are 18 53 MHz RF cavities grouped

Fig. 1.3 Layout of the Fermilab accelerator complex (from [26])
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Fig. 1.4 Booster proton intensity for various beam intensities in an acceleration cycle. The

injected beam intensity varies from 1 to 13 turns of Linac pulses. The average efficiency is ~90 %

Fig. 1.5 Yearly and integrated proton flux from the Fermilab Booster. The sharp increase in 2003

corresponds to the initiation of the 8 GeV neutrino program
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into two independently controlled systems to allow slip-stacking and flexibility when

an RF station is switched off for maintenance. Beam-loading compensation and active

damping systems have been implemented to help maintain beam stability. For beam

injections into the Tevatron, coalescing of several 53 MHz bunches of protons and

antiprotons into single, high intensity bunches also requires 2.5MHz system for bunch

rotations and a 106MHz cavity to flatten the potential when recapturing beam into the

single 53 MHz bunch. Like the Booster, a set of collimators was installed in the Main

Injector to help localize beam losses to reduce widespread activation of components

that technicians need to maintain (Fig. 1.7).

The Main Injector supports various operational modes for delivering beam across

the complex. For antiproton and neutrino production, 11 proton batches from Booster

are injected and slip-stacked prior to acceleration. After reaching 120 GeV, two

batches are extracted to the antiproton production target while the remaining nine

batches are extracted to the NuMI neutrino production target—see Fig. 1.5. At peak

performance, the Main Injector can sustain 400 kW delivery of 120 GeV proton beam

power for 2.2 s cycle times. TheMain Injector also provides 120 GeV protons in a 4 s

long slow-spill extracted to the Switchyard as primary beam or for production of

secondary and tertiary beams for the Meson Test Beam Facility and other fixed target

experiments. In addition, the Main Injector serves as an effective transport line for

8 GeV antiprotons being transferred from the Accumulator to the Recycler for later

use in the Tevatron. Protons from Booster and antiprotons from Recycler are accel-

erated up to 150 GeV in theMain Injector and coalesced into higher intensity bunches

for injection into the Tevatron for a colliding beam store.

The Recycler [16] is a permanent magnet 8 GeV/c storage ring whose compo-

nents are hung from the ceiling above the Main Injector. The Recycler is used as an

intermediate storage ring for accumulating significantly larger stashes of anti-

protons that can be accommodated in the Antiproton Accumulator. The main

Fig. 1.6 Illustration of the bunch coalescing process in Main Injector
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Recycler magnets are combined-function strontium ferrite permanent magnets

arranged in a FODO lattice. Powered trim magnets are used to make orbit and

lattice corrections. An important feature of the Recycler is an electron cooling

section to augment its stochastic cooling of the antiprotons. A Pelletron (electro-

static accelerator of the Van-der-Graaf type) provides a 4.3 MeV electron beam

(up to 500 mA) that overlaps the 8 GeV antiprotons in a 20 m long section and cools

the antiprotons both transversely and longitudinally. After becoming operational in

September 2005, electron cooling in the Recycler [17] allowed significant improve-

ments in Tevatron luminosity by providing higher intensity antiprotons with

smaller emittances. With electron cooling, the Recycler has been able to store up

to 600� 1010 antiprotons. In routine operation, the Recycler accumulates 350–

450� 1010 antiprotons with ~200 h lifetime for injection to the Tevatron.

The Antiproton Source [18] has three main parts: the Target Station, the

Debuncher, and the Accumulator (AA). Each of these is described briefly below

while outlining the steps of an antiproton production cycle. In the Target Station

batches of 120 GeV protons (8� 1012 per batch) transported from the Main Injector

strike one of the Inconel (a nickel–iron alloy) layers of the target every 2.2 s. The beam

spot on the target can be controlled by a set of quadrupole magnets. The target is

rotated between beam pulses to spread depletion and damage uniformly around the

circumference. The shower of secondary particles emanating from the target is

focused both horizontally and vertically by a pulsed, high current lithium lens that

can provide up 1,000 T/m gradient. Downstream of the Li lens is a pulsed dipole

magnet that steers negatively charged particles with 8 GeV/c momentum into the AP2

transport line toward theDebuncher. A collimator between the lens and pulsedmagnet

was installed to help protect the pulsedmagnet from radiation damage as the incoming

primary proton beam intensity increased with proton slip-stacking in Main Injector.

Fig. 1.7 A 120 GeV Main Injector cycle illustrating 11 batch proton injection and acceleration
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The Debuncher and Accumulator are both triangular-shaped rings of conventional

magnets sharing the same tunnel. While the Debuncher has a FODO lattice, the

Accumulator lattice has particular features needed for cooling and accumulating

antiprotons with stochastic cooling systems. The ~2� 108 antiprotons entering the

Debuncher from the AP2 line retain the 53 MHz bunch structure from the primary

protons that struck the production target. A 53 MHz RF system (harmonic

number¼ 90) is used for bunch rotation and debunching the antiprotons into a contin-

uous beamwith lowmomentum spread. An independent 2.4MHz RF system provides

a barrier bucket to allow a gap for extraction to the Accumulator. Stochastic cooling

systems reduce the transverse emittance from 30 to 3 π mm-mrad (rms, normalized)

and momentum spread from 0.30 to<0.14 % prior to injection into the Accumulator.

In the Accumulator, antiprotons are momentum-stacked and cooled by a series of

RF manipulations and stochastic cooling. The incoming antiprotons are captured

and decelerated 60 MeV by a 53 MHz RF system (harmonic number¼ 84) to

the central orbit where the beam is adiabatically debunched. Before the next pulse

of antiprotons arrives (every 2.2 s), the so-called stacktail momentum stochastic

cooling system decelerates the antiprotons another 150 MeV toward the core orbit

where another set of independent betatron and momentum stochastic cooling sys-

tems provides additional cooling while building a “stack” of antiprotons. Figure 1.8

illustrates the frequency (energy) distribution of antiprotons in the Accumulator.

Fig. 1.8 Frequency (energy) distribution of antiprotons in the Accumulator highlighting incoming

antiprotons (left), the stacktail beam (middle) being cooled and decelerated toward the core (right).
Higher energy is on the left, lower energy is on the right
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Figure 1.9 shows the average antiproton accumulation rates since 1994; typical

values for recent Run II operation are in the range 24–26� 1010 per hour.

The Tevatron proton–antiproton collider is a 1-km radius superconducting magnet

synchrotron [19] that accelerates beam from 150 to 980 GeV and provides head-on

collisions at two interaction points for the CDF and D0 experimental detectors. The

Tevatron magnets, arranged in a FODO lattice, are single-bore, warm-iron wound with

Nb–Ti superconductor and cooled to 4.5 K with liquid helium. A common bus powers

the main dipoles and quadrupoles. Other magnetic elements, such as dipole and quad

correctors, skew quads, normal and skew sextupoles, and octupoles, are located in

so-called spool-packages adjacent to the lattice quadrupoles. The interaction points

are centered within straight sections with dedicated low-beta quadrupole triplets that

can squeeze the beams to a β* of 28 cm. Since both protons and antiprotons circulate in a

single beampipe, electrostatic separators are used to kick the beams onto separate helical

orbits. Both beams have 36 bunches—3 trains of 12 bunches with 396 ns spacing

(corresponding to 21 buckets of the 53 MHz RF system.) The eight RF cavities in the

Tevatron are phased to provide independent control of the protons and antiproton beams.

A two-stage collimation system (tungsten primary scatterers and stainless steel second-

ary absorbers) are used to reduce backgrounds from beam halo in the experiments.

Fig. 1.9 Average antiproton accumulation rate since 1994 and during all of Collider Run II

(including production in the Antiproton Source and storage in the Recycler) [20]
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1.3.2 Antiproton Flow and HEP Shot-Setup

As mentioned previously, stacks of freshly produced antiprotons are stored tempo-

rarily in the Accumulator. Since the Accumulator’s stochastic cooling power

is limited, antiproton stacks are periodically transferred to the Recycler where electron

cooling allows a much larger antiproton intensity to be accumulated with smaller

emittances. Typically 22–25� 1010 antiprotons are transferred to the Recycler every

60–70 min. Prior to electron cooling in the Recycler, antiprotons destined for the

Tevatron were extracted from the Accumulator only or from both the Accumulator

and Recycler. Since late 2005, all Tevatron antiprotons were extracted from the

Recycler only. Figure 1.10 depicts the flow of antiprotons between the Accumulator,

Recycler, and Tevatron over a 1-week period.

A typical collider fill cycle is shown in Fig. 1.11. First, proton bunches are

injected one at a time on the central orbit. Then, electrostatic separators are

powered to put the protons onto a helical orbit. Antiproton bunches are injected

four bunches at a time into gaps between the three proton bunch trains. After each

group of three antiproton transfers, the gaps are cleared for the subsequent set of

transfers by “cogging” the antiprotons—changing the antiproton RF cavity fre-

quency to let them slip longitudinally relative to the protons. Once the beam loading

is complete, the beams are accelerated to the top energy (86 s) and the machine

optics is changed to the collision configuration in 25 steps over 125 s (low-beta

squeeze). The last two stages include initiating collisions at the two collision points

and removing halo by moving in the collimators. The experiments then commence

data acquisition for the duration of the high energy physics (HEP) store.

1.4 Collider Runs I and II: Goals, Strategy, and

Luminosity Performance

Funding for Tevatron Iwas initiated in 1981 and theTevatronwas completed, as a fixed

target accelerator, in the summer of 1983. The Antiproton Source was completed in

1985 and first collisions were observed using operational elements of the CDF detector

(then under construction) inOctober 1985. First operations of the collider for data taking

took place over the period June 1988 to June 1989. Over that period a total of 5 pb�1

were delivered to CDF at 1,800 GeV (center-of-mass) and the first western hemisphere

W’s andZ’swere observed. The initial operational goal of 1� 1030 cm�2 s�1 luminosity

was exceeded during this run. Table 1.2 summarizes the goals established during the

Tevatron I design phase and the actual performance achieved.

1.4.1 Performance Limitations

The luminosity achievable in a proton–antiproton collider can be written as:
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L ¼ f 0NbNpNa

2π σ2p þ σ2a

� �H
σz
β�

	 


¼ γf 0 Np=εpn
� �

NbNað Þ
2πβ� 1þ εan=εpn

� � H
σz
β�

	 


: ð1:5Þ

The luminosity formula is written in this form to highlight the limitations

inherent in operations of the Tevatron:

Fig. 1.10 Production and transfers of antiprotons between the Accumulator and Recycler over

1 week of operation. While the Tevatron has a colliding beam store, small stacks of antiprotons are

produced and stored in the Accumulator, and then periodically transferred to the Recycler in

preparation for the subsequent Tevatron fill

Fig. 1.11 Collider fill cycle for store 8709 (May 2011)
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• Np/εpn is the number of protons per bunch divided by the beam emittance. This

quantity is directly proportional to the beam–beam tune shift ξa¼ rpNp/4πεpn experi-
enced by the antiprotons for each head-on encounter with the protons.With six bunch

operations there are a total of 12 such encounters per revolution. During the 1988–

1989 Run it was observed that the total available tune shift that could be tolerated was

determined by the tune space available between resonances below about tenth order.

The Tevatron was operated between the 2/5 and 3/7 resonances, allowing a total tune

shift (summed over the 12 encounters) of about 0.028. It was observed that the

Tevatron could operate in this tune region with no deleterious impacts from the

12th order resonance lying in between the fifth and seventh resonances.

• NbNa is the total number of antiprotons in the collider. Two limitations existed:

the antiproton accumulation rate, and the ability to cool and store a suitably large

number of antiprotons for delivery to the Tevatron. The antiproton accumulation

rate is dictated by the rate at which protons can be delivered to the antiproton

production target, and by the aperture and stochastic cooling capabilities of the

Antiproton Source. The accumulation rate was roughly 2� 1010 antiprotons per

hour during the 1988–1989 Run based on 2� 1012 protons delivered to the

antiproton production target every 2.6 s. The total number of antiprotons that

could be delivered to the Tevatron was determined by an interplay between the

available Main Ring aperture and the correlation between emittance and anti-

proton stack size imposed by the stochastic cooling systems in the Antiproton

Source. It was determined that for the emittance that could fit through the Main

Ring aperture the maximum antiproton stack size was about 6� 1011. At this

level the Main Ring transmission efficiency for antiprotons was about 60 %.

• γ¼Ep/mpc
2 is a measure of the beam energy. For all other parameters fixed, the

luminosity is proportional to the beam energy, so any increase in beam energy

will increase the luminosity. In addition beam energy increases have the added

benefit of increasing the cross sections for the production of high mass states.

• The luminosity is inversely proportional to the beta-function at the interaction

point, so any decrease in the β* improves the luminosity. The impact of this is

Table 1.2 Design and actually achieved performance parameters for the 1988–1989 Collider Run

(typical luminosity at the beginning of a store)

Tevatron I

design

1988–1989

actual

Energy (center-of-mass) (GeV) 1,800 1,800

Protons/bunch Np 6� 1010 7.0� 1010

Antiprotons/bunch Na 6� 1010 2.9� 1010

Number of bunches Nb 3 6

Total antiprotons NbNa 18� 1010 17� 1010

Proton emittance (rms, normalized) εpn (π mm-mrad) 3.3 4.2

Antiproton emittance (rms, normalized) εan (π mm-mrad) 3.3 3

IP beta-function β* (cm) 100 55

Luminosity (cm�2 s�1) 1� 1030 1.6� 1030
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ultimately limited by the form factor, also called hourglass factor, H(σz/β
*) when

the ratio of the rms bunch length to the beta-function σz/β
* becomes larger than 1.

1.4.2 Strategy

Based on the above considerations a long-term strategy was developed in the late

1980s for Tevatron upgrades to a luminosity of 5� 1031 cm�2 s�1, a factor of

50 beyond the original goal [21]. The primary elements of the strategy were:

• Electrostatic separators: A total of 20, 3 m long, electrostatic separators operat-

ing at up to �150 kV over a 5 cm gap were installed into the Tevatron. This

installation allowed operations with protons and antiprotons traveling on sepa-

rated helical orbits in the Tevatron. This installation was aimed at mitigating the

beam–beam limitations (the head-on collisions would now happen only in the

two interaction points located inside the CDF and D0 particle physics detectors)

and allowed an increase in the number of bunches (thus keeping the interactions/

crossing seen in the detectors under control) as the luminosity increased. As a

result of operations with separated orbits the beam–beam effect ceased to be a

limitation even as the proton intensity and number of bunches were increased.

• Low-beta systems: The 1988–1989 Run did not have a matched insertion for the

interaction region at B0 (where CDF was situated). Two sets of high perfor-

mance quadrupoles were developed and installed at B0 and D0 (which came

online for Run I). These systems ultimately allowed operations with β* less than
30 cm later at the end of the collider Run II.

• Cryogenic cold compressors: Cryogenic cold compressors were introduced into

the Tevatron to lower the operating temperature by about 0.5 K, thereby

allowing the beam energy to be increased to 1,000 GeV, in theory. In operational

practice 980 GeV was achieved.

• 400 MeV Linac Upgrade: The 200 MeV Linac was upgraded to 400 MeV in

order to increase the beam brightness from the 8 GeV Booster through the

mitigation of space-charge effects at the injection energy. The total intensity

delivered from the Booster increased from roughly 3� 1012 per pulse to about

5� 1012. This resulted in more protons being transmitted to the antiproton

production target and, ultimately, more protons in collision in the Tevatron.

• Antiproton Source Improvements: A number of improvements were made to the

stochastic cooling systems in the Antiproton Source in order to accommodate the

increase antiproton flux generated by continuously increasing numbers of protons

on the antiproton production target. Improvements included the introduction of

transverse stochastic cooling into the Debuncher and upgrades to the bandwidth of

the core cooling system. These improvement supported an accumulate rate of

7� 1010 antiprotons per hour in concert with the above listed improvements.

The above items constituted the improvements associated with Collider Run

I. The luminosity goal of Run I was 1� 1031 cm�2 s�1, a factor of 10 beyond the

original Tevatron design goal.
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• Main Injector: TheMain Injector was designed to significantly improve antiproton

performance by replacing the Main Ring with a larger aperture, faster cycling

machine [15]. The goal was a factor of 3 increase in the antiproton accumulation

rate (to 2� 1011 per hour), accompanied by the ability to obtain 80% transmission

from the Antiproton Source to the Tevatron from stacks containing as many as

2� 1012 antiprotons. An antiproton accumulation rate in excess of 2� 1011 per

hour was eventually achieved in the later years of the Collider Run II, and

transmission efficiencies beyond 80 % at large stacks were routine.

• Recycler: The Recycler was added to the Main Injector Project midway through

the project (utilizing funds generated from an anticipated project under run).

As conceived the Recycler would provide storage for very large numbers of

antiprotons (up to 6� 1012) and would increase the effective stacking rate by

recapturing unused antiprotons at the end of collider stores [16]. The Recycler

was designed with stochastic cooling systems, but R&D on electron cooling was

initiated in anticipation of providing improved performance. Antiproton stacks

above 5� 1012 were ultimately achieved although routine operation was even-

tually optimized around 4� 1012 antiprotons. Recycling of antiprotons was

never implemented for reasons described below.

The Main Injector and Recycler constituted the improvements associated with

Collider Run II [11]. The formally established luminosity goal of Run II was

8� 1031 cm�2 s�1, a factor of 5 beyondRun I.However, incorporation of the Recycler

into theMain Injector Project was projected to provide up to an additional factor of 2.5.

1.4.3 Run I

The Run I improvements were all implemented in the early to mid-1990s and

supported operations of Collider Run I over the period from August 1992 through

February 1996. Run I consisted of two distinct phases, Run Ia which ended in May

1993, and Run Ib which was initiated in December 1993. The 400 MeV Linac

upgrade was implemented between Run Ia and Run Ib. Run I ultimately delivered a

total integrated luminosity of 180 pb�1 to each of two detectors: CDF and D0. By

the end of the run the typical luminosity at the beginning of a store was about

1.6� 1031 cm�2 s�1, a 60 % increase over the Run I goal.

1.4.4 Run II

TheMain Injector and Recycler were completed in the spring of 1999 with the Main

Injector initially utilized in the last Tevatron fixed target run. Run II was initiated in

March 2001 and continued through 2011. A number of difficulties were experi-

enced in the initial years of operations. They were in large due to underestimate of

the amount of work to be done to bring the accelerator complex up after numerous
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upgrades and switch to six times higher number of bunches. These were ultimately

overcome through a lot of experience accumulated in the course of operation and

the organization and execution of a “Run II Upgrade Plan.” A critical element in the

evolution of Run II was the successful introduction of electron cooling into the

Recycler in the summer of 2005. Prior to electron cooling luminosities had

approached, but not exceeded, 1� 1032 cm�2 s�1, as had been anticipated with

the design of the Main Injector. The success of electron cooling supported typical

luminosities well in excess of 3� 1032 cm�2 s�1, with two stores exceeding

4� 1032 cm�2 s�1. At the end of Run II (September 2011) nearly 12 fb�1 had

been delivered to each detector (CDF and D0).

While the ultimate performance of Run II exceeded expectations by roughly

70 %, the means of achieving this performance differed from the initial plan.

In particular, antiproton recycling (the recovery of unspent antiprotons at the end

of stores) was never implemented. Difficulties in the removal of protons at 980 GeV

in the Tevatron prior to antiproton deceleration proved problematic, and the

stunning success of electron cooling and an optimization of store duration time

removed the imperative for antiproton recycling.

Also, a plan to implement 132 ns bunch spacing [22], allowing operations with

roughly 100 buncheswas eventually abandoned. The primarymotivation for 132 nswas

to limit the number of interactions per crossing in the detectors to roughly two to three as

the luminosity increased. However, the utilization of 132 ns would have required the

introduction of a crossing angle in the Tevatron and a corresponding reduction in

luminosity of roughly a factor of 2. More decisively, the CDF and D0 experiments

developed methods for dealing with the higher number of interactions per crossing

(up to about eight interactions/crossing) without compromising their performance.

Table 1.3 summarizes the performance achievements of Run I and

Run II. Figure 1.12 displays the history of luminosity performance for Runs I and

II. Performance in Run II ultimately exceeded the original Tevatron Collider goal

by a factor of more than 300.

Table 1.3 Design and actually achieved performance parameters for Collider Runs I and II

(typical luminosity at the beginning of a store)

Run Ia Run Ib Run II

Energy (center-of-mass) (GeV) 1,800 1,800 1,960

Protons/bunch 1.2� 1011 2.3� 1011 2.9� 1011

Antiprotons/bunch 3.1� 1010 5.5� 1010 8.1� 1010

Bunches 6 6 36

Total antiprotons 19� 1010 33� 1010 290� 1010

Proton emittance (rms, normalized) (π mm-mrad) 3.3 3.8 3.0

Antiproton emittance (rms, normalized) (π mm-mrad) 2 2.1 1.5

β* (cm) 35 35 28

Luminosity (cm�2 s�1) 5.4� 1030 16� 1030 340� 1030

Luminosity (design goal) (cm�2 s�1) 5� 1030 10� 1030 200� 1030
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1.5 Tevatron Luminosity Evolution Analysis, Collider

Complexity

Analysis of the evolution and prediction of high energy colliders’ luminosity

progress is of great importance for many: it tells machine physicists whether their

scientific and technical decisions taken years ago were correct; for the experimental

high energy physicists, it is the basis for their schedules and upgrade plans; for the

management and funding agencies, it is an important input on the future facilities

and projects. The Tevatron luminosity history—see Fig. 1.13—gives several

important lessons in that regard. The luminosity increases occurred after numerous

improvements, some of which were implemented during operation, and others

introduced during regular shutdown periods.

The major improvements, listed in the Table 1.4, took place in all the accele-

rators of the Collider complex, they were addressing all the parameters affecting the

luminosity—proton and antiproton intensities, emittances, optics functions, bunch

length, losses, reliability and availability, etc.—and led to fractional increase

varying from few % to some 40 % with respect to previously achieved level.

As the result of some 32 improvements in 2001–2011, the peak luminosity has

grownbya factorofabout54fromLi� 8� 1030cm�2 s�1 toLf� 430� 1030cm�2 s�1,

or about 13% per step on average. In principle, such complex percentages—“N%gain

per step, step after step, with regular periodicity”—should result in the exponential
growth of the luminosity L(t+T)/L(t)¼ exp(T/C). Nevertheless, the pace of the

luminosity progress was not always constant. As one can see from Fig. 1.13, the

Collider Run II luminosity progresswas quite fast withC� 0.7 year in the period from

2001 tomid-2002when previous Run I luminosity level was (re)achieved; stayed on a

steady exponential increase path with C� 2.0 year from 2002 till 2007, and signifi-

cantly slowed down afterward, C� 8.6. It was shown that most of the other colliders

had very similar features of the performance evolution, which can be summarized as

(so-called CPT theorem for accelerators [24]):

Fig. 1.12 Initial Luminosity for all stores in Collider Runs I and II [26]

1 Introduction 25



C � P ¼ T, ð1:6Þ

where the factor P¼ ln(luminosity) is the “performance” gain over time interval T,
and C is a machine-dependent coefficient equal to average time needed to increase

the luminosity by e¼ 2.71. . . times, or boost the “performance” P by 1 unit. Both

T and C have dimension of time, and the coefficient C was called “complexity” of

the machine, as it directly indicates how hard or how easy was it to push the

performance of individual machine.

Table 1.5 compares calculated complexity coefficients C for several collider

facilities [25]. One can see that compared with SLC, LEP, SppS, ISR, CESR,

HERA, and RHIC, the Tevatron is on the lower end of the range, i.e., demonstrated

faster progress. Differences in themachine complexity factorsCmay be due to various

reasons: (a) first of all, beamphysics issues are quite different not only between classes

of machines (hadrons vs e+ e�) but often between colliders from the same class—all

that affects how fast and what kind of improvements can be implemented; (b) the

complexity depends on how well understood is the physics and technology of

the machine [26]; (c) accelerator reliability may affect the luminosity progress,

especially for larger machines with greater number of potentially not-reliable ele-

ments; (d) another factor is capability of the team running the machine to cope with

challenges, generate ideas for improvements, and implement them; (e) and, of course,

the latter depends on resources available for operation of the facility.

It is to be noted that the exponential growth of advancement is characteristic to

other areas of science and technology [25]. For example, the maximum beam

energy achieved in particle accelerators grew by factor of 10 approximately every

12 years over many decades. It is often presented in semi-log “Livingston plot” [27]

Fig. 1.13 Tevatron peak luminosity progress during Run II [20]
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Table 1.4 Tevatron Collider Run II major luminosity improvements history, from [23]

Improvement Luminosity increase

Pbar injection line AA!MI optics 12/2001 25 %

Tevatron quenches on abort stopped by TEL-1 02/2002 0 %, reliability

Pbar loss at Tevatron squeeze step 13 fixed 04/2002 40 %

New Tevatron injection helix 05/2002 15 %

New AA lattice reduces IBS, emittances 07/2002 40 %

Tevatron injection lines tuned up (BLT) 09/2002 10 %

Pbar coalescing improved in MI 10/2002 5 %

Tevatron C0 Lambertson magnets removed 02/2003 15 %

Tevatron sextupoles tuned/SEMs taken out of pbar lines 06/2003 10 %

New Tevatron helix on ramp, losses reduced 08/2003 2 %

Tevatron magnets reshimming and realignment 12/2003 10 %

MI dampers operations/store length increased 02/2004 30 %

2.5 MHz AA!MI transfer improved/cool shots 04/2004 8 %

Reduction of β* to 35 cm 05/2004 20 %

Antiprotons shots from both RR and AA 07/2004 8 %

RR e-cooling operational 01–07/2005 ~25 %

Slip-stacking in MI 03/2005 ~20 %

Tevatron octupoles optimized at 150 GeV 04/2005 ~5 %

Reduction of β* to 28 cm 09/2005 ~10 %

“Pbar production task force” 02/2006 ~10 %

Tevatron 150 GeV helix improved, more protons 06/2006 ~10 %

Tev collision helix improved, better lifetime 07/2006 ~15 %

New RR WP, smaller pbar emittances 07/2006 ~25 %

Fast transfers AA!RR (60! 1 min) 12/2006 ~15 %

New Pbar target/higher gradient 01/2007 ~10 %

Tevatron sextupoles for new WP 2007 ~10 %

Tevatron zero second order chromaticity 2008 ~5 %

Shot-setup time reduction/multi-bunch proton injection 2008–2009 ~5 %

Scraping protons in MI 2008 ~5 %

Pbar size dilution at collisions/B0 aperture increased 2008 ~5 %

Booster proton emittances reduced/P, A1 lines tuneup 04/2010 ~10 %

Tevatron collimators used during low-beta squeeze 04/2011 ~8 %

Table 1.5 “Complexities” of

colliding beam facilities
C (years) Interval

SLC e+ e� 1.6� 0.1 1989–1997

Tevatron Run II p–pbar 2.0� 0.2 2002–2007

RHIC p–p 2.2� 0.3 2000–2004

HERA p–e 2.8� 0.4 1992–2000–2005

SPPS p–pbar 3.3� 0.2 1982–1990

LEP e+ e� 3.3� 0.3 1989–1995

ISR p–p 3.7� 0.3 1972–1982

CESR e+ e� 4.4� 0.4 1984–1997
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and corresponds to C¼ 5.2. The most cited example of the exponential growth of

performance of a complex system is the “Moore’s Law” [28] that describes about

half a century trend in the history of computing hardware, namely, that the number

of transistors that can be placed on an integrated circuit (IC) has doubled approx-

imately every 2 years, yielding C¼ 2/ln(2)¼ 2.9 years.
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Chapter 2

Beam Optics and Orbits: Methods Used

at the Tevatron Accelerators

V. Lebedev, V. Shiltsev, and A. Valishev

The success of the Tevatron Run II would not be possible without detailed work on

the linear and nonlinear beam optics. The scope of optics work included all major

stages: the optics design, optics measurements, and optics correction. Optics of all

transport lines and rings was measured and corrected. This work resulted in a

significant reduction of the emittance growth for beam transfers and increased the

acceptances of the rings and transfer lines. The most spectacular improvements are

related to the improvements of antiproton beam transport from the Accumulator to

the Main Injector (MI) and optics improvements in Tevatron, Debuncher, and

Accumulator. The electron cooler beam transport presented significant challenge

for both the optics design and its commissioning.

2.1 Linear Optics with Coupling Between Degrees

of Freedom

The major part of optics work has been focused on the linear optics problems. In

this section we consider the fundamentals of betatron motion with coupled degrees

of freedom. The significant fraction of Run II optics work has been based on this

formalism and otherwise would hardly be possible. In particular the beam transport

in the electron cooler (see Chap. 7) is completely x–y coupled, and the Tevatron

lattice has significant coupling terms and the tune working point close to the

difference resonance that it cannot be accurately described using the perturbation

theory. The most of material is related to the x–y coupled motion. However, it can

be directly applied to coupling of any two degrees of freedom. An extension to three

degrees of freedom is straightforward and is not presented to keep text and

equations compact.
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First, we describe the equations of motion and notations. Second, we consider

the relationship between eigenvectors, emittances, and the particle 4D ellipsoid in

the phase space. Third, we consider the parameterization of particle motion based

on an extension of the Mais–Ripken parameterization [1, 2] presented in

[3]. Finally, we consider a perturbation theory for the case where the unperturbed

motion is Hamiltonian.

2.1.1 Equations of Motion and Conditions of Symplecticity

In the absence of dissipative processes, the particle motion is Hamiltonian. For the

linear motion the Hamiltonian is a second-order form of particle coordinates and

momenta. For two-dimensional motion, it can be presented in the following matrix

form:

H x; px; y; py; s
� � ¼ xTHx, ð2:1Þ

where x¼ [x, px, y, py]
T, x and y are the particle coordinates, px¼ x0 �R y/2 and

py¼ y0 + R y/2 are its canonical momenta,1 x0 ¼ dx/ds and y0 ¼ dy/ds are the particle
angles, s is the longitudinal coordinate (time coordinate), R¼ eBs/Pc, Bs is the

longitudinal magnetic field, and P is the total momentum of the reference particle.

Following the standard procedure for obtaining the equations of motion [4],

dpi
dt

¼ �∂H
dxi

,
dxi
dt

¼ ∂H
dpi

, ð2:2Þ

one comes to

dx

ds
¼ UHx, ð2:3Þ

where

U ¼
0 1 0 0

�1 0 0 0

0 0 0 1

0 0 �1 0

2

6
6
4

3

7
7
5 ð2:4Þ

is the unit symplectic matrix. In the case of flat orbit, the Hamiltonian and the

corresponding equations of motion are [2]

1Note that in practical optics calculations the difference between particle angles and their

canonical momenta does not usually exist because most optics codes compute transfer matrices

between points where the longitudinal magnetic fields are equal to zero.
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x00 þ Kx
2 þ k

� �
xþ N � 1

2
R0

0

@

1

Ay� Ry0 ¼ 0 ,

y00 � kyþ N þ 1

2
R0

0

@

1

Axþ Rx0 ¼ 0 :

ð2:6Þ

Here Kx¼ eBy/Pc, k¼ eG/Pc, N¼ eGs/Pc, and By is the vertical component of the

magnetic field; G and Gs are the normal and skew components of the magnetic field

gradient (the skew component is obtained by +45� rotation around the s axis in the

right-handed coordinate frame).

For any two solutions of Eq. (2.3), x1(s) and x2(s), one can write that

d

ds
x1

TUx2
� � ¼ dx1

T

ds
Ux2 þ x1

T U
dx2
ds

¼ x1
THTUTUx2 þ x1

TUUHx2 ¼ 0,

and, consequently,

x1
TUx2 ¼ const, ð2:7Þ

where the following properties of the unit symplectic matrix were employed:

U
T
U¼ I and UU ¼ �I; I is the identity matrix. The integral of motion in

Eq. (2.7) is called the Lagrange invariant.

Let us introduce the transfer matrix from coordinate 0 to coordinate s, x ¼
M(0, s)x0. Taking into account that the invariant of Eq. (2.7) does not change during
motion, we can write that

x1
TUx2 ¼ x1

TM 0; sð ÞTUM 0; sð Þx2 ¼ const:

As the above equation is satisfied for any x1 and x2, it yields

M 0; sð ÞTUM 0; sð Þ ¼ U: ð2:8Þ

Equation (2.8) expresses the symplecticity condition for particle motion. It is

equivalent to n2¼ 16 scalar equations, but taking into account that the matrix

2 Beam Optics and Orbits: Methods Used at the Tevatron Accelerators 31



MTUM is antisymmetric, only six ((n2� n)/2¼ 6) of these equations are indepen-

dent [5]. Consequently, only 10 of 16 elements of the transfer matrix are indepen-

dent. Thus, the symplecticity condition imposes more severe limitations than the

Liouville’s theorem [4], which imposes only one condition, det(M)¼ 1, and leaves

15 independent parameters.

Multiplying both sides of Eq. (2.8) by U on the left and byM�1 on the right, we

obtain that the inverse of matrix M is

M 0; sð Þ�1 ¼ �UM 0; sð ÞTU: ð2:9Þ

Then, multiplying Eq. (2.9) byM on the left and by U on the right, we obtain an

alternative expression of symplecticity condition:

M 0; sð ÞUM 0; sð ÞT ¼ U: ð2:10Þ

Note that Eqs. (2.9) and (2.10) are not related by matrix transposition.

2.1.2 Eigenvalues, Eigenvectors, and Condition of Motion
Stability

Consider a circular accelerator with the one-turn transfer matrix M. The transfer

matrix has four eigenvalues, λi, and four corresponding eigenvectors, vi (i¼ 1, 2, 3, 4):

Mvi ¼ λivi: ð2:11Þ

Then, the turn-by-turn particle motion can be presented in the following form:

xn ¼
X4

i¼1

λni civi, ð2:12Þ

where ci are the coefficients determined by particle initial coordinates.

Comparing the two equations below

det M� λIð Þ ¼ λ4 þ � � � þ det Mð Þ ¼ λ4 þ � � � þ 1,

det M� λIð Þ ¼ λ� λ1ð Þ λ� λ2ð Þ λ� λ3ð Þ λ� λ4ð Þ ¼ λ4 þ � � � þ λ1λ2λ3λ4,

one obtains that the product of all eigenvalues is equal to 1:

λ1λ2λ3λ4 ¼ 1: ð2:13Þ

Matrix M is a real matrix. Therefore, the complex conjugate of an eigenvalue

and corresponding eigenvector are also an eigenvalue and eigenvector. As follows

from Eq. (2.12) the motion stability requires |λi|� 1. Combining that with the
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requirement of Eq. (2.13), one obtains that the four eigenvalues split into two

complex conjugate pairs confined to a unit circle, |λi|¼ 1. We denote them as λ1,
λ�1, λ2, and λ�2 and the corresponding eigenvectors as v1, v1*, v2, and v2*, where

*

denotes the complex conjugate value. Note that if any eigenvalue is equal to�1, its

complex conjugate partner has the same value; consequently, the solution is

degenerate and an infinitesimally small perturbation makes the system unstable.

For any two eigenvectors, the symplecticity condition of Eq. (2.8) yields the

identity:

0 ¼ λjvj
TU Mvi � λivið Þ ¼ Mvj

� �T
UMvi � λjvj

TUλivi ¼ 1� λjλi
� �

vj
TUvi,

which results in that the product vj
TUvi can be different from zero only if vi and vj

represent a complex conjugate pair. The product vj
+Uvi is purely imaginary, indeed:

vþUvð Þ� ¼ vþUvð Þþ ¼ vþUþv ¼ �vþUv,

where v+¼ v*T denotes the Hermitian conjugate, and we took into account that the

transpose of a scalar is equal to itself. That allows us to introduce the symplectic

orthogonality conditions:

v1
þUv1 ¼ �2i, v2

þUv2 ¼ �2i,

v1
TUv1 ¼ 0, v2

TUv2 ¼ 0,

v2
TUv1 ¼ 0, v2

þUv1 ¼ 0:

ð2:14Þ

Other combinations can be obtained by applying the transposition and/or the

complex conjugation to Eq. (2.14). Note that the sign choice in the two top

equations determines which of two vectors in each complex conjugate pair is the

primary vector (see Sect. 2.1.5). The normalization value is chosen to make the

matrix V introduced in the next section symplectic. Similarly as for the transfer

matrix elements, there are only six independent real scalar equations among

Eq. (2.14). Note that the two equations in the second line are identities because

a+ U a¼ 0 for any a.

2.1.3 Mode Emittances and Emittance Ellipsoid in 4D Phase
Space

The turn-by-turn particle positions and angles can be represented as a linear

combination of four independent solutions,
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x¼ Re A1e
�iψ1v1 þ A2e

�iψ2v2
� �

¼ A1 v1
0 cosψ1 þ v1

00 sinψ1ð Þ þ A2 v2
0 cosψ2 þ v2

00 sinψ2ð Þ, ð2:15Þ

where four real parameters, A1, A2, ψ1, and ψ2, represent the betatron amplitudes

and phases. The amplitudes remain constant in the course of betatron motion, while

the phases are incremented after each turn.

Let us introduce the following real matrix:

V ¼ v1
0, � v1

00, v20, � v2
00½ �: ð2:16Þ

This allows one to rewrite Eq. (2.15) in the compact form

x ¼ VAξA, ð2:17Þ

where the amplitude matrix A is

A ¼
A1 0 0 0

0 A1 0 0

0 0 A2 0

0 0 0 A2

2

6
6
4

3

7
7
5 	 diag A1;A1;A2;A2ð Þ, ð2:18Þ

and

ξA ¼
cosψ1

� sinψ1

cosψ2

� sinψ2

2

6
6
4

3

7
7
5: ð2:19Þ

Applying the orthogonality conditions given by Eq. (2.14), one can prove that

matrix V is a symplectic matrix. It can be seen explicitly as follows:

VTUV ¼ v1 þ v1
�

2
, � v1 � v1

�

2i
,
v2 þ v2

�

2
, � v2 � v2

�

2i

2

4

3

5

T

U
v1 þ v1

�

2
, � v1 � v1

�

2i
,
v2 þ v2

�

2
, � v2 � v2

�

2i

2

4

3

5 ¼ U:

Here we took into account that every matrix element in matrix V̂ TUV̂ can be

calculated using vector multiplication of Eq. (2.14).

Let us consider an ensemble of particles, whose motion at the beginning of the

lattice (or any other point of a ring) is contained in a 4D ellipsoid. A 3D surface of

this ellipsoid is determined by particles with extreme betatron amplitudes. For any
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of these particles, Eq. (2.17) describes the 2D subspace of single-particle motion,

which is a subspace of the 3D surface of the ellipsoid, described by the bilinear form

xTΞx ¼ 1: ð2:20Þ

This ellipsoid confines the motion of all particles. To describe a 3D surface, in

addition to parameters ψ1 and ψ2 of Eq. (2.19), we introduce the third parameter ψ3

so that the vector ξ would belong to a 3D sphere with a unit radius, according to the

equation

ξ; ξð Þ ¼ 1, ð2:21Þ

where

ξ ¼
cosψ1 cos ψ3

� sinψ1 cosψ3

cosψ2 sinψ3

� sinψ2 sinψ3

2

6
6
4

3

7
7
5: ð2:22Þ

Then, we can rewrite Eq. (2.17) in the following form:

x ¼ VAξ ð2:23Þ

which describes a 3D subspace confining all particles of the beam (water-bag

particle distribution). In other words we can consider that the amplitudes of the

boundary particles are parameterized by ψ3 (A1!A1cosψ3, A2!A2sinψ3), so that

we would obtain a 4D ellipsoid.

Expressing ξ from Eq. (2.23) and substituting it into Eq. (2.21), one obtains the

quadratic form describing a 4D ellipsoid containing all particles:

xT VAð Þ�1
� �T

VAð Þ�1
x ¼ 1: ð2:24Þ

Comparing Eqs. (2.20) and (2.24) and using Eq. (2.9) for matrix inversion, one

can express the bilinear form, Ξ, as follows:

Ξ ¼ UV Ξ̂VTUT, ð2:25Þ

where Ξ̂ ¼ A�1A�1 ¼ diag A1
�2;A1

�2;A2
�2;A2

�2
� �

is a diagonal matrix

depending on two amplitudes A1 and A2, and we took into account that matrices

A�1 and U commute. Inversion of Eq. (2.25) yields

Ξ̂ ¼ VTΞV, ð2:26Þ

i.e., a symplectic transform V reduces matrix Ξ to its diagonal form.
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To determine the beam emittance (volume of the occupied 4D phase space)

described by Eq. (2.20), we note that due to symplecticity det(V)¼ 1. Conse-

quently, the coordinate transform x¼Vx0 corresponding to Eq. (2.26) does not

change the ellipsoid volume. Then, in the new coordinate frame, the 3D ellipsoid

enclosing the total 4D phase space of the beam is described by the following

equation:

Ξ̂11x
02 þ Ξ̂22p

02 þ Ξ̂33y
02 þ Ξ̂44y

02 ¼ 1:

It is natural to define the beam emittance as a product of the ellipsoid semiaxes

(omitting the factor π2/2 correcting for the real 4D volume of the ellipsoid) so that

ε4D ¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ξ̂11Ξ̂22Ξ̂33Ξ̂44

p ¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
det Ξ̂
� �q ¼ A1

2A2
2: ð2:27Þ

Thus, the squares of amplitudes A1 and A2 can be considered as 2D emittances ε1
and ε2 corresponding to the eigenvectors v1 and v2. Their product is equal to the

total 4D emittance: ε1ε2¼ ε4D. We will call them the mode emittances. Conse-

quently, one can write matrix Ξ̂ as

Ξ̂ ¼ diag ε1
�1; ε1

�1; ε2
�1; ε2

�1
� �

: ð2:28Þ

2.1.4 Eigenvectors and Particle Phase Space Ellipsoid

Similarly to the one-dimensional case, the particle ellipsoid shape, described by

matrix Ξ, determines the mode emittances ε1 and ε2 and the eigenvectors v1 and v2.
In this case the mode emittances are reciprocal to the roots of the following

characteristic equation:

det Ξ� iλUð Þ ¼ 0: ð2:29Þ

One can prove the above using Eq. (2.25) as follows:

det Ξ� iλUð Þ ¼ det UVΞ̂VTUT � iλU
� � ¼ det Ξ̂ � iλUTVTUVU

� �

¼ det Ξ̂ � iλU
� � ¼ 1

ε12
� λ2

0

@

1

A 1

ε22
� λ2

0

@

1

A ¼ 0:
ð2:30Þ

Knowing the mode emittances and, consequently, Ξ̂, one can obtain from

Eq. (2.25) a system of linear equations for matrix V:
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ΞVU ¼ UVΞ̂: ð2:31Þ

Multiplying the above equation by ul, one obtains two equations for the

eigenvectors:

Ξ� i

εl
U

� �

vl ¼ 0, ð2:32Þ

where l¼ 1, 2, and

u1 ¼
1

�i
0

0

2

6
6
4

3

7
7
5, u2 ¼

0

0

1

�i

2

6
6
4

3

7
7
5: ð2:33Þ

We also took into account that Vul¼ vl, Uul¼� iul, and Ξ0ul ¼ 1
εl
ul.

Taking into account Eq. (2.20) a Gaussian distribution function for coupled

beam motion can be written in the following form:

f xð Þ ¼ 1

4π2ε1ε2
exp � 1

2
xTΞx

� �

: ð2:34Þ

Then, the second-order moments of the distribution function are

Σij 	 xixj ¼
ð
xixjf xð Þdx4 ¼ 1

4π2ε1ε2

ð
xixj exp � 1

2
xTΞx

� �

dx4: ð2:35Þ

To carry out the integration, one can perform a coordinate transform, y¼V� 1x,

which reduces matrix Ξ to its diagonal form. Taking into account that

1

4π2ε1ε2

ð
yiyjdy

4 exp � 1

2
yTΞ̂y

� �

¼ diag ε1; ε1; ε2; ε2ð Þ½ �ij 	 Σ̂ ij, ð2:36Þ

one obtains that the matrix of the second-order moments is

Σ ¼ VΣ̂VT: ð2:37Þ

Using Eqs. (2.25) and (2.37), one can easily prove that matrix Σ is the inverse of

matrix Ξ. Consequently, a symplectic transform VU reduces matrix Σ to its

diagonal form. Applying a similar scheme as above for obtaining emittances and

eigenvectors from matrix Ξ, one finds that the mode emittances ε1 and ε2 can be

computed from matrix Σ as roots of its characteristic equation,

det ΣUþ iλ Ið Þ ¼ 0, εl ¼ λl, ð2:38Þ
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while the equations for the eigenvectors are

ΣUþ iεlIð Þvl ¼ 0: ð2:39Þ

It also follows from Eq. (2.37) that the total beam emittance is equal to

ε4D ¼ ε1ε2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
det Σð Þ

p
: ð2:40Þ

Taking into account that the beam motion from point s to point s0 results in the

matrix Ξ transformation so that Ξ(s0)¼M(s, s0)TΞ(s)M(s, s0) and using Eq. (2.29)

and the motion symplecticity, one can easily prove that the mode emittances ε1 and
ε2 are the motion invariants, i.e., there is no configuration of linear electric and

magnetic fields which can change them. Consequently, each mode emittance is

bound to the corresponding betatron mode. If the beamline is built so that the

motion is decoupled at some point, then the mode emittances coincide with

conventional horizontal and vertical emittances.

2.1.5 Beta-Functions of Coupled Motion

Employing the previously introduced notation, one can describe a single-particle

phase-space trajectory along the beam orbit as

x sð Þ ¼ M
�
0, s
�
Re

ffiffiffiffiffiffiffi
2I1

p
v1e

�iψ1 þ ffiffiffiffiffiffiffi
2I2

p
v2e

�iψ2

� �

¼ Re
ffiffiffiffiffiffiffi
2I1

p
v1 sð Þe�i ψ1þμ1 sð Þð Þ þ ffiffiffiffiffiffiffi

2I2
p

v2 sð Þe�i ψ2þμ2 sð Þð Þ� �
,

ð2:41Þ

where the vectors v1 sð Þ 	 eiμ1 sð ÞM 0; sð Þv1 and v2 sð Þ 	 eiμ2 sð ÞM 0; sð Þv2 are the

eigenvectors of the matrix M(0, s)MM(0, s)� 1, ψ1 and ψ2 are the initial phases of

betatron motion and I1 and I2 are the corresponding actions, and M¼M(0,L) is the

transfer matrix for the entire ring. The terms e�iμ1 sð Þ and e�iμ2 sð Þ are introduced to bring
the eigenvectors to the following form:

v1 sð Þ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
β1x sð Þp

� iu1 sð Þþα1x sð Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
β1x sð Þp

ffiffiffiffiffiffiffiffiffiffiffiffi
β1y sð Þ

q
eiν1 sð Þ

� iu2 sð Þþα1y sð Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
β1y sð Þ

q eiν1 sð Þ

2

6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
5

, v2 sð Þ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
β2x sð Þp

eiν2 sð Þ

� iu3 sð Þþα2x sð Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
β2x sð Þp eiν2 sð Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
β2y sð Þ

q

� iu4 sð Þþα2y sð Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
β2y sð Þ

q

2

6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
5

, ð2:42Þ

so that μ1(s) and μ2(s) would be the phase advances of betatron motion. Here β1x(s),
β1y(s), β2x(s), and β2y(s) are the beta-functions; α1x(s), α1y(s), α2x(s), and α2y(s) are
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the alpha-functions which, as will be shown in the next section, coincide with the

beta-functions’ negative half-derivatives at regions with zero longitudinal magnetic

field; and six real functions u1(s), u2(s), u3(s), u4(s), v1(s), and v2(s) are determined

by the orthogonality conditions of Eq. (2.14). Below we will be omitting their

dependence on s where it does not cause an ambiguity. Two eigenvectors v1 and v2
were chosen out of two pairs of complex conjugate eigenvectors by selecting u1 and
u4 to be positive.

The first orthogonality condition of Eq. (2.14),

v1
þUv1ð Þ ¼ �2i u1 þ u2ð Þ ¼ �2i,

yields u1¼ 1� u2, and similarly for the second eigenvector, u4¼ 1� u3. The next

two equations, v1
TUv1¼ 0 and v2

TUv2¼ 0, are identities.

Taking into account the above relations for u1 and u4, the remaining two

nontrivial orthogonality conditions can be written as follows:

v2
þUv1ð Þ ¼ �

ffiffiffiffiffiffi
β2x
β1x

s

i 1� u2ð Þ þ α1x½ � þ
ffiffiffiffiffiffi
β1x
β2x

s

iu3 � α2x½ �
0

@

1

Ae�iν2

�
ffiffiffiffiffiffi
β1y
β2y

s

i 1� u3ð Þ � α2y
	 
þ

ffiffiffiffiffiffi
β2y
β1y

s

iu2 þ α1y
	 


0

@

1

Aeiν1 ¼ 0,

ð2:43Þ

v2
TUv1ð Þ ¼ �

ffiffiffiffiffiffi
β2x
β1x

s

i 1� u2ð Þ þ α1x½ � �
ffiffiffiffiffiffi
β1x
β2x

s

iu3 þ α2x½ �
0

@

1

Aeiν2

�
ffiffiffiffiffiffi
β1y
β2y

s

i u3 � 1ð Þ � α2y
	 
þ

ffiffiffiffiffiffi
β2y
β1y

s

iu2 þ α1y
	 


0

@

1

Aeiν1 ¼ 0:

ð2:44Þ

Multiplying both terms in Eqs. (2.43) and (2.44) by their complex conjugate

values, one obtains

Ax
2 þ κx 1� u2ð Þ þ κx�1u3

�� �2 ¼ Ay
2 þ κy 1� u3ð Þ þ κy�1u2

� �2
,

Ax
2 þ κx 1� u2ð Þ � κx�1u3

�� �2 ¼ Ay
2 þ κy 1� u3ð Þ � κy�1u2

� �2
,

ð2:45Þ

where
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Ax ¼ κxα1x � κx�1α2x,
Ay ¼ κyα2y � κy�1α1y,

κx ¼
ffiffiffiffiffiffi
β2x
β1x

s

, κy ¼
ffiffiffiffiffiffi
β1y
β2y

s

:
ð2:46Þ

Subtracting Eq. (2.45) yields u2¼ u3. Substituting u2¼ u3¼ u into the first

equation of Eq. (2.45), one obtains the following expression for u:

u ¼
�κx2κy2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

κx2κy2 1þ Ax
2�Ay

2

κx2�κy2
1� κx2κy2
� �� �r

1� κx2κy2
: ð2:47Þ

By definition uk (k¼ 1, . . . 4) are real functions2 and u1 and u4 are positive. That
sets a constraint for possible values of beta- and alpha-functions,

Ax
2 � Ay

2

κx2 � κy2
1� κx

2κy
2

� � 
 �1, ð2:48Þ

and a constraint on a value of u, u� 1 (see also Sect. 2.1.6).

Knowing u makes it easy to find ν1 + ν2 and ν1� ν2 from Eqs. (2.43) and (2.44):

eiνþ 	 ei ν1þν2ð Þ ¼ Ax þ i κx 1� uð Þ þ κx�1uð Þ
Ay � i κy 1� uð Þ þ κy�1u

� � ,

eiν� 	 ei ν1�ν2ð Þ ¼ Ax þ i κx 1� uð Þ � κx�1uð Þ
Ay þ i κy 1� uð Þ � κy�1u

� � ,
ð2:49Þ

and, consequently, ν1 and ν2:

ν1 ¼ 1

2
νþ þ ν�ð Þ þ π nþ mð Þ,

ν2 ¼ 1

2
νþ � ν�ð Þ þ π n� mð Þ:

ð2:50Þ

Here n and m are arbitrary integers. Equation (2.49) results in that ν� and ν+ are

determined modulo 2π which, consequently, yields that ν1 and ν2 are determined

modulo π (see Eq. (2.50)) resulting in additional solutions. Actually there are only

two independent solutions for ν1 and ν2. The first one corresponds to the case when

2 Equation (2.47) also demonstrates that if beta- and alpha-functions are chosen incorrectly, such

that the value of the discriminant is negative, u becomes imaginary, thus redetermining the alpha-

functions.
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both n and m have the same parity, which is equivalent to m + n¼m� n¼ 0.

The second one corresponds to different parity of m and n, which is equivalent to

m + n¼m� n¼ 1. Thus, in a general case, one has four independent solutions for

u and ν1 and ν2 set by symplecticity conditions: two solutions for u and two

solutions for ν1 and ν2 for each u.
Finally, we can express the eigenvectors in the following form:

v1 ¼

ffiffiffiffiffiffi
β1x

p

� i 1� uð Þ þ α1xffiffiffiffiffiffi
β1x

p
ffiffiffiffiffiffi
β1y

p
eiν1

� iuþ α1yffiffiffiffiffiffi
β1y

p eiν1

2

6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
5

, v2 ¼

ffiffiffiffiffiffi
β2x

p
eiν2

� iuþ α2xffiffiffiffiffiffi
β2x

p eiν2

ffiffiffiffiffiffi
β2y

p

� i 1� uð Þ þ α2yffiffiffiffiffiffi
β2y

p

2

6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
5

: ð2:51Þ

That yields the following expression for matrix V (see Eq. (2.16)):

V¼

ffiffiffiffiffiffi
β1x

p
0

ffiffiffiffiffiffi
β2x

p
cos ν2 � ffiffiffiffiffiffi

β2x
p

sin ν2

� α1xffiffiffiffiffiffi
β1x

p 1�u
ffiffiffiffiffiffi
β1x

p u sin ν2�α2xcos ν2ffiffiffiffiffiffi
β2x

p u cos ν2þα2xsin ν2ffiffiffiffiffiffi
β2x

p
ffiffiffiffiffiffi
β1y

p
cos ν1 � ffiffiffiffiffiffi

β1y
p

sin ν1
ffiffiffiffiffiffi
β2y

p
0

u sin ν1�α1ycos ν1ffiffiffiffiffiffi
β1y

p
ucos ν1þα1ysin ν1ffiffiffiffiffiffi

β1y
p � α2yffiffiffiffiffiffi

β2y
p

1�u
ffiffiffiffiffiffi
β2y

p

2

6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
5

:

ð2:52Þ

Below we will call eleven functions, β1x(s), β1y(s), β2x(s), β2y(s), α1x(s), α1y(s),
α2x(s), α2y(s), u(s), ν1(s), and ν2(s), the generalized Twiss functions. Only eight of

them are independent. Other three can be determined from the symplecticity

conditions. Although for known eigenvectors the Twiss parameters can be deter-

mined uniquely, it is not the case if we know only alpha- and beta-functions. In this

case an application of symplecticity conditions leaves four independent solutions

for the eigenvectors. Two of them are related to the sign choice for u in Eq. (2.47),

and other two (for each choice of u) are related to uncertainty of ν1 and ν2 in

Eq. (2.50). The latter is related to the fact that the mirror reflection with respect to

the x or y axis does not change β’s and α’s but changes the relative signs for the

x and y components of the eigenvectors, with subsequent change of ν1 and ν2 by π. It
can also be achieved by a change of the coupling sign (simultaneous sign change for

gradients of all skew quads and magnetic fields of all solenoids), which does not

change the beta-functions but does change the ν-functions by π. To choose a unique
solution for the eigenvectors, one needs to know which of the two choices for u and
ν1 (or ν2) needs to be taken in addition to the alpha- and beta-functions.

In the case of weak coupling, one should normally choose v1 as the eigenvector,

which mainly relates to the horizontal motion, and v2 to the vertical motion. In the

case of strong coupling, the choice is arbitrary. As can be seen from Eq. (2.51), in
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determining beta- and alpha-functions, swapping two eigenvectors causes the

following redefinitions: β1x$ β2x, β1y$ β2y, α1x$ α2x, α1y$ α2y, u! 1� u,
ν1!�ν2, and ν2!�ν1.

2.1.6 Derivatives of the Tunes and Beta-Functions

Let us consider the relations between the beta- and alpha-functions and the beta-

functions and the betatron phase advances. A differential trajectory displacement

related to the first eigenvector can be expressed as follows:

x sþdsð Þ¼x
�
s
�þx0

�
s
�
ds¼x

�
s
�þ px sð ÞþR

2
y

0

@

1

Ads

¼ ffiffiffiffiffiffiffi
2I1

p
Re

ffiffiffiffiffiffiffiffiffiffiffiffi
β1x sð Þp þ � i 1�u sð Þð Þþα1x sð Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
β1x sð Þp þR

2

ffiffiffiffiffiffiffiffiffiffiffiffi
β1y sð Þ

q
eiν1 sð Þ

2

4

3

5ds

0

@

1

Ae�i μ1 sð Þþψ1ð Þ

0

@

1

A:

ð2:53Þ

Alternatively, one can express particle position through the beta-functions at the

new coordinate s þ ds:

x sþ dsð Þ ¼ Re
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2I1βx sþ dsð Þp

e�i μ1 sþdsð Þþψð Þ� �

¼ ffiffiffiffiffiffiffi
2I1

p
Re

ffiffiffiffiffiffiffiffiffiffiffiffi
β1x sð Þp þ dβ1x

2
ffiffiffiffiffiffiffiffiffiffiffiffi
β1x sð Þp � i

ffiffiffiffiffiffiffiffiffiffiffiffi
β1x sð Þ

p
dμ

2

4

3

5e�i μ1 sð Þþψð Þ

0

@

1

A:

ð2:54Þ

Comparing both the imaginary and real parts of Eqs. (2.53) and (2.54), one

obtains

dβ1x
ds

¼ �2α1x þ R
ffiffiffiffiffiffiffiffiffiffiffiffi
β1xβ1y

q
cos ν1,

dμ1
ds

¼ 1� u

β1x
� R

2

ffiffiffiffiffiffi
β1y
β1x

vu
u
t sin ν1:

ð2:55Þ

Similarly, one can write down equivalent expressions for the vertical

displacement,
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y sþdsð Þ¼y
�
s
�þy0

�
s
�
ds¼y

�
s
�þ py sð Þ�R

2
x

0

@

1

Ads

¼ ffiffiffiffiffiffiffi
2I1

p
Re

ffiffiffiffiffiffiffiffiffiffiffiffi
β1y sð Þ

q
eiν1 sð Þ� iu sð Þþα1y sð Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
β1y sð Þ

q eiν1 sð Þþ R

2

ffiffiffiffiffiffiffiffiffiffiffiffi
β1x sð Þ

p
2

6
4

3

7
5ds

0

B
@

1

C
Ae�i μ1 sð Þþψ1ð Þ

0

B
@

1

C
A,

and

y sþdsð Þ¼
ffiffiffiffiffiffiffi
2I1

p
Re

ffiffiffiffiffiffiffiffiffiffiffiffi
β1y sð Þ

q
þ dβ1y

2
ffiffiffiffiffiffiffiffiffiffiffiffi
β1y sð Þ

q þi
ffiffiffiffiffiffiffiffiffiffiffiffi
β1y sð Þ

q
dν1�dμ1ð Þ

2

6
4

3

7
5e�i μ1 sð Þþψ�ν1 sð Þð Þ

0

B
@

1

C
A,

which yields

dβ1y
ds

¼ �2α1y � R
ffiffiffiffiffiffiffiffiffiffiffiffi
β1xβ1y

q
cos ν1,

dμ1
ds

� dν1
ds

¼ u

β1y
þ R

2

ffiffiffiffiffiffi
β1x
β1y

s

sin ν1:
ð2:56Þ

Similar calculations carried out for the second eigenvector yield

dβ2y
ds

¼ �2α2y � R
ffiffiffiffiffiffiffiffiffiffiffiffi
β2xβ2y

p
cos ν2,

dμ2
ds

¼ 1� u

β2y
þ R

2

ffiffiffiffiffiffi
β2x
β2y

s

sin ν2,

dβ2x
ds

¼ �2α2x þ R
ffiffiffiffiffiffiffiffiffiffiffiffi
β2xβ2y

p
cos ν2,

dμ2
ds

� dν2
ds

¼ u

β2x
� R

2

ffiffiffiffiffiffi
β2y
β2x

vu
u
t sin ν2:

ð2:57Þ

One can see that in the absence of longitudinal magnetic field, the alpha- and

beta-functions are related the same way as for the uncoupled case (α¼�(dβ/ds)/2)
and the derivatives of the phase advances dμ1/ds and dμ2/ds are proportional to

(1� u) and are positive. That explains the selection rule for the eigenvectors

formulated in Sect. 4.1.5 which requires u1 and u4 being positive

(u1¼ u4¼ 1� u
 0). Note that there is no formal requirement for d(μ1 + ν1)/ds
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and d(μ2 + ν2)/ds being also positive, and therefore u can be negative,3 while in the

majority of practical cases, it belongs to the [0, 1] interval.

2.1.7 Representation of Transfer Matrix and Second-Order
Moments in Terms of Generalized Twiss Functions

One can derive a useful representation of the transfer matrix M1,2	M(s1, s2)
between two points of a transfer line in terms of the generalized Twiss functions.

Using the definitions of eigenvector and matrix V (see Eqs. (2.16) and (2.41)), one

can derive the following identity:

V2 S ¼ M12V1: ð2:58Þ

Here V1 and V2 are the V-matrices given by Eq. (2.52) for the initial and final

points. The matrix S is

S ¼
cosΔμ1 sinΔμ1 0 0

� sinΔμ1 cosΔμ1 0 0

0 0 cosΔμ2 sinΔμ2
0 0 � sinΔμ2 cosΔμ2

2

6
6
4

3

7
7
5, ð2:59Þ

where Δμ1,2 are the betatron phase advances between points 1 and 2 for the first and
second modes. Multiplying both sides of Eq. (2.59) by the inverse matrix,

V1
� 1¼�UV1

TU, as given by Eq. (2.9), allows one to express the transfer matrix,

M12, in the form

M12 ¼ �V2SUV1
TU: ð2:60Þ

In the case of the one-turn transfer matrix, the matrices V1 and V2 are equal and

Eq. (2.60) simplifies. That results in the following expressions for the matrix

elements of diagonal 2� 2 sub-matrices:

M11 ¼ 1� uð Þ cos μ1 þ α1x sin μ1 þ u cos μ2 þ α2x sin μ2,

M12 ¼ β1x sin μ1 þ β2x sin μ2,

M21 ¼ � 1� uð Þ2 þ α21x
β1x

sin μ1 �
u2 þ α22x

β2x
sin μ2,

M22 ¼ 1� uð Þ cos μ1 þ u cos μ2 � α1x sin μ1 � α2x sin μ2,

3 The Tevatron lattice is based on the detailed optics measurement and takes into account large

coupling terms coming mainly from the skew-quadrupole components of the superconducting

dipoles. If the coupling corrections are adjusted to minimize the tune split, the value of coupling

parameter u varies along the lattice in the range of about [�0.002, 0.04].
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M33 ¼ u cos μ1 þ 1� uð Þ cos μ2 þ α2y sin μ2 þ α1y sin μ1, ð2:61Þ
M34 ¼ β1y sin μ1 þ β2y sin μ2,

M43 ¼ � u2 þ α21y
β1y

sin μ1 �
1� uð Þ2 þ α22y

β2y
sin μ2,

M44 ¼ u cos μ1 þ 1� uð Þ cos μ2 � α1y sin μ1 � α2y sin μ2,

where μ1 and μ2 are the betatron tunes of two betatron modes. The elements for

off-diagonal sub-matrices can be found in [3].

We also present here the elements of matrix Σ used in other chapters of this book

(see Eq. (2.25)):

Σ11 	 x2
� � ¼ ε1β1x þ ε2β2x, Σ33 	 y2

� � ¼ ε1β1y þ ε2β2y,

Σ12 	 xpxh i ¼ Σ21 ¼ �ε1α1x � ε2α2x, Σ34 	 ypy
� � ¼ Σ43 ¼ �ε1α1y � ε2α2y,

Σ13 	 xyh i ¼ Σ31 ¼ ε1
ffiffiffiffiffiffiffiffiffiffiffiffi
β1xβ1y

q
cos ν1 þ ε2

ffiffiffiffiffiffiffiffiffiffiffiffi
β2xβ2y

q
cos ν2,

Σ22 	 px
2

� � ¼ ε1
1� uð Þ2 þ α1x2

β1x
þ ε2

u2 þ α2x2

β2x
,

Σ44 	 py
2

� � ¼ ε1
u2 þ α1y2

β1y
þ ε2

1� uð Þ2 þ α2y2

β2y
, ð2:62Þ

Σ24 	 pxpy
� �¼ Σ42 ¼ ε1

α1y 1� uð Þ � α1xu
� �

sinν1 þ u 1� uð Þ þ α1xα1y
� �

cosν1
ffiffiffiffiffiffiffiffiffiffiffiffi
β1xβ1y

p

þ ε2
α2x 1� uð Þ � α2yu
� �

sinν2 þ u 1� uð Þ þ α2xα2y
� �

cos ν2
ffiffiffiffiffiffiffiffiffiffiffiffi
β2xβ2y

p :

For other elements of matrix Σ and the expression of matrix Ξ, we refer reader
to [3].

2.1.8 Edwards–Teng Parameterization

The material presented in Sects. 2.1.5, 2.1.6, and 2.1.7 is based on the extension of

the Mais–Ripken parameterization presented in [3]. However, the consideration of

coupled motion would be incomplete without a discussion of the Edwards–Teng

parameterization [6], which was proposed earlier and is presently one of the most

popular parameterizations for description of coupled optics. It is based on a

canonical transform R which reduces a 4� 4 transfer matrix
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M ¼ P p

q Q

 �

ð2:63Þ

to its normal mode form

eM ¼ RMR�1, ð2:64Þ

where

eM ¼ A 0

0 B

 �

ð2:65Þ

and P, p, Q, q, A, and B are 2� 2 matrices. Edwards and Teng suggested

parameterizing a symplectic matrix R as follows:

R ¼ E cosϕ �D�1 sinϕ
D sinϕ E cosϕ

 �

, ð2:66Þ

where E is the unit 2� 2 matrix and D is a 2� 2 symplectic matrix,

D ¼ a b
c d

 �

: ð2:67Þ

Thus, matrix R is parameterized by four parameters: a, b, c, and ϕ. Matrix eM
describes the particle motion in new coordinates and can be parameterized by six

Twiss parameters: β1, α1, μ1, β2, α2, and μ2 which are called the Twiss parameters of

the decoupled motion. Edwards and Teng expressed them through the transfer

matrix elements. Here we present their connection to the extended Mais–Ripken

parameterization considered above:

sinϕ ¼ � ffiffiffi
u

p
,

β1 ¼
β1x
1� u

, α1 ¼ α1x
1� u

, β2 ¼
β2y
1� u

, α2 ¼ α2y
1� u

, ð2:68Þ

R ¼ �1
ffiffiffiffiffiffiffiffiffiffiffi
1� u

p
1 0 �dt bt
0 1 ct �at
at bt 1 0

ct dt 0 1

2

6
6
4

3

7
7
5,

at ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2y=β2x

q
α2x sin ν2 þ u cos ν2ð Þ,

bt ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
β1xβ1y

p
sin ν1,

dt ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β1x=β1y

q
u cos ν1 þ α1y sin ν1
� �

,

ct ¼ atdt þ u� 1ð Þ=bt:
ð2:69Þ

Details of calculations can be found in [3]. Although, the top Eq. (2.68) yields

four different solutions for angle ϕ, there are unique solutions for the beta- and

alpha-functions of the decoupled motion and matrix R. Note that the choice of sign
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for matrix R in Eq. (2.69) is determined by the requirement that
ffiffiffiffiffiffiffiffi
β1,2

p
are positive.

However, a problem appears if the value of u is negative somewhere in the lattice.

That results in ϕ being purely imaginary. The solution considered in [6] suggests a

replacement of sin(ϕ) and cos(ϕ) by sinh(ϕ) and cosh(ϕ) with an appropriate sign

changes in the symplectic transform of Eq. (2.66). It formally addresses the issue

but still requires a redefinition of Eq. (2.66) symplectic transforms every time

u changes its sign.

Edwards and Teng determined the phase advance of the betatron motion using a

standard recipe for the uncoupled motion:

evi sð Þe�iμi sð Þ ¼ eM 0; sð Þevi 0ð Þ, ð2:70Þ

whereevi sð Þ are the eigenvectors of decoupled motion. It is important to note that the

betatron phase advances of both parameterizations are equal; i.e., the betatron phase

advance for the Edwards–Teng representation is directly related to particle oscil-

lations in the x or y plane, depending on which plane a particular eigenvector is

referenced to.

As will be shown in the next section, the value of u is changing fast if a system

approaches the coupling resonance. Consequently, the beta-functions of extended

Mais–Ripken parameterization also change fast although the sums β1x+ β2x and

β1y+ β2y stay approximately constant. In contrast, the Edwards–Teng beta-functions

are insensitive to the coupling resonance, while ϕ and matrix R are sensitive.

2.1.9 Betatron Tunes

Substituting the ring transfer matrix expressed in the block form of Eq. (2.63)

into the symplecticity conditions of Eqs. (2.8) and (2.10) and performing matrix

multiplication, one obtains

PTU2Pþ qTU2q PTU2pþ qTU2Q

pTU2PþQTU2q pTU2pþQTU2Q

 �

¼ U2 0

0 U2

 �

,

PU2P
T þ pU2p

T PU2q
T þ pU2Q

T

qU2P
T þQU2p

T qU2q
T þQU2Q

T

 �

¼ U2 0

0 U2

 �

,

ð2:71Þ

where U2 is the two-dimensional unit symplectic matrix.

Expanding the diagonal sub-matrices, one obtains four scalar equations:

det Pð Þ þ det
�
q
� ¼ 1, det

�
p
�þ det

�
Q
� ¼ 1,

det Pð Þ þ det
�
p
� ¼ 1, det

�
q
�þ det

�
Q
� ¼ 1:

ð2:72Þ

The solution of above equations yields that the determinants for two diagonal

and two off-diagonal matrices are equal:
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κ ¼ det pð Þ ¼ det qð Þ, 1� κ ¼ det Pð Þ ¼ det Qð Þ, ð2:73Þ

where parameter κ characterizes the coupling strength. The off-diagonal

sub-matrices in each matrix equation of Eq. (2.71) are related by matrix transpose,

and the matrix equations are linearly dependent leaving only four independent

scalar equations. That bounds up matrices p and q:

p ¼ U2 PT
� ��1

qTU2Q ¼ 1

1� κ
PU2q

TU2Q, ð2:74Þ

where we took into account that P� 1¼�U2P
TU2/(1� κ).

To separate coupling effects from effects of uncoupled betatron motion, let us

consider the betatron motion in the normalized coordinates, so that in the new

coordinates the ring transfer matrix would be presented in the following form:

Mc ¼
Pc pc

qc Qc

 �

, Pc ¼
ffiffiffiffiffiffiffiffiffiffiffi
1� κ

p cos μx sin μx
� sin μx cos μx

 �

,

Qc ¼
ffiffiffiffiffiffiffiffiffiffiffi
1� κ

p cos μy sin μy
� sin μy cos μy

" #

,

ð2:75Þ

where we explicitly took into account that det(Pc)¼ det(Qc). Here and below we

denote by index c the vectors and matrices in the normalized coordinate frame. A

symplectic matrix Rc performs transformation from the old to the new coordinates,

xc¼Rcx , and can be chosen in the following form:

Rc ¼
Rcx 0

0 Rcy

 �

, Rcx ¼
1=

ffiffiffiffiffiffi
βxc

p
0

αxc=
ffiffiffiffiffiffi
βxc

p ffiffiffiffiffiffi
βxc

p

" #

,

Rcy ¼
1=

ffiffiffiffiffiffi
βyc

p
0

αyc=
ffiffiffiffiffiffi
βyc

p ffiffiffiffiffiffi
βyc

p

" #

:

ð2:76Þ

Then, the ring transfer matrix in the normalized coordinates is Mc¼RcMRc
� 1.

Performing matrix multiplication and requiring the resulting matrix to be in the

form of Eq. (2.75), one obtains the parameters of matrix Rc:

βxc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�4M12
2

4M12M21 þ M11 �M22ð Þ2
vu
u
t , αxc ¼ βxc

M11 �M22

2M12

,

βyc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�4M34
2

4M34M43 þ M33 �M44ð Þ2
vu
u
t , αyc ¼ βyc

M33 �M44

2M34

:

ð2:77Þ

The symplectic transform does not change the trace of the diagonal

sub-matrices. That yields
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cos μx ¼
tr Pcð Þ

2 1� κð Þ ¼
tr Pð Þ

2 1� κð Þ ¼
M11 þM22

2 1� κð Þ ,

cos μy ¼
tr Qcð Þ
2 1� κð Þ ¼

tr Qð Þ
2 1� κð Þ ¼

M33 þM44

2 1� κð Þ :
ð2:78Þ

The off-diagonal sub-matrices of matrix Mc are

qc 	 ac bc
cc dc

 �

¼ RcxqRcy
�1, pc 	 â c b̂ c

ĉ c d̂ c

 �

¼ RcxpRcy
�1: ð2:79Þ

Note that Eq. (2.74) uniquely couples ac, bc, cc, and dc with â c, b̂ c, ĉ c, and d̂ c.

That leaves only four independent parameters for coupling characterization out of

eight parameters of off-diagonal sub-matrices. There is another useful property of

matrices Pc, Qc, pc, and qc:

tr Pc
TPc

� � ¼ tr Qc
TQc

� �
, tr pc

Tpc
� � ¼ tr qc

Tqc
� �

: ð2:80Þ

The first equation follows from the definitions of Pc andQc. The following string

of conversions proves the second equation:

tr pc
Tpc

� � ¼ tr U2 Pc
T

� ��1
qc

TU2Qc

� �T
U2 Pc

T
� ��1

qc
TU2Qc

� �

¼ tr Qc
TU2qcPc

�1U2U2 Pc
T

� ��1
qc

TU2Qc

� �

¼ �tr Qc
TU2qcPc

�1 Pc
T

� ��1
qc

TU2Qc

� �

¼ �1

1� κ
tr Qc

TU2qcqc
TU2Qc

� � ¼ �tr U2qcqc
TU2

� � ¼ tr qcqc
T

� �
:

Here we used that Pc
�1¼Pc

T/(1� κ), Qc
�1¼Qc

T/(1� κ), U2U2¼�I, and

tr(AB)¼ tr(BA).

To find the betatron tunes, we follow the standard recipe for finding roots of

dispersion equation: det(Mc� λI)¼ 0. Computing the determinant and performing

further simplifications, we obtain

λ4 � 2
ffiffiffiffiffiffiffiffiffiffiffi
1� κ

p
cos μx þ cos μy
� �

λ3 þ λ
� �

þ 2 1� κð Þ 1þ cos μx cos μy
� �� tr pcqcð Þ� �

λ2 þ 1

¼ 0: ð2:81Þ

In the case of stable motion, the solution of Eq. (2.81) consists of two complex

conjugated pairs. The corresponding fourth-order polynomial can be presented in

the following form:
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Y4

i¼1

λ� λið Þ¼ λ2�2λcosμ1þ1
� �

λ2�2λcosμ2þ1
� �

¼ λ4�2 λ3þ λ
� �

cosμ1þ cosμ2ð Þþ2 1þ2cosμ1 cosμ2ð Þλ2þ1¼ 0:

ð2:82Þ

Comparing Eqs. (2.81) and (2.82), we obtain the following system of equations:

cos μ1 þ cos μ2 ¼
ffiffiffiffiffiffiffiffiffiffiffi
1� κ

p
cos μx þ cos μy
� �

,

1þ cos μ1 cos μ2 ¼ 1� κð Þ 1þ cos μx cos μy
� �� tr pcqcð Þ=2: ð2:83Þ

The solution is

cos μ1,2 ¼
ffiffiffiffiffiffiffiffiffiffiffi
1� κ

p cos μx þ cos μy
2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� κð Þ cos μx � cos μy
2

� �2
þ 1

2
κ þ 1

2
tr pcqcð Þ

� �s

: ð2:84Þ

The same as sub-matrices p and q, the sub-matrices pc and qc are related by

Eq. (2.74). That allows one to express tr(pcqc) through matrix qc. Performing

matrix multiplication, one obtains

tr pcqcð Þ¼ 1

1�κ
tr PcU2qc

TU2Qcqc
� �¼ sinμx sinμytr qc

Tqc
� ��2cosμx cosμydet qcð Þ

¼ sinμx sinμy ac
2þbc

2þcc
2þdc

2
� ��2cosμxcosμy acdc�bcccð Þ:

ð2:85Þ

To express the tunes directly through the transfer matrix elements, we take into

account that the coefficients in Eq. (2.81) do not change when we perform a

transform to the normalized coordinates. In particular it means that coefficients in

front of λ and λ3 are equal. It simplifies the calculations. As a result, we obtain the

dispersion equation:

λ4 � tr Mð Þ λ3 þ λ
� �þ Λλ2 þ 1 ¼ 0, ð2:86Þ

where

Λ ¼ M11M22 �M12M21ð Þ þ M33M44 �M34M43ð Þ þ M11M33 �M13M31ð Þ
þ M11M44 �M14M41ð Þ þ M33M22 �M23M32ð Þ þ M22M44 �M24M42ð Þ:

ð2:87Þ

Then, the solution is [6]
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cos μ1,2 ¼
1

4
tr Mð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tr Mð Þð Þ2 þ 8� 4Λ

q� �

: ð2:88Þ

2.1.10 Coupling Strength, Tune Split, and Width
of Resonance Stop Band

There is no single parameter to completely characterize coupling. However, the

parameter u (see Eq. (2.51)) is one of the most informative. It characterizes the

relative contributions of x and y parts to the eigenvector normalization of Eq. (2.14),

so that they are proportional to u or 1� u. In the absence of coupling, the parameter

u is equal to 0 (or 1 if x and y vectors are swapped). Note that, in the general case,

the equality u¼ 0 does not imply an absence of coupling. As one can see from

Eqs. (2.45) and (2.49), the condition u¼ 0 requires Ax
2 + κx

2¼Ay
2 + κy

2 and yields

eiνþ ¼ Ax þ iκxð Þ= Ay � iκy
� �

and eiν� ¼ Ax þ iκxð Þ= Ay þ iκy
� �

. These equations do

not require auxiliary beta-functions β1y and β2x to be equal to zero, and, conse-

quently, the condition u¼ 0 does not automatically mean an absence of coupling.

Although strictly speaking u cannot be considered as a unique coupling parameter,

it reflects the strength of coupling and is a good value to characterize it in practice.

In particular u¼½ corresponds to 100 % coupling when the motion for both

eigenvectors is equally distributed in both planes. It is also useful to note that

u does not change in the part of a beamline without coupling terms. Actually, in the

absence of coupling, the x and y parts of the eigenvector, vx and vy, are independent
and their normalization, vx,y

+U2vx,y¼ {u, 1� u}, does not change because the

determinants of the corresponding 2� 2 transfer matrices are equal to 1. Here U2

is the 2D unit symplectic matrix.

To express the value of u through the betatron tunes, we add up the matrix

elements M11 and M22 of Eq. (2.61). That yields M11 +M22¼ 2(1� u)
cos μ1 + 2u cos μ2. Taking into account that it is also justified for Mc11 þMc22 and

by definition Mc11 þMc22 ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
1� κ

p
cos μx, we obtain

ffiffiffiffiffiffiffiffiffiffiffi
1� κ

p
cos μx ¼ 1� uð Þ cos μ1 þ u cos μ2:

That results in

u ¼
ffiffiffiffiffiffiffiffiffiffiffi
1� κ

p
cos μx � cos μ1

cos μ2 � cos μ1
: ð2:89Þ

Let coupling be small,4 tr(qc
Tqc)� 1, and tunes be located in the vicinity of

difference coupling resonance. Then, the fractional parts of the tunes, μ̂ x, μ̂ y, μ̂ 1 ,

4 The condition tr(qc
Tqc)� 1 also results in that |κ|� 1. Actually, expressing both equations

through the matrix elements, one obtains tr(qc
Tqc)¼ a2 + b2 + c2 + d2 and κ	 det(qc)¼ ad� bc.

Obviously, |ad� bc|< a2 + b2 + c2 + d2.
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and μ̂ 2, are close to each other, and we introduce the following definitions:

Δμ ¼ μ̂ x � μ̂ y � 1, μ̂ 1 ¼ μ̂ x þ Δμ1, and μ̂ 2 ¼ μ̂ x þ Δμ2. Consequently, we

expand Eq. (2.84) into Taylor series:

cos μx � Δμ1,2 sin μx  1� κ

2

� � 2 cos μx � Δμ sin μx
2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δμ sin μx

2

� �2

þ 1

2
κ þ 1

2
tr pcqcð Þ

� �s

: ð2:90Þ

Simplifying the above equation with the help of Eq. (2.85), leaving only the

leading order terms and returning to the tunes from their differentials, we obtain

μ̂ 1,2 
1

2
μ̂ x þ μ̂ y

� ��
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ̂ x � μ̂ y

� �2 þ δμd2
q� �

, μ̂ x � μ̂ y

�
�

�
�, δμd � 1, ð2:91Þ

where

δμd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ac þ dcð Þ2 þ bc � ccð Þ2

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
â c þ d̂ c

� �2 þ b̂ c � ĉ c

� �2
q

ð2:92Þ

represents the minimum tune split. Substitution of Eq. (2.91) to Eq. (2.89) results in

the coupling strength dependence on the tunes in the vicinity of difference coupling

resonance:

u  1

2
1� μ̂ x � μ̂ yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μ̂ x � μ̂ y

� �2 þ δμd2
q

0

B
@

1

C
A, μ̂ x � μ̂ y

�
�

�
�, δμd � 1: ð2:93Þ

If μ̂ x ¼ μ̂ y, the coupling parameter is equal to 1/2. That corresponds to 100 %

coupled motion. In the case of μ̂ x � μ̂ y

�
�

�
�� δμd, the coupling strength, u, is small

(or close to one if the order of tunes is reversed.) That corresponds to a weakly

coupled motion.

If the tunes are located in the vicinity of coupling sum resonance, then

μ̂ x þ μ̂ y � 2π ¼ Δμ � 1. Introducing the following definitions, μ̂ 1 ¼ μ̂ x þ Δμ1
and μ̂ 2 ¼ 2π � μ̂ x þ Δμ2, and expanding Eq. (2.84) into Taylor series, we obtain

cos μx � Δμ1 sin μx  1� κ

2

� � 2 cos μx þ Δμ sin μx
2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δμ sin μx

2

� �2

þ 1

2
κ þ 1

2
tr pcqcð Þ

� �s

: ð2:94Þ

Simplifying the above equation with the help of Eq. (2.85), leaving only leading

order terms, repeating similar expansion for Δμ2, and returning to the tunes from

their differentials, we obtain
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μ̂1,2
1

2
� μ̂x�μ̂y

� �þ2πþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ̂xþμ̂y�2π
� �2�δμs2

q� �

,

2π� μ̂xþμ̂y

� ��
�

�
�,δμs�1,

ð2:95Þ

where

δμs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ac � dcð Þ2 þ bc þ ccð Þ2

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
â c � d̂ c

� �2 þ b̂ c þ ĉ c

� �2
q

ð2:96Þ

represents the total width of the resonance stop band. One can see that tunes μ1 and
μ2 become imaginary if the tunes μx and μy are located inside the resonance stop

band. Consequently, the particle motion becomes unstable.

2.1.11 Perturbation Theory for Coupled Motion

The symplecticity allows one to build an effective perturbation theory for the case

of coupled motion. Let the unperturbed motion eigenvalues and eigenvectors be

related by Eq. (2.11). Then, for the perturbed motion one can write

Iþ ΔMð ÞMevj ¼ λj þ Δλj
� �

evj, ð2:97Þ

where the new transfer matrix, (I+ΔM)M, is not necessarily a symplectic matrix.

The eigenvectors of perturbed motion can be presented as a sum of the unperturbed

ones,

evj ¼ vj þ
X4

i¼1

εijvi, εij << 1, ð2:98Þ

and without limitation of generality, one can consider that εii¼ 0 for every i.
Substituting Eq. (2.98) into Eq. (2.97), linearizing the resulting equation, and

using Eq. (2.11), one obtains

X4

i¼1

λi � λj
� �

εijvi ¼ ΔλjI� ΔM M
� �

vj: ð2:99Þ

In the case of stable unperturbed motion, the eigenvalues and eigenvectors

represent two complex conjugate pairs. Taking this into account,

v1 v2 v3 v4½ � ! v1 v1
� v2 v2

�½ �, and introducing complex matrix

Vp ¼ v1 v1
� v2 v2

�½ �, one can rewrite Eq. (2.99) in the form of two matrix

equations:
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Vp

1 0 0 0

0 λ1 � λ1
� 0 0

0 0 λ1 � λ2 0

0 0 0 λ1 � λ2
�

2

6
6
4

3

7
7
5

Δλ1
ε21
ε31
ε41

2

6
6
4

3

7
7
5 ¼ ΔMMv1,

Vp

λ2 � λ1 0 0 0

0 λ2 � λ1
� 0 0

0 0 1 0

0 0 0 λ2 � λ2
�

2

6
6
4

3

7
7
5

ε12
ε22
Δλ2
ε42

2

6
6
4

3

7
7
5 ¼ ΔMMv2:

ð2:100Þ

Matrix Vp is built from symplectic vectors and its inverse is equal to

Vp
�1 ¼ � 1

2i
UVp

TU: ð2:101Þ

One can verify it by utilizing the eigenvector normalization of Eq. (2.14).

Inversion of Eq. (2.100) with the help of Eq. (2.101) finally results in [7]

Δλ1
ε21
ε31
ε41

2

6
6
4

3

7
7
5 ¼ � λ1

2i

1 0 0 0

0 λ1 � λ1
� 0 0

0 0 λ1 � λ2 0

0 0 0 λ1 � λ2
�

2

6
6
4

3

7
7
5

�1

UVc
TUΔMv1,

ε12
ε22
Δλ2
ε42

2

6
6
4

3

7
7
5 ¼ � λ2

2i

λ2 � λ1 0 0 0

0 λ2 � λ1
� 0 0

0 0 1 0

0 0 0 λ2 � λ2
�

2

6
6
4

3

7
7
5

�1

UVc
TUΔMv2: ð2:102Þ

Multiplication of Eqs. (2.102) by 1 0 0 0½ � and 0 0 1 0½ �, correspond-
ingly, results in corrections for the eigenvalues:

Δλ1 ¼ � λ1
2i

v1
þUΔMv1,

Δλ2 ¼ � λ2
2i

v2
þUΔMv2:

ð2:103Þ

Taking into account the relationship between the eigenvalue corrections and the

tune shifts, ΔQn¼ i/(4π) (Δλn/λn), one obtains [8]

ΔQ1 ¼ � 1

4π
v1

þUΔMv1,

ΔQ2 ¼ � 1

4π
v2

þUΔMv2:
ð2:104Þ

To demonstrate an application of the above formalism, let us find the tune shifts

due to a local focusing perturbation. In the general case the perturbation of the

54 V. Lebedev et al.



Hamiltonian is proportional to Φxx
2 + 2Φsxy +Φyy

2. That results in the transfer

matrix of the perturbation:

ΔM ¼
0 0 0 0

�Φx 0 �Φs 0

0 0 0 0

�Φs 0 �Φy 0

2

6
6
4

3

7
7
5:

Substituting it to Eq. (2.104), one obtains [7]

ΔQ1 ¼
1

4π
Φxβ1x þ 2Φs

ffiffiffiffiffiffiffiffiffiffiffiffi
β1xβ1y

q
cos ν1 þΦyβ1y

� �
,

ΔQ2 ¼
1

4π
Φxβ2x þ 2Φs

ffiffiffiffiffiffiffiffiffiffiffiffi
β2xβ2y

q
cos ν2 þΦyβ2y

� �
:

ð2:105Þ

One can see that in the case of uncoupled motion, β1y¼ β2x¼ 0, the tune shifts

coincide with the well-known expression for the tune shift of uncoupled motion.

Note that for a quadrupole field Φx¼�Φy.

2.1.12 Sum and Difference Coupling Resonances

An analysis of the coupled motion using a perturbation theory applied directly to

the equations describing initially uncoupled motion is useful in many applications.

Let us consider the two uncoupled modes x and y. For each of them the formalism

described in Sects. 2.1.1–2.1.7 can be reduced from four dimensional to two

dimensional, so that

x sð Þ 	 x
x0

� �

¼ Re Axv1 sð Þe�iμx sð Þ� � ¼ 1
2
Axv1

�
s
�
e�iμx sð Þ þ 1

2
A�
xv

�
1

�
s
�
eiμx sð Þ,

y sð Þ 	 y
y0

� �

¼ Re Ayv2 sð Þe�iμy sð Þ� � ¼ 1
2
Ayv2

�
s
�
e�iμy sð Þ þ 1

2
A�
yv

�
2

�
s
�
eiμy sð Þ:

ð2:106Þ

Here Ax and Ay are the complex amplitudes of horizontal and vertical motion (the

same as described by amplitudes A1, A2 and phases ψ1, ψ2 in Eq. (2.15)) and the

eigenvectors v1, v2 are two-dimensional vectors:
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v1 ¼

ffiffiffiffiffiffiffiffiffiffi
βx sð Þp

� iþ αx sð Þ
ffiffiffiffiffiffiffiffiffiffi
βx sð Þp

0

B
@

1

C
A, v2 ¼

ffiffiffiffiffiffiffiffiffiffi
βy sð Þ

q

� iþ αy sð Þ
ffiffiffiffiffiffiffiffiffiffi
βy sð Þ

q

0

B
B
@

1

C
C
A: ð2:107Þ

One can express the amplitudes Ax, Ay via x(s) and y(s), correspondingly. Indeed,

multiplying Eq. (2.106) by eiμx sð Þvþ1 U or eiμy sð Þvþ2 U on the left and using the

orthogonality conditions in Eq. (2.14), one obtains

Ax ¼ 1

i
eiμx sð Þvþ1 U2x, Ay ¼ 1

i
eiμy sð Þvþ2 U2y: ð2:108Þ

Here U2 is a 2� 2 unit symplectic matrix. Now let us look for the solution of

Eq. (2.6) in the form of Eq. (2.106), but with Ax, Ay not being constant. Substituting

Eq. (2.106) into Eq. (2.6) and considering N and R as small perturbations, we obtain

the equations for Ax, Ay:

dAx

ds
¼ eiμx sð Þ

2i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βx sð Þβy sð Þ

q
� N � R0

2

0

@

1

A Aye
�iμy sð Þ þ A∗

y e
iμy sð Þ

� �
2

4

� R Ay
αy sð Þ þ i

βy sð Þ e�iμy sð Þ þ A∗
y

αy sð Þ � i

βy sð Þ eiμy sð Þ

0

@

1

A

3

5,

dAy

ds
¼ eiμy sð Þ

2i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βx sð Þβy sð Þ

q
� N þ R0

2

0

@

1

A Axe
�iμx sð Þ þ A∗

x e
iμx sð Þ

� �
2

4

þ R Ax
αx sð Þ þ i

βx sð Þ e�iμx sð Þ þ A∗
x

αx sð Þ � i

βx sð Þ eiμx sð Þ

0

@

1

A

3

5 :

ð2:109Þ

In the vicinity of sum and difference resonances, Eq. (2.109) can be solved by

averaging.

Near the sum resonance νx + νy¼ k+ +Δ, the system Eq. (2.109) reduces to

dAx

ds
¼ CþA∗

y e
2iπ Δ�s=C,

dAy

ds
¼ CþA∗

x e
2iπ Δ�s=C,

ð2:110Þ

where the resonance strength C+ is defined by
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Cþ¼ i

2

ðC

0

ds

C

ffiffiffiffiffiffiffiffiffi
βxβy

q
2NþR

αx
βx
�αy
βy

 !

�i
1

βx
� 1

βy

 !" # !

ei μxþμy�2π νxþνyð Þs=Cþ2πkþs=Cð Þ:

ð2:111Þ

Here integration is performed over the machine circumference C. For the difference
resonance νx�νy¼k�+Δ, the equations are

dAx

ds
¼ C�Aye

i2πΔ�s=C,

dAy

ds
¼ �C∗

�Axe
�i2πΔ�s=C,

ð2:112Þ

and the resonance strength is

C�¼ i

2

ðC

0

ds

C

ffiffiffiffiffiffiffiffiffi
βxβy

q
2NþR

αx
βx
�αy
βy

 !

�i
1

βx
þ 1

βy

 !" # !

ei μx�μy�2π νx�νyð Þs=Cþ2πk�s=Cð Þ:

ð2:113Þ

Integration of Eqs. (2.112) over one revolution binds up two complex resonance

strengths, Cþ and C�, to the elements of the off-diagonal sub-matrices qc and pc of

Eq. (2.79).

2.1.13 Emittance Growth at Beam Transfers Due to Optics
Mismatch and X–Y Coupling

As an application of the above-developed formalism, we consider here the emit-

tance growth related to an optics mismatch at beam transfer from one ring to

another. Let the incoming beam distribution function be Gaussian and be described

by bilinear form Ξ (see Eq. (2.34)). The corresponding eigenvectors and V-matrix

we denote as v1, v2 and V (see Eqs. (2.16) and (2.32)). The eigenvectors and V-

matrix of the circulating beam we denote as v01, v
0
2 and V

0. Rewriting Eq. (2.41), we
express the coordinates of each particle at the injection point through their new

actions (single-particle rms emittances) and new eigenvectors:

x ¼ 1

2

ffiffiffiffiffiffiffi
2I01

q
v01e

iψ1 þ v01�e�iψ1
� �þ

ffiffiffiffiffiffiffi
2I02

q
v02e

iψ2 þ v02�e�iψ2
� �

� �

: ð2:114Þ

Multiplying each side of the above equation by v01
+U or v02

+U and using the

orthogonality conditions of Eq. (2.14), we obtain
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I0k xð Þ ¼ 1

2
vk

þUxj j2, k ¼ 1, 2: ð2:115Þ

Averaging over all particles yields the new rms emittances:

ε0k ¼
ð
dx4I0i xð Þf xð Þ ¼ 1

8π2ε1ε2

ð
dx4 v0k

þUx
�
�

�
�2exp � 1

2
xTΞx

� �

: ð2:116Þ

Similar to Eq. (2.35) a coordinate transform, y¼V� 1x, reduces matrix Ξ to its

diagonal form. That results in

ε0k ¼
1

8π2ε1ε2

ð
dy4 v0k

þUVy
�
�

�
�2exp � 1

2
yTΞ̂y

� �

, ð2:117Þ

where matrix Ξ̂ is determined by the beam initial emittance in accordance with

Eq. (2.28). Taking into account Eqs. (2.36) and (2.37), we finally obtain

ε0k ¼
1

2
v0k

þUΣUTv0k, k ¼ 1, 2: ð2:118Þ

For initially uncoupled beam characterized by βx, βy, αx, and αy at the injection
point that yields

ε10 ¼ ε1A11 þ ε2A12,

ε20 ¼ ε1A21 þ ε2A22,
ð2:119Þ

where

A11 ¼ 1

2

βx
β1x

1� uð Þ2 þ α1x
2

h i
þ β1x

βx
1þ αx

2
	 
� 2α1xαx

0

@

1

A,

A12 ¼ 1

2

βy
β1y

u2 þ α1y
2

	 
þ β1y
βy

1þ αy
2

	 
� 2α1yαy

0

@

1

A,

A22 ¼ 1

2

βy
β2y

1� uð Þ2 þ α2y
2

h i
þ β2y

βy
1þ αy

2
	 
� 2α2yαy

0

@

1

A,

A21 ¼ 1

2

βx
β2x

u2 þ α2x
2

	 
þ β2x
βx

1þ αx
2

	 
� 2α2xαx

0

@

1

A

and β1x, β1y, β2x, β2y, α1x, α1y, α2x, α2y, and u are the generalized Twiss parameters

of the ring at the injection point. For uncoupled ring optics,

β1y¼ β2x¼ α1y¼ α2x¼ u¼ 0, we obtain the well-known expression:
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εx0 ¼ 1

2
εx

βx
β1x

1þ α1x
2

	 
þ β1x
βx

1þ αx
2

	 
� 2α1xαx

0

@

1

A,

εy0 ¼ 1

2
εy

βy
β2y

1þ α2y
2

	 
þ β2y
βy

1þ αy
2

	 
� 2α2yαy

0

@

1

A:

ð2:120Þ

One can see that the emittance growth is absent only if the Twiss parameters of

injected and circulating beams are equal.

2.2 Linear Optics Measurements

Linear optics measurements have played an important role for improvement of the

Tevatron complex performance. Accurate knowledge of the ring and transfer line

optics resulted in the significant reduction of the emittance growth for beam trans-

fers and increased the acceptances of the rings and transfer lines with subsequent

reduction of the beam loss at transfers and in the course of other operations. In the

case of Tevatron, it resulted in a decrease of the beta-functions at the IPs (with

subsequent luminosity increase), helped to maintain equal luminosities at the two

experiments, was instrumental in locating magnet misalignments and keeping the

machine stable over long periods of time, and provided valuable input for various

simulations, including the simulation of beam–beam effects, optimization of helical

orbits, and collimation. In the case of Debuncher and Accumulator, an accurate

knowledge of magnet focusing allowed us to modify machine optics so as to

maximize acceptances of the machines and to improve performance of stochastic

cooling systems (see Chap. 7). A number of methods and software tools were

developed to streamline the process of data acquisition, processing, and analysis.

All methods that were employed for the Tevatron linear optics measurements rely

on the beam position information provided by the Tevatron BPM system (see

Chap. 9). Later these methods were used to build accurate optics models for

Debuncher, Accumulator, and Recycler.

Historically, the first method used for optics measurements in Run II was based

on the analysis of orbit response data generated by a small number (usually four) of

dipole correctors and an energy change [9]. An automated software program has

been used for data acquisition. It makes the corrector current change and records the

resulting orbit difference with respect to the nominal orbit (hence, we use the term

differential orbit measurement to describe the method). The generated orbits were

then compared with the model prediction, and the model was corrected to minimize

discrepancies between measurements and the model. Later more sophisticated

software tools were built for analysis of multiple differential orbits and an auto-

matic correction of optics model for circular machines. Unfortunately this software

cannot be used effectively for transfer lines because it requires much more data, and
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such data acquisition is time prohibitive for the most transfer lines of the Tevatron

complex.

The idea of the method is based on an excitation of betatron wave with a single

dipole corrector kick. For a transfer line, the wave is propagating downstream of the

corrector and corresponding beam displacement is

x sð Þ ¼ θ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β sð Þβ s0ð Þ

p
sin μ sð Þ � μ s0ð Þð Þ: ð2:121Þ

For a ring the closed orbit displacement is

x sð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β sð Þβ s0ð Þp

2 sin πQð Þ θ cos μ sð Þ � μ s0ð Þj j � πQð Þ: ð2:122Þ

Here Q is the betatron tune, θ is the corrector kick, β and μ are the betatron function
and phase, and index 0 labels the corrector location. A focusing error results in an

unaccounted kick with angle

δθ ¼ ΔKlx,

where ΔKl is the error in the integrated quadrupole strength and x is the orbit

displacement. That affects the phase and amplitude of betatron motion relative to

the computer model predictions. As one can see from the above equation, the value

of the kick is proportional to the trajectory displacement in the quadrupole, and

therefore a single differential orbit has suppressed sensitivity to focusing errors in

the vicinity of locations where the differential orbit crosses zero. Therefore, at least

two differential orbits (for each plane) are needed to sense all focusing errors. In

optimum the betatron phases of these orbits should be shifted by (n+ 1/2) π,
although deviations from optimum in the range of �π/4 do not introduce large

penalty to the measurement accuracy. In the case of energy change, the beam

displacement is proportional to the corresponding plane dispersion. This response

is “orthogonal” to responses of orbit bumps; it additionally limits possible correc-

tions of quadrupole strength and therefore is extremely helpful in finding an actual

machine model. Its usefulness is greatly amplified by limited accuracy of BPM

measurements related to the BPM noise and errors of BPMs differential response.

Although the noise in principle (but not always in practice) can be reduced by

increasing number or duration of measurements, the BPM differential sensitivity is

a significant factor affecting the accuracy of the measurements and has to be

specially addressed.

The most detailed optics models of rings and transfer lines were built using the

OptiM code [10]. The models have included all optics-related elements: magnets,

linear and nonlinear correctors, BPMs, profile monitors, aperture limitations, sto-

chastic cooling tanks, etc. All important properties of magnets such as the depen-

dence of strength on the current and nonlinearities derived from magnetic

measurements have been also included in the models. Locations of all elements
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have been cross-checked with machine alignment data. However, comparison of

model predictions with measurements showed significant discrepancies pointing

out that there are non-negligible errors in the focusing properties of magnets. To

address it we added into the model the pseudo-quadrupoles (and if necessary the

pseudo-skew-quadrupoles) near each quadrupole which adjustments allowed

matching the model to the measurements. Although in the most of cases we do

not know origins of focusing errors, such approach allowed us to build credible

machine models accurately describing ring or transfer line focusing.

There is significant difference in optics measurements for transfer lines and

circular machines. In a ring the beam is permanently present, and therefore an

accumulation of multiple BPMmeasurements can be done fast and accumulation of

large datasets is not a problem. In this case multiple correctors are used for optics

measurements. That creates a redundancy in the data allowing us to make an

automated data analysis resulting in a high-accuracy optics model. Accumulation

of differential orbit data for a transfer line happens much slower—once or twice per

minute. Usually to achieve a minimally required statistical accuracy, at least four

measurements are required for each corrector. Taking into account that at least four

correctors and an energy change are required and the reference orbit has to be

measured before and after the measurement, one obtains a minimum measurement

time of about 15 min. Usually measurements are done for both polarities of

differential orbits resulting in 30 min to an hour to acquire good dataset for a

transfer line. Therefore, the datasets for transfer lines do not have sufficient

redundancy for an automatic data analysis and data are analyzed manually, i.e., a

person assigns focusing errors to quads. Normally it takes from a few hours to a day

to build a transfer line optics. That is a good compromise between time spent for

measurements and the data analysis. Due to lack of data and limited human ability

to digest still quite large datasets, the accuracy of obtained optics model is not the

same good as for rings. However, we found it adequate to the requirements of

Tevatron complex transfers. Together with absolute and differential orbits the

software records a beam intensity signals for each BPM. Changes in the beam

intensity correlated with beam displacement allow one to identify places of poten-

tial beam scraping and, taking into account that the measurements are performed for

both polarities of each kick, to formulate suggestions for changes of the beam orbit

in the transfer line.

Note also that as part of the effort to improve the status of the accelerator

complex, three databases were created: (1) the lattice repository which keeps the

optics files, (2) the magnet database which keeps the results of magnetic measure-

ments, and (3) the survey database which keeps results of machine surveys and

alignment.
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2.2.1 Linear Optics Optimization and Linear Optics
Measurements for Transfer Lines

At the Run II beginning improvements of optics for transfer lines was much more

important problem than optics improvements for circular machines. There were

three main reasons: first, historically much more attention was paid to the optimi-

zation of optics for circular machines; second, most transfer lines are between rings

belonging to different departments and therefore their ownership was not uniquely

determined; third, long transfer lines historically were split into a few segments and

optics was designed and supported independently for each segment. The Run II

clearly demonstrated that resolving transfer line optics is the same challenging as

resolving circular machine optics, and therefore the same attention has to be paid to

the transfer line optics design and commissioning. There are ten transfer lines in the

Tevatron complex: (1) linac to Booster, (2) Booster to MI, (3) Main Injector to

antiproton production target, (4) antiproton production target to Debuncher,

(5) Debuncher to Accumulator, (6) Accumulator to Main Injector, (7, 8) two lines

(proton and antiproton) from Recycler to Main Injector which are also used for

Main Injector-to-Recycler transfers, and (9, 10) two lines (proton and antiproton)

from Main Injector to Tevatron. There are also transfer lines for neutrino experi-

ments and experiments with fixed targets which are not discussed here. For almost

all lines optics was redesigned to improve transport quality. Optics for all of them

was measured and if necessary corrected to meet the design intent.

At the Run II beginning the most outstanding optics problems were related to the

Accumulator-to-Main Injector transport of antiprotons at 8 GeV. It is the longest

and most complicated transfer line in the Tevatron complex. Therefore, resolving

its optics problems is considered here in detail. Optics problems of other transport

lines were similar and the same approach and software were used to address them.

If not directly mentioned, the discussion in the rest of this section is about the

Accumulator-to-Main Injector transport.

The total length of beam transport from Accumulator to Main Injector is more

than 900 m. Almost 600 m of this line is also used for the 120 GeV proton beam

transport fromMain Injector to the antiproton production target. Large difference in

the energies results in that the magnetic fields of the low-energy transport are

dominated by the residual magnetic field of the magnets. At the Run II beginning

the situation was so critical and uncertain that the question of building a new 8 GeV

line was seriously discussed. However, the differential orbit measurements proved

that the line optics is sufficiently reproducible and the decision was made to

redesign and tune optics of the existing line. The main objectives for new optics

design were as follows: (1) maximize the line acceptance for existing aperture

limitations, (2) match transfer line optics to the optics of both rings including both

vertical and horizontal dispersions, and (3) minimize (or better eliminate) any

hardware work in the tunnel. The transfer line has 63 quadrupoles connected to

35 quadrupole families. Large number of quadrupole families offers considerable

freedom for optics design, but at the same time it greatly complicates finding a good
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solution. Existing aperture limitations were one of the major complications. It

forced us to minimize the beta-functions at the aperture limitations and, conse-

quently, yielded an increase of beta-functions in their vicinity and made optics

irregular. Although the split of quadrupoles into families was far from optimal, a

satisfactory solution was found. Figure 2.1 presents calculated beam envelopes

through the entire transport line for the final choice of beamline optics. The

horizontal dispersion and both beta-functions were matched to the ring dispersions

and beta-functions. The existing quadrupole families did not allow matching the

vertical dispersion, but the line optics was designed to minimize the vertical

dispersion leakage from the line. Together with a small value of extracted beam

momentum spread, it resulted in a negligible contribution of vertical dispersion

mismatch to the emittance growth, thus, allowing us to achieve good transfer line

performance without reconnecting the quadrupole families.

The optics measurements have been based on the differential orbit measure-

ments. Normally the measurements were performed with reverse protons, where the

proton beam is sent from Main Injector to Accumulator. Figure 2.2 presents a

typical measurement consisting of five differential orbits representing responses to

two horizontal and two vertical correctors and an energy change. To make sure that

the BPM response is not affected by beam scraping, the measurements were

acquired for positive and negative excitations. It also improves statistical accuracy.

Curves present the model predictions after the model was fitted to the data. X–Y
coupling in the line is sufficiently small, and therefore the cross-plane responses for

the corrector excited orbits are not presented in the figure. Variations of BPM

Fig. 2.1 Calculated beam envelopes of the entire Accumulator-to-Main Injector transport for the

beam emittances equal to the line normalized acceptances 48 and 42 mm mrad for horizontal (red)
and vertical (blue) planes, correspondingly. Top and bottom plots present the envelopes for the first

and second halves of the beamline. Blue and black curves present contributions to the beam size

coming from the momentum spread ofΔp/p¼ 6� 10�4 corresponding to 2.5σ of typical momentum

spread of extracted beam. Vertical lines show aperture limitations for horizontal (red) and vertical

(green) planes. Squares below the plots present locations of dipoles (blue) and quadrupoles (red)
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differential response significantly complicate finding good solution. In this case the

beam displacement reported by a BPM is proportional to the actual displacement

but not necessarily with correct coefficient of proportionality.5 Therefore, the best

fit to the data usually yields too large corrections to quadrupole focusing, and,

Fig. 2.2 Typical differential obit measurement for the Accumulator-to-Main Injector beam

transport and its fitting by refined optics model: red and blue dots present a horizontal response

to a horizontal corrector and green and black dots a vertical response to a vertical corrector. Blue
and black dots represent inverted values of data acquired with negative corrector excitation. Short
error bars present a standard deviation and long error bars present a maximum deviation from the

mean value of 3 measurements. Long error bars which cross the entire plot show BPMs with an

error status which potentially can have incorrect measurements

5 Experience gained with the upgrade of electronics of Tevatron BPMs carried out in 2004 proved

that before the upgrade the major contribution to variations of differential BPM response was

related to imperfections of electronics. After the upgrade the spread of variations was reduced

from ~10 to ~1 %. Contribution coming from nonlinearity of differential BPM response with

coordinate related to the geometry of BPM was much smaller. The imperfection of electronics

looks the most probable reason for variations of differential BPM response for the transfer

line BPMs.
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consequently, the model represents poor the actual line focusing. To address this

problem we put more trust to the BPMs in which measurements are close to zero,

and, consequently, are weakly affected by errors of differential beam response.

Normal functioning of these BPMs is verified by measurements with nonzero beam

displacements. They come from another corrector of the same plane. Normally

optics model update/correction proceeds from the transport line beginning to its

end. One corrects quadrupole focusing iterating between different differential

orbits. A few rounds of corrections are usually required before a satisfactory

match to the measurements is found. Figure 2.3 presents corrections to the power

supply currents required to match the model to the differential orbit measurements.

One can see significantly larger corrections to the quadrupoles operating both for

8 and 120 GeV transport. Although corrections to quadrupole focusing obtained

with this procedure are not unique and do not represent actual errors of the beam

transport, they allow one to get an optics model describing the line focusing with

satisfactory accuracy. Usually we use the first two correctors of a transfer line, but it

does not excite differential orbit in the first quadrupole, and therefore focusing

errors of the first quadrupole (closest to Main Injector) are invisible. It can be

resolved by an excitation of differential orbit in Main Injector, but it makes both

measurements and data analysis more complicated. An upgrade of the transfer line

BPM electronics carried out in 2006 made possible accurate position measurements

with antiprotons. That allowed us to carry out differential orbit measurements with

antiprotons [11]. The measurements were almost not invasive, and because they

used antiprotons moving in the opposite to protons’ direction, they pointed out a

focusing error of the quadrupole closest to the Accumulator (Q901). That resulted

in a further improvement of transport quality.

The turn-by-turn measurements of transverse beam sizes of injected antiproton

beam offer an independent measurement of the beamline optics. Such measure-

ments became available later in the run when the ion profile monitor (IPM) was

commissioned for operations with antiprotons (see Chap. 9). The beam sizes

oscillate at the double betatron frequency corresponding to observed frequencies

Fig. 2.3 Corrections (in %) to quadrupole power supplies currents for Accumulator-to-Main

Injector beam transport. The 120 GeV beamline includes quadrupoles from Q701 to Q207. The

rest of the line operates at 8 GeV only
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2νx ~ 0.12 and 2νy ~ 0.16. Figure 2.4 presents an improvement of IPM signals with

improving optics match [11]. As one can see in Fig. 2.4, there was a considerable

mismatch between Accumulator and Main Injector before correction. However, the

emittance increase was not as bad as the beta-function mismatch because the

emittance growth is proportional to (Δβ/β)2. The estimate can be obtained from

the well-known formula, describing the emittance growth due to optics mismatch:

ε0 ¼ ε
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where β1, α1, D1, and D0
1 are the beta- and alpha-functions, the dispersion and its

derivative for the incoming beam, and β1, α1, D1, and D0
1 are the beta- and alpha-

functions of circulating beam. Expending this equation for the case of small quadru-

pole betatron oscillations and taking into account that Δβ/β2Δσ/σ, one obtains
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For the data presented in Fig. 2.4, it yields δεx/εx 0.5 (0.03) and δεy/εy 0.07

(0.015), correspondingly, before and after the final correction.

Fig. 2.4 Main Injector IPM measurements of the transverse beam size oscillations at injection.

Left and right plots show horizontal and vertical oscillations, correspondingly, before the optics

matching (blue), after first correction (green), and after second correction (red)
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Standardization of hysteresis protocol and two sets of power supplies (one for

8 and another for 120 GeV) have been required to achieve desired reproducibility of

beam transport. However, its seasonal variations still were present in the

Accumulator-to-Main Injector line. Other transfer lines operate at the energies

which they were designed for. Consequently, they have better reproducibility and

have not required additional tuning since the time when their optics was corrected.

As it was already mentioned, Run II inherited a number of problems rooted in

Tevatron history. One of them was a vertical dispersion mismatch in the Main

Injector-to-Tevatron proton beam transport line. Existing quadrupole powering did

not allow matching of vertical dispersion. An independent powering for a string of

7 quadrupoles could address the problem, but it required new power supplies and

additional cabling. A simple solution of the problem implied rolling 4 of 7 quadru-

poles of the string by small angles. The angles and quadrupole strengths were

adjusted to make the uncoupled transport through the string (see inset in Fig. 2.5)

and to match beta-functions and dispersions. This line is also used for the antiproton

transport described above and the proton beam transport to the antiproton produc-

tion target. Uncoupled transport through the string simplified their optics

correction.

Note that in most cases the emittance increase of about 5 % is acceptable. In this

case Eq. (2.124) yields a required transfer line optics match Δβ/β� 0.3. The

requirements to optics of circular machines like Tevatron, Debuncher, and Accu-

mulator are much stricter, and therefore a usage of the multi-corrector automated

algorithm described in the next section has been absolutely essential to address their

optics issues.

Fig. 2.5 Beta-functions and dispersions for proton transport fromMain Injector to Tevatron. Inset
presents auxiliary beta-functions of coupled motion, β1y and β2x
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2.2.2 Linear Optics from Closed Orbit

The simplified differential orbit method described above was used in 2003 for

measurement and correction of the injection and collision lattices for Tevatron. The

most spectacular result was achieved for the collision optics—it was discovered

that due to the significant (up to 1 %) gradient errors in the final focus quadrupoles,

the β* values were about 30 % larger than the design. Correction of these errors

resulted in an immediate increase of the luminosity. However, the data analysis was

tedious and the results still were not sufficiently accurate. It was recognized that

both more accurate and better-automated methods are required. The development

followed two directions: extension of the differential orbit technique discussed here

and analysis of the turn-by-turn data discussed in the next section.

Response matrix fitting is a well-known method of calibrating the machine

optics. It was first suggested at SLAC [12] and then it was used at NSLS [13] for

X-ray ring analysis. Today the method is widely used at many accelerators around

the world [14]. At the Tevatron, a modification of the response matrix fitting

software developed at Argonne National Laboratory for the Advanced Photon

Source (APS) [15] has been used.

The response matrix fitting program SRLOCOFitting [15] written in Tcl/Tk has

an extensive graphical user interface, and uses SDDS toolkit [16] for data

processing. The code was developed to calibrate the APS model and to provide

data for beta-function correction. Coupling correction was not an issue at the APS;

therefore, the calculations were limited to the uncoupled case. On the contrary,

coupling of horizontal and vertical betatron motion was an important for the

Tevatron; therefore, existing analyses had to be expanded to a fully coupled motion.

Another important modification was the addition of dispersion to the fit. This

allowed us to resolve two issues. First, addition of dispersion adds a constraint on

the quadrupole gradients, removing the degeneracy between in-phase quadrupoles.

Second, the dispersion can be used to calibrate average gain of BPMs, which

otherwise would be a degenerated value. Technically, dispersion is treated as a

column of the response matrix. A number of other minor code modifications have

been made to ensure that the software could be used with other Fermilab

accelerators.

The Tevatron ring has 110 correctors and 118 BPMs in each plane. The response

matrix measurement procedure was fully automated and used the following proce-

dure: each steering magnet was excited first with positive current and then with

negative current. At each value of current, the orbit was measured 25 times. The

total response to the steering magnet excitation was the average positive orbit

minus the average negative orbit. The output of the measurement program was an

SDDS file containing average orbit responses and their rms deviations in a format

readable by SRLOCOFitting. The dispersion measurement was done by scanning

the RF frequency, measuring orbit at five points, and fitting a straight line at each

BPM. It resulted in an improvement of measurement accuracy. Acquisition of the

full response matrix required approximately 2 h of beam time. However, it was
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determined that a good quality fit could be obtained with a smaller dataset, and in

normal operations the response matrix was measured using 60 correctors, which

took less than 1 h.

The fit produced values of the following variables: quadrupole gradient errors,

quadrupole tilts, corrector calibration errors, corrector tilts, BPM gains and BPM

tilts, and energy shift due to corrector changes. The total number of unknown

variables was about 1,000. Since the LOCO fitting procedure is based on the

computation of pseudo-inverse of the response matrix derivative using singular

value decomposition, important information is contained in the spectrum of singu-

lar values. Figure 2.6 presents a typical plot of the singular values for the Tevatron

collision optics. The SVD cutoff was typically chosen at 1, which corresponds to

600–650 singular values.

The main factor limiting accuracy of the LOCO fit is the resolution of the beam

position measurement. The BPMs have the resolution of about 10 μm for a single

measurement. Besides, the beams oscillate at low (~10 Hz) frequency with the

amplitude of about 50 μm. Averaging over 25 measurements has been applied to

mitigate the effect of slow oscillations. The overall accuracy of the orbit measure-

ment was then about 15 μm. Figure 2.7 shows the rms difference of the measured

orbit and the modeled orbit after the fit for each BPM. In this case, 30 horizontal and

30 vertical orbits were used and the average error was ~14 μm which is close to the

orbit measurement accuracy.

The precision of the orbit fitting sets the accuracy of gradient error determination,

which in our model is 10�3 for the arc quads and 10�4 for the final focus quads. The

corresponding error in beta-function is about 5 %. In Fig. 2.8 the found quadrupole

and skew-quadrupole errors are presented for all locations in the Tevatron.

Two locations with large skew-quadrupole component, D16 and A38, have been

identified as tilts of the corresponding quadrupoles. These tilts emerged at the

magnet assembly and could not be found by alignment measurements from outside

of the magnet.

Table 2.1 summarizes the gradient errors for the final focus quadrupoles. As one

can see, the difference from the calibration curve obtained by magnetic measure-

ments can be as high as 1 %.

Fig. 2.6 Singular values

(logarithmic scale) of the

Tevatron response matrix

derivative
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Fig. 2.7 Rms difference (mm) between the measured and modeled orbit vs. BPM name. Top,
horizontal orbit; bottom, vertical orbit

Fig. 2.8 Measured relative quadrupole and skew-quadrupole errors
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Based on the knowledge of the lattice details, new collision optics has been

implemented in 2005 with the following goals:

1. Eliminate beta-beating in the arcs.

2. Correct the discrepancy in the values of β* between the two IPs.

3. Decrease the value of β* from 35 to 28 cm, with an expected gain in luminosity

of 11 % (Fig. 2.9). Further decrease of the β* was not practical because of the

growing second-order chromaticity and little gain in luminosity due to the

hourglass effect.

Routine optics measurements with LOCO were performed over the entire length

of Run II to support collider operations and simulation efforts.

2.2.3 Turn-by-Turn Measurements

Orbit response matrix analysis is a powerful tool that supplied precise information

about the Tevatron linear lattice imperfections and errors of BPM calibrations.

Table 2.1 Relative

quadrupole errors in final

focus

Name Gradient error (10�3)

B0Q3 �11.18

B0Q2 �1.87

B0Q3D �0.09

B0Q3F �0.47

D0Q3 �9.49

D0Q2 �0.83

D0Q3F 0.24

D0Q3F �1.84

Fig. 2.9 Specific initial

luminosity (L/Na/Np)

vs. store number. Green line
marks the moment when the

new optics was put into

operation
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However, orbit data acquisition is a lengthy process and certainly could not be

performed on a daily basis and especially during acceleration. For this regime, the

Fourier analysis of turn-by-turn beam position after a single-turn kick proved to be

invaluable. This method is fast and offers information about entire machine optics. In

particular it allows fast computation of the resonance driving terms for the sum and

difference betatron coupling resonances and the location of coupling sources [17].

The distribution of coupling sources around the ring determines the resonance

driving terms (see Sect. 2.1.12):

w� sð Þ ¼ �
ðC

0

ds0
C� s0ð Þ
4 sin πν�

e�iν� 2π s�s0Þ=Cð �π�sign s�s0ð Þð Þ, ð2:125Þ

where ν�= νx� νy and

C� sð Þ ¼
ffiffiffiffiffiffiffiffiffi
βxβy

p
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� αy
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� i
1
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βy
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� ei χx�χyð Þ ð2:126Þ

Here χx and χy are the periodic phase functions. The functions w�(s) are constant in
coupling-free regions and experience a discontinuity at the locations of coupling

sources. On the coupling resonances νx� νy= integer, the functions w� are con-

stant. The minimum attainable tune distance is given by

C� ¼ n� � ν�
π

ðC

0

ds

C
w�ein�2πs=C,

with n�= round(νx� νy). If the kick occurs in the horizontal plane, the Fourier

component Yj(νx) of yj(s) is related to the values of w� at the j-th BPM via the Twiss

functions. When the BPM tilts are negligible or already known (e.g., from the

LOCO fit), the number of unknown quantities per BPM is reduced to two and one

can retrieve the constant value of w� in the region between two BPMs from Yj(νx)
and Yj+1(νx) assuming that there are no strong sources of coupling.

Figure 2.10 presents the vertical injection lattice beta-function reconstructed

from turn-by-turn data in comparison with the beta-function obtained by LOCO.

One can see that agreement between the two methods is good.

Fig. 2.11 presents the values of real and imaginary parts of w�(s) measured at

vertical BPMs for horizontal kick and at horizontal BPMs for vertical kick.

An application program for the online turn-by-turn data analysis has been

integrated into the Tevatron control system. The program fired the kicker, collected

the BPM data, computed Twiss and coupling functions, and, finally, computed and

applied the needed corrections to the two main skew-quadrupole circuits SQA0 and

SQ. The program was used in routine collider operations during every shot setup

and proved invaluable for decoupling on the energy ramp. The time needed to
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retrieve the turn-by-turn data from all Tevatron BPMs was too long for routine use

of the method. This limitation could be overcome due to the fact that w�(s) const

near the coupling resonances. Since the Tevatron working point at injection

(νx¼ 20.584, νy¼ 20.574) is reasonably close to both the difference and the sum

resonance, it was possible to use only few BPMs (typically 5 horizontal and

5 vertical) to evaluate the tunes and the functions w� at the orthogonal mode BPMs.

2.3 Nonlinear Beam Dynamics

2.3.1 Dedicated Studies of Nonlinear Beam Dynamics
in Tevatron

Several important beam studies dedicated to detailed understanding of nonlinear

beam dynamics had been carried out at the Tevatron in the late 1980s to early

1990s.

Fig. 2.10 Vertical beta-

function at vertical BPMs

(injection lattice)

Fig. 2.11 w�(s) at vertical
BPMs after a horizontal

kick (blue and red), at
horizontal BPMs after a

vertical kick (cyan and

magenta) as a function of

the machine azimuth
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In the E778 beam dynamics experiment, performed in the Fermilab Tevatron,

strong nonlinear elements were intentionally added and observations of phase space

of nonlinear oscillations were made [18]. For that experiment the Tevatron can be

regarded as a linear system on which nonlinearity in the form of 16 sextupole

magnets, each of strength S, was intentionally superimposed. The experimental

procedure starts with a “needle beam” consisting of some 1010 circulating stored

protons, to some approximation having essentially the same momentum and to be

on the central orbit. Next the same angular deflection D is applied to every particle

by a pulsed deflecting magnet. The subsequent beam centroid displacement is

sensed for as many as a million turns by beam position monitors (BPM). These

measurements are used to generate an experimental Poincaré plot.

To a good approximation, the following equation of motion describes the

horizontal particle motion

d2x

dt2
þ K sð Þx ¼ �ε sð Þx2: ð2:127Þ

Here s is the longitudinal particle coordinate, which advances from 0 to C (the ring

circumference). In the course of the experiment the Tevatron tune was about

Q¼ 19.4. The anharmonic term in (2.127) is due to sextupole fields of strength

ε(s), proportional to S. That term makes tune of the particle amplitude dependent.

Both K(s) and ε(s) are periodic functions of s with period C. The absence of

damping in (1) is valid as the quality factor of these oscillations has a very high

value >109, making this a truly Hamiltonian system. The amplitude (and, thus, the

tune) of oscillations can be adjusted by the deflector strength D, so that 20 % of the

particles can be trapped in resonance islands. All particles in one of the islands

exhibit a tune of exactly 2/5, totally defying decoherence. The resulting BPM

signals have been observed to persist for over a minute (approaching a million

turns). As an example, Fig. 2.12 shows a “raw” Poincaré plot of transverse beam

displacements x1(t) vs. x2(t), measured at two positions separated by about one

quarter of a betatron wavelength.

The dynamics of a metastable beam of particles “injected” into artificially excited

resonance islands in the Tevatron has been further studied in a subsequent experiment

[19]. As before, the protons were under the influence of a single dominant nonlinear

resonance, caused by the strong excitation of 14 sextupoles in the otherwise nearly

linear accelerator. The island location was forced to oscillate at a modulation tune Qm

with an amplitude proportional to the modulation amplitude q:

Q t; að Þ ¼ Q00 þ q sin 2πQmð Þ þ 1

2
Ua2: ð2:128Þ

Here, the last term represents detuning with amplitude of betatron oscillations

a caused by the sextupoles. As in [18], the location and size of the island were

adjusted by varying sextupole strengths and the base tune Q00 of small-amplitude
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particles. The beam was then allowed to circulate for some 10s to allow transients to

decay before data were taken. At 9,000 turns after start of data taking, the tune

modulation Eq. (2.128) was turned on by sinusoidal driving two weak quadrupoles.

The tune modulation strength and tune, q and Qm, were linearly ramped for 1 s

(about 50,000 turns) and then turned off for the last 0.2 s (some 10,000 turns) of data

taking. Figure 2.13 shows the BMP signal during such a chirp. One can clearly see

an amplitude modulation of the islands at about 28,000 turns. The persistent signal

started dropping dramatically at about 32,000 turns, eventually driving all of the

trapped beam out of the resonant island.

The tune modulation trajectory that caused this response is drawn as the dashed

line labeled “A” in Fig. 2.14, showing that the signal was lost when the boundary

between “amplitude modulation” and “chaos” was crossed. Figure 2.14 also sum-

marizes results from a trajectory labeled “B” that had a very weak constant tune

modulation strength q¼ 0.000204, smaller or comparable to realistic operation

values. Boundaries found experimentally (circles) and theoretically predicated

boundaries between four regions are shown in Fig. 2.14. For the latter ones, the

island tune (frequency of small oscillations of the particles trapped in the islands)

QI¼ 0.0063 was the only free parameter used to adjust the location of these

boundaries. A detailed discussion on the theory and explanation of the observations

can be found in [18].

The effect of nonlinearity on transverse particle distributions has been studied in

yet another beam dynamics experiment [20]. It was concentrated on “stochastic”

effects, due to the particle dynamics, that cause “diffusive” evolution of the beam

distribution even in the absence of external sources of “noise” or random scattering

from residual gas molecules. These effects are studied by adding large nonlinearity

to the otherwise comparatively linear machine. At the start of each observation

period, a needle-shaped single bunch of some l010 circulating protons was kicked

horizontally. This yielded displacement of about 3 mm as observed at a downstream

point. The resulting transverse beam profile was repeatedly measured by Flying

Wires system every minute or so. During a run of (typical) 30 min duration, each

Fig. 2.12 “Raw

experimental Poincaré

map” exhibiting a

metastable state of the

accelerator. The logo in the

corner of the plot is a

demagnified view of the

same data with successive

points joined by straight

lines. The point lands only

on every second island,

confirming the 2/5

identification [18]
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proton circulates about 108 times and executes about 2� 109 transverse betatron

oscillations. The purpose of the kick is to generate a beam in which all the particles

are in a region of measurably large diffusion. Individual protons initially oscillate at

approximately constant amplitude with damping time equal to many tens of hours,

but due to the dynamic diffusion, they start to expand in (initially) void areas of the

phase space until they reach a physical aperture (defined by a scraper placed at

xmax¼ 8 mm) and get lost. In order to study the influence of resonance, all

measurements were performed in the vicinity of the “2/5 resonance” (fractional

horizontal tune Qx close to 0.4).

Contrary to intuition, and unlike multiple scattering, diffusion causes the beam

to narrow with time—as shown in Fig. 2.15. That behavior is caused by the sink at

the aperture xmax which devours large amplitude particles, reduces the beam

intensity, and depletes the tail of the distribution. Time evolution of the beam

intensities and full widths, similar to one depicted in Fig. 2.16, was measured at

different initial kicks and that allowed to determine the dependence of the diffusion

Fig. 2.13 Raw digitized

signals of beam position

monitor showing a

persistent signal and its

response to a chirp from (q,
Qm)¼ (0, 0) to (q, Qm)¼
(0.0102, 0.0031). Vertical

scale is in volts. Nonzero

average initial value is due

to a closed orbit offset [19]

Fig. 2.14 Structure of the

tune modulation parameter

space (q, Qm). A and

B correspond to two scans.

Four distinct “dynamical

phases” are labeled ([19],

see in the text)
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coefficient on the amplitude. Note that similar beam “shaving” phenomena with

characteristic intensity decays following exp(�t1/2) law were observed later in the

Tevatron Run II when nonlinearity induced by parasitic beam–beam interactions

resulted in a significant reduction of a dynamic aperture and beam lifetime degra-

dation—see [21] and discussion in Chap. 8.

2.4 Orbit Motion and Control

Motion of the accelerator components, most notably, quadrupole magnets, results in

the beam orbit movements and can lead to a significant deterioration of the collider

performance. The mechanism depends on the frequency. At frequencies of betatron

sidebands f0 (1� ν) 19.7 kHz, fluctuations of the magnetic fields δB(t), e.g., due
to quadrupole magnet displacements x(t), produce transverse kicks δθ(t)¼ δB(t)el/
Pc¼ x(t)/F, where l is the length of the element and F is the focusing length. That

leads to the beam emittance growth with the rate of [22]:

dεx
dt

¼ γ
f 20
F2

XNq

k¼1

X1

n¼�1
βkSx f 0 ν� nð Þð Þ ð2:129Þ

where f0 is the revolution frequency, γ is the relativistic factor, ν is the tune, Sx( f ) is
the power spectral density of the quadrupole motion x, Nq is a total number of

quadrupole focusing magnets, and βk is the beta-function at the k-th quad location.

At much lower frequencies, f� f0, the kicks lead to a time-dependent displacement

of the closed orbit:

Fig. 2.15 Evolution of the

beam profile: the jagged

curve is the raw FlyingWire

measurement at t¼ 6 min;

smooth curves are as

predicted by diffusion

model. Times (in minutes

after hollow beam

formation) are indicated

[20]
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XCOD sð Þ ¼
ffiffiffiffiffiffiffiffiffi
β sð Þp

2 sin πνð Þ
XNq

k¼1

ffiffiffiffiffiffiffiffiffiffi
βk sð Þ

p
θk cos φ sð Þ � φk þ πð Þ, ð2:130Þ

where s is the location along the ring and φ(s), φk are betatron phases at the

locations of the observation point and at the source of the kth magnet. At very

low frequencies, hours to years, the quadrupole magnet displacements are often

governed by the “ATL law” [23, 24] according to which the mean square of relative

displacement dX2 of the points separated by distance L grows with the time interval

between measurements T as

< dX2=dt > ¼ A TL ð2:131Þ

where A is a site-dependent constant of the order of 10�5�1 μm2/(s m) and brackets

<. . .> indicate averaging over many points of observations distanced by L and over

all time intervals equal to T. Such a wandering of the accelerator elements takes

place in all directions. Corresponding average closed orbit distortion over the ring

with circumference C is equal to [25]

Fig. 2.16 Measured full

width and intensity (points)

compared to model-derived

values (smooth curve).

Intensity is normalized to

1 at t¼ 0. The steps at late

times are the result of

sudden aperture reduction

to xmax¼ 2.7 mm [20]
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< X2
COD sð Þ > β

�
s
�
βF þ βDð Þ

8F2 sin 2 πνð Þ ATC  κATC ð2:132Þ

where FODO lattice structure is assumed, βF, βD are beta-functions at the focusing

and defocusing lenses, and numerical coefficient κ 3 for the Tevatron.

Due to feeddown effects from field non-linearities the Tevatron orbit drifts result

in machine optics changes (tunes, coupling, chromaticities). Combined with aper-

ture limitations they lead to increase of beam loss. At the injection energy of

150 GeV when the beams are several mm wide, orbit motion of about a mm

leads to losses of the beams at several known places with tight aperture. At the

energy of experiment, 980 GeV/beam, beam position in the RF cavities affects

stability of high-intensity proton beam, e.g., the power of coherent beam oscilla-

tions goes up if the beam is too far off center. Also, oscillations of the RF cavities at

synchrotron frequency (85 Hz at 150 GeV and 35 Hz at 980 GeV) are of concern for

driving longitudinal emittance growth due to microphonic effects [26]. Large-scale

long-term drifts of the orbit can be corrected by dipole correctors, and regular

realignment of the magnets—usually during annual shutdown periods—helps to

keep the corrector currents under the limit of 50 A.

2.4.1 Measurements of Betatron Oscillations and Orbit
Motion

Several instruments were used to detect betatron oscillations in the Tevatron (see

Chap. 9). The most challenging were direct measurements of natural betatron

oscillations at sub-micron level. Several instruments were built for the detecting

such oscillations and measurement of their frequency without additional excitation.

Various techniques were employed, including 3D-BBQ (direct diode detector

baseband tune) measurement system [27] and the digital tune monitor (DTM)

which uses 16 bits 100 MHz ADCs for measuring the tunes on a bunch-by-bunch

basis [28]. A very high-precision system employing a fast digital scope (Agilent

Acqiris, 10bit, 8GS/s) for measurements of the turn-by-turn vertical centroid

positions of individual bunches has been devised and used for digitizing signals

from the plates of the VB11 BPM in the large vertical beta-function location that

translates into better S/N ratio [29]. The system employs variable attenuators for

compensating the beam position offset and phase shifters synchronized within 10 ps

to minimize common mode. As a result, subtraction of the two signals by an RF

hybrid provides about 44 dB of common mode rejection. Figure 2.17 shows 21,400

turn (0.44 s) record of the vertical beam position at the VB11 location.

The FFT of the data reveal significant excess of the signal at the betatron tune

over the noise as shown in Fig. 2.18. The rms amplitude of the betatron oscillations

is about 110 nm. Note that the amplitude significantly varies from store to store and

often is two to three times smaller. That yields some 10–25 nm range of typical rms
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betatron motion amplitudes at the average beta-function location with βy 50 m.

Spectrum of the vertical orbit motion at frequencies 2–1,000 Hz is shown in

Fig. 2.19. It scales approximately as /1/f3 and is dominated by the low-frequency

beam motion. The strongest lines are the harmonics of 60 Hz main power. The

15 Hz and the 0.45 Hz components can be explained by the effects of the fast

cycling Booster synchrotron and the Main Injector on the power distribution

systems at FNAL.

At ultralow frequencies, the orbit motion has significant (some 0.1 mm vertical

and 0.3 mm horizontal) variation with a period of 12 h, which seems to be associated

with Earth tides—see Fig. 2.20 from [30]. The rms of the orbit motion is about

100 μm horizontally and 30 μm vertically. The tide waves are clearly seen in the data

from the Hydrostatic Level System (HLS) installed in the MI-8 beamline, the 8 GeV

transfer line from the FNAL Booster to the FNAL Main Injector, located within

Fig. 2.17 Vertical position

of the proton bunch #11 at

the beginning of HEP store

#6214 (October 2008),

measured at the VB11

location with βy¼ 900 m

[29]

Fig. 2.18 Power spectral

density of the vertical

betatron oscillations (FFT

of the data presented in

Fig. 2.17) [29]
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400 m of the Tevatron tunnel. The HLS is described in detail in [24] and consists of

20 submicron resolution water level sensors separated by 15 m from one another. The

signal difference for a pair of sensors 135 m apart is plotted at the bottom of Fig. 2.20

and shows some 20 μm peak-to-peak amplitude of the 12 h period component. Slow

closed orbit distortions of some 0.5–1 mm rms have been accumulated over 1–2-

week intervals and required regular orbit “smoothing,” until an automatic orbit

stabilization system was introduced in operation in 2005 (see details in Chap. 9)

and since then only high-frequency orbit jitter of about 10 μm rms remained.

2.4.2 Magnet and Ground Motion in the Tevatron Tunnel

The low-frequency orbit motion has been found correlated with (caused by) the

vibrations of the magnets, particularly, strong focusing near interaction regions.

Figure 2.21 from [31] demonstrates strong coherence between quadrupole vibra-

tions and the Tevatron orbit motion, especially at certain frequencies. The coher-

ence spectrum C( f ) is defined as

Cxy fð Þ ¼ < Sxy fð Þ >
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
< Sxx fð Þ >< Syy fð Þ >p

�
�
�
�
�

�
�
�
�
�
, ð2:133Þ

where Sxy( f ) is the cross-correlation spectrum of two signals x(t) and y(t).
One can see that the orbit correlates well with the tunnel floor only at low

frequencies ~0.1 Hz, while some excessive but small coherence exists at 2–4 Hz.

The beam orbit correlates with the quadrupole magnet motion at frequencies of 0.2–

2 Hz.

The closed orbit distortions are caused by the displacements of all magnetic

elements along the circumference of the Tevatron. The strong coherence between

Fig. 2.19 Low-frequency

power spectral density of

the vertical orbit

oscillations [29]
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Fig. 2.20 Variation of the Tevatron proton orbits at the F48 location (top, horizontal, βx¼ 100 m;

middle, vertical, βy¼ 30 m); and vertical ground motion as measured in the MI-8 line and

temperature (green line) measured at the Tevatron sector F48 (both in the bottom plot) during

28 h long collider store #1668 (August 17, 2002)

Fig. 2.21 Coherence between signals of the vertical Tevatron beam orbit motion and the F11

magnet vibrations and between the orbit and the tunnel floor (red line) [31]
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the magnet and beam vibrations means that there is a common source of vibration

along the whole accelerator ring. For example, several remarkable peaks in the

orbit–magnet coherence occur at 4.6, 9.2, 13.9 Hz, etc., at the Fermilab site-specific

frequencies caused by the Central Helium Liquefier plant operation and well

detected everywhere around the ring [32]—see Fig. 2.22.

2.4.3 Slow Diffusion of the Tevatron Tunnel

Analysis of the multiyear Tevatron magnet alignment data shows that in addition to

systematic changes due to tides or slow drifts, there is a “random walk” both in time

and in space component characterized by the ATL-law of Eq. (4.3) [33].

The alignment system of the Tevatron employs more than 200 geodetic “tie

rods” (thick metal rods screwed into the concrete tunnel wall all over the ring and

equipped to hold spherical retroreflectors for precise position measurements), each

spaced approximately 30 m apart. The positions of the magnets are regularly

referenced locally with respect to the “tie rods,” while the positions of all the “tie

rods” are routinely monitored. The “tie rod” elevation datasets are available for the

years of 2001, 2003, 2005, 2006, and 2007. Figure 2.23 shows the change of the

elevations dY(z) around the ring accumulated over two intervals—2 years (2003–

2005) and 6 years (2001–2007). One can see that longer-term motion has a larger

amplitude. The variance <dY2(L )>¼<(dY(z)� dY(z+ L ))2> of the elevation dif-

ference of the points as a function of the lag (distance between pairs of the

measurement points) L has been calculated and averaged over all possible time

intervals. That is to say, there are two 1-year intervals (2005–2006, 2006–2007),

three 2-year intervals (2001–2003, 2003–2005, 2005–2007), etc., and one for the

6-year interval 2001–2007. The results for the 1-year changes and for the 6-year

change are shown in Fig. 2.24. A remarkable difference between the two plots is

that 1-year variance scales linearly only up to L 700–800 m and does not depend

on L beyond that scale, while the 6-year variance grows all the way to distances as

Fig. 2.22 Power spectral

density of the A35

quadrupole motion and the

ground nearby, from [32]
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large as 1,800 m. The linear dependence on L is indicative of a significant level of

interdependence of the movements of distant points. The calculated variances

for all possible time differences can be well approximated by linear fits

<dY2(L)>¼ a+ bL over distances less than 900 m and the slopes (fit parameters

b with the error bars) are plotted in Fig. 2.25.

One can see that the variance per unit distance grows with the time interval

between the measurements and can be approximated by a linear fit b(T )¼ cT with

c¼ 0.153� 0.004 [mm2/km/year]. The Tevatron “tie rod” data analysis presented

in Figs. 2.24 and 2.25 can be summarized by the ATL law <dY2>¼ATL with

coefficient ATevatron¼ c¼ (4.9� 0.13)� 10�6 μm2/s/m.

It is to be noted that for small time intervals T the movements of the ground

elements are fully uncorrelated if they are separated by a long enough distance

L> Lm, for example, by more than 800 m for T¼ 1-year intervals as seen in the

Tevatron alignment data—see Fig. 2.24—or by more than 120 m for T¼ 1-week

intervals as seen in the Tevatron B-sector HLS data [24]. On the basis of these two

observations, one can assume that the boundary between totally uncorrelated and

the ATL-law regimes scales approximately as Lm/ T1/2.

2.5 Measurements and Corrections of Nonlinear Optics

2.5.1 First- and Second-Order Chromaticity and Its
Correction

Implementation of electron cooling of antiprotons in the Recycler (see Chap. 7)

resulted in a dramatic increase of the antiproton beam brightness. After the 2006

shutdown, the head-on beam–beam tune shift experienced by the proton beam

exceeded 0.025 and at times reached 0.03 (see Chap. 8). It was then when beam–

Fig. 2.23 Vertical

displacement of more than

200 “tie rods” in the

Tevatron tunnel over the

period of 2003–2005 and a

6-year period of 2001–2007

[33]
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beam-related losses and emittance blowup started to be observed in protons. It was

shown by beam–beam simulations (see Sect. 8.4) that deterioration of the proton

lifetime was caused by a decrease of the dynamical aperture for off-momentum

particles due to head-on collisions. A contributing factor to this was large chroma-

ticities of the beta-functions at the main IPs.

Initially, a major change of the betatron tune working point was considered as a

way to mitigate the beam–beam effect. A possible candidate was the working point

near the half-integer resonance, which promised up to 30 % increase of the beam

brightness. However, operation near the 1/2 resonance requires careful correction

of focusing errors, including the chromatic perturbations. Consequently, it would

require machine reproducibility well above achieved and therefore this project was

not approved. That motivated the development of a modified chromaticity

Fig. 2.24 Variances of the

Tevatron “tie rod” vertical

displacements over time

intervals of 1 year

(multiplied by 6) and

6 years vs. the distance

L [33]

Fig. 2.25 Variances of the

Tevatron alignment “tie

rods” displacements per

unit distance vs. the time

interval between the

measurements [33]
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correction scheme at the Tevatron, aiming at the reduction of the second-order

chromaticity by about an order of magnitude.

One can use the well-known perturbation theory approach to describe the

distortion of the beta-function caused by chromatic errors (see e.g., [34]). Beta-

beating excited by a single quadrupole for an off-momentum particle can be

described by the formula:

Δβ
β

sð Þ ¼ � δ

2 sin 2πQð Þ
K

Bρ
eβ cos 2 eψ � ψ sð Þj j � 2πQð Þ: ð2:134Þ

Here δ¼Δp/p is the relative momentum deviation, Q is the betatron tune, K is the

quadrupole-integrated strength, Bρ is the magnetic rigidity, ψ is the betatron phase,

and ~ denotes values at the location of the quadrupole. In the first-order approxi-

mation, the contributions from all quadrupoles are summed to give the total beta-

wave. Quadrupoles of the final focus have the largest strength and highest value of

beta-function. In the Tevatron, the betatron phase advance between the two inter-

action regions is close to π; thus, the contributions from the final focus quadrupoles

add with the same phase and they dominate the chromatic Δβ/β.
The contribution to second-order tune chromaticity from a single quadrupole

derived from the perturbation theory is given by the following expression:

d2Q

dδ2
¼ 1

4π
Keβ

� �
Δβ
β

=δ

� �

: ð2:135Þ

This effectively means that the second-order chromaticity is proportional to the

strength of the final focus quadrupole and to the value of chromatic beta-function at

its location. Figure 2.26 shows the comparison of the measured and modeled

chromatic beta-function of the Tevatron in the collision mode. The measured

parameters were obtained from two orbit response measurements performed at

different values of the revolution frequency. The modeled curve was obtained by

the perturbation theory. In Fig. 2.27 the same beta-functions are plotted on a

zoomed horizontal scale close to the CDF interaction region. One can see that the

model gives quite accurate description of the effect.

Sextupole magnets can be used to correct the second-order chromaticity gener-

ated by quadrupole focusing errors. Using the same perturbative approach and

considering sextupole as a quadrupole at the off-center orbit, we get the expression

for the sextupole-driven horizontal chromatic beta-function:

Δβ
β

sð Þ ¼ δ

2 sin 2πQð Þ
SeDx

Bρ
eβ cos 2 eψ � ψ sð Þj j � 2πQð Þ ð2:136Þ

where S is the sextupole strength and ~ denotes parameters at the location of the

sextupole. Even though the effect of individual sextupoles on the beta-function

chromaticity is much less than that of the final focus quadrupoles, one can achieve
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compensation by selecting many sextupoles with the correct phase advance and

combining them into families.

There are 176 chromaticity correction sextupole magnets in the Tevatron.

Originally, they were combined into two families SF and SD, each with 88 elements

powered in series. Sextupole coils are placed in the so-called spool pieces located

next to quadrupoles in the regular FODO lattice of the arcs. The betatron phase

advance per FODO cell is close to 60� in both planes. Thus, it was possible to select
sextupoles that would have their betatron phase advance with respect to the final

focus quads equal to π or π/2. The total of 46 sextupoles in each family were found

to satisfy this condition. However, it was discovered that rewiring them into 4 new

circuits would have considerable cost mainly due to the large amount of required

new cable. Hence, we had to limit the number of elements in the new circuits and

Fig. 2.26 Chromatic beta-

function vs. azimuth

starting at F0. Blue line,
measured; red, model;

black, proposed correction

Fig. 2.27 Chromatic beta-

function vs. azimuth in the

vicinity of CDF IP. Blue
line, measured; red, model;

black, proposed correction
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group them close to three service buildings which would reduce the length of the

new cabling. The final configuration is shown in Fig. 2.28. The total of 44 sextupoles

were taken out of the SF and SD families (22 from each). The sextupoles are

powered by 12 new power supplies and logically grouped into 4 families. The new

circuits are designed to have equal number of elements with positive and negative

current. This allows to keep the linear betatron tune chromaticity constant when

using the new groups. The disadvantage of this solution is that it breaks the sixfold

symmetry of the machine but the expected feed-down effect on the beta-functions is

small.

In Figs. 2.26, 2.27, and 2.29, the simulated effect of application of the new

families on the chromatic beta-function is plotted for the collision and injection

modes. Note that the expected beta-function chromaticity at the CDF IP at colli-

sions is close to zero.

The new sextupole scheme was commissioned in three stages. First, the chosen

elements were switched to the new power supplies while being operated at the

original current and polarity. This allowed to verify the stability and reliability of

electrical components. Second, the new circuits were turned off and the Tevatron

was tuned for operating in this new mode. Finally, polarities of some of the

Fig. 2.28 Layout of sextupoles in the Tevatron
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sextupoles were flipped and the new families were turned on at the designed

strength.

Figures 2.30 and 2.31 show the comparison of expected and measured beta-

function chromaticity after implementation of the new circuits in the injection and

collision modes, respectively. The corresponding change in the second-order tune

chromaticity is presented in Fig. 2.32. Beta-function chromaticities for both the

vertical and horizontal planes were corrected.

Measured beta-functions are in good agreement with the calculated values. The

second-order tune chromaticity in the collision mode was reduced from �15,000

units to �3,000 units which is close to expected. As a result, we observe a

noticeable improvement of the proton beam lifetime at collisions (see Chap. 8).

Fig. 2.29 Horizontal

chromatic beta-function at

the injection energy. Blue
line is for the original
sextupole configuration, red
for the proposed correction

Fig. 2.30 Chromatic beta-

function near the D0 IP at

the injection energy
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Fig. 2.31 Chromatic beta-

function near the D0 IP in

the collider mode

Fig. 2.32 Dependence of

the vertical betatron tune on

particle momentum in the

collider mode

Fig. 2.33 TBT raw data for

7,300 turns after the kick.

Three cases are shown: with

the sextupoles S6 switched

on with A¼ 20 and 15 units

and without these special

sextupoles for A¼ 25 units
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Chapter 3

Magnets and Magnetic Field Effects

J. Annala, D. Harding, V. Shiltsev, M. Syphers, and J. Volk

3.1 Introduction: Magnets of the Tevatron Accelerator

Complex

The magnets of the circular accelerators that comprise the Fermilab complex have

contributed to, responded to, and solved a string of accelerator physics issues. Most

importantly, the magnets are supposed to generate high quality magnetic fields

needed for stable long-term dynamics of the particles circulating in the rings. The

quality of the transverse magnetic field B is given by the multipole coefficients in

the expansion:

Bx þ i � By ¼ B0

X

n¼0

bn þ ianð Þ xþ iy

R0

� �n
, ð3:1Þ

where R0 is the reference radius (1 in. in the Fermilab accelerators), the pole number

is 2(n+ 1) and bn(an) are the normal (skew) multipole coefficients, and b0 is unity. For
example, the multipoles allowed by dipole symmetry, b2, b4, b6, . . . are designed to be
small and would be 0 for a pure cos θ coil winding. The precise coil placement, and

hence good magnetic field uniformity at the relative level of the multipole coeffi-

cients of few 10�4, had the biggest effect on the accelerator performance.

3.1.1 Booster

At the heart of the Booster synchrotron are its combined function magnets

(dipole, quadrupole, and sextupole), one focusing and one defocusing on each
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girder [1]. Cycling at 15 Hz in a resonant circuit with a bank of capacitors on each

girder, the magnets employ an external vacuum skin around both the core and the coils

to avoid eddy currents that would be intolerable in a standard beam tube. While the

combined functionmagnets ensure synchronization between the bending and focusing

strength through the acceleration cycle, the ability to adjust the tune is limited and

variations in the onset of saturation does change the optics during the cycle.

The original air-core correction dipoles and quadrupoles were distributed about the

ring. They were weak magnets only designed to run DC and correct at the injection

energy. The expectation was that realignment of the gradient magnets would be used

to correct for effects at higher energy, and that less steering range would be needed as

the accelerated beam shrank. Correction sextupoles were also included, but due to

space constraints they were lumped, not distributed, limiting the resonances they could

control. Ramped power supplies were eventually added for some correctors, but power

supply and heating limitations prevented running them as aggressively as was desired.

In 2009 installation was completed of new set of corrector magnets, power

supplies, and controls, with two dipoles, two quadrupoles, and two sextupoles in

a single package on every girder [2]. Combined with more powerful beam instru-

mentation and analysis, the orbit and tunes can now be smoothed through the entire

acceleration cycle. The new quadrupoles are strong enough to move the working

point in tune space to a much more favorable location near the half integer. Beam

losses have been reduced dramatically [3].

Multi-turn injection of 200 MeV protons into the Booster was initially

implemented with an electrostatic septum and a pulsed four-bump. Three to four

turns filled the aperture. Improvements over the years included the switch to

H-injection, with a stripping foil in the middle of the pulsed four-bump [4]; raising

of the injection energy to 400 MeV [5]; and finally the change to a three-bump that

improves the incoming trajectory and the lattice of the circulating beam, a change

made possible by newly designed pulsed injection dipole magnets [6].

Single turn (or partial turn) extraction employs fast kicker magnets that steer the

beam into a pulsed septum magnet. Initially the beam was steered around the

extraction septum at both extraction points (transfer to the Main Ring and to the

beam dump) using just the DC corrector dipoles. These were later supplemented by

a stronger, ramped four-bump at each location. In the course of detailed modeling in

2002, it was recognized that the edge focusing of the bumps was having a seriously

negative effect on the optics [7]. Over several years the bump strengths were

reduced and one extraction point was eventually completely eliminated by

relocating the dump. The opened aperture and reduced optical distortion produced

significant improvements in the beam transmission efficiency.

3.1.2 Main Ring

The Main Ring, Fermilab’s original top accelerator, served as the injector for the

Tevatron from the Tevatron’s commissioning in 1983 until the commissioning
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of the Main Injector in 1998. From 1985 onward it also accelerated the protons to

produce antiprotons. The Main Ring was an interesting machine in its own right,

holding the honor of being the first separated function synchrotron [8]. By separat-

ing the bending and the focusing functions, both the bending field and the focusing

gradients could be made significantly stronger than in a combined function accel-

erator, shrinking the circumference of the ring (or increasing the energy) and

reducing the beam size. Using H magnets (rather than the C magnets typical of

the day) suppressed half the unwanted harmonic components of the field and

allowed a smaller, less expensive magnet. Taking the compactness approach to

the extreme, there were two dipole geometries, with apertures tailored to the

alternating high and low beta functions in the two dimensions.

The Main Ring also pioneered the use of “Lambertson magnets,” iron septum

magnets for injection and extraction.

The injection energy from the Booster was high enough that the dipole remanent

field was not a major problem as it had been in early synchrotrons, but the remanent

sextupole field was always an issue.

During Collider Run I, with the detectors in place, the Main Ring was deformed

vertically to make a bypass around CDF [9]. With a significant portion of the ring in

a different plane from the rest of the ring, some larger gap dipoles were required to

bend the beam vertically, as well as some standard dipoles bussed to run at twice the

field with the same current.

3.1.3 Main Injector

The Main Injector dipole magnets are a more conservative design than the Main

Ring dipoles to maximize reliability [10]. They are robust and energy-efficient. To

maximize the useful aperture, the magnets are curved, following the beam sagitta,

rather than straight, like the Main Ring dipoles. Injecting at the same energy into a

smaller ring (with a higher field) means that the remanent field is less important.

More steel in the yoke and a tapered pole reduces the saturation and minimizes the

remanent sextupole field. With two lengths of dipole in the lattice and the magnets

designed to run into saturation, it was important to ensure that the ends and the body

saturated at the same rate. The 3D modeling tools available were insufficient to

design the ends, so multiple iterations of prototyping were required to achieve that

goal while also eliminating the sextupole component from the end field [11].

The quadrupoles, too, posed matching challenges. The 2.13-m quadrupoles from

the Main Ring were to be reused in the Main Injector, along with new quadrupoles

of two additional lengths. For the sake of matching the saturation, so that the

magnets could run on the same buses, it was agreed that the Main Ring design

would be used, just longer. This required ensuring that the effective lengths of the

magnets were in the correct ratios, not the iron lengths [12]. Concern about our

ability to get this right led to the addition of trim coils to all the new quadrupoles,

but they have not proved necessary. Although the spread in magnet strengths was
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small enough to ignore, having separate focusing and defocusing buses allowed us

to narrow the spread of quadrupole strengths even more by putting the stronger ones

on one bus and weaker ones on the other bus.

The Main Ring quadrupoles are only twofold symmetric under rotation, so there

is an inherent possibility of an octupole component to the field. Indeed, a fabrication

error in the original die for stamping laminations led to a significant octupole in

some magnets before subsequent cores were machined to compensate and a new die

fabricated. This led to the question of how much octupole was appropriate for the

Main Injector. Eventually a balance was struck between the needs of a low octupole

for injection stability and a high octupole to help with resonant extraction. During

installation the old quadrupoles with high octupole were relegated to beam lines.

After several years of operation, it was agreed that larger aperture quadrupoles

were needed at the seven extraction and injection points. To track the other magnets,

it was agreed to run the magnets on the same buses as the rest of the quadrupoles. The

larger aperture for the same gradient raised the pole tip field and drove the magnets

slightly farther into saturation than the rest of the magnets. To compensate, indepen-

dently powered trim coils were included in each magnet. The end field of these

magnets was successfully modeled in 3D, a necessity for matching the integrated

gradient of the new magnets with the original quadrupoles below saturation [13].

3.1.4 Antiproton Source

The Debuncher and Accumulator rings of the Antiproton Source required very large

aperture magnets with storage ring field uniformity [9]. To keep the magnet cost

under control, the yoke size was limited and the magnets designed to run with the

steel saturated. The poles were tailored to provide a uniform field at this excitation

level, with the consequence that the dipoles develop a severe sextupole component

below the design excitation. This became an issue when the Accumulator was used

to not just store antiprotons but also to decelerate them for use in an internal target

experiment. The quadrupole pole shape was critical, as the good field region

extended well beyond the pole tip radius on the center plane.

Several different lengths of one dipole magnet style and of both main quadrupole

magnet styles were needed, leading to the requirement that the pole ends be

contoured to eliminate contributions to the harmonic components of the field

integrals. Several prototype iterations were required on the first quadrupole style,

but that solution could be scaled up to the larger quadrupoles.

3.1.5 Recycler

The Recycler magnets are treated in detail in Sect. 3.4. We mention here that

use of the low-cost permanent magnets, mostly combined function magnets, was
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only possible because we needed a low energy storage ring and had a large radius

tunnel available [14].

3.1.6 Tevatron

Superconducting magnets define the Tevatron, the first synchrotron built with the

technology [15]. Subsequent Sects. 3.2 and 3.3 discuss two subtle aspects of the

magnet performance, but the most amazing feature is that they worked at all. Issues

that had to be addressed included conductor strand and cable fabrication, coil

geometry and fabrication, mechanical constraint and support of the coils, cooling

and insulation, and protection during quenches. The coil placement, and hence

magnetic field uniformity, had the biggest effect on the accelerator performance

[16]. Of the allowed (even) harmonics the lowest (6-pole and 10-pole) could be

controlled in a straightforward manner, but the higher harmonics could not be

controlled in the simple geometry employed (though only the 18-pole had signi-

ficant magnitude). On the center plane the field integral is nearly constant out to a

radius of about 20 mm, as the various multipoles cancel, but moving vertically from

the center plane the field uniformity deteriorates.

The simple end geometry of the dipole coils led to a significant sextupole

component in the ends. The design sextupole in the body was adjusted to zero the

field integral through the whole magnet. There is some evidence that this longitu-

dinal distribution of sextupole field must be accounted for detailed accelerator

modeling [17].

Tevatron superconducting magnets, designed in the 1970s, performed beauti-

fully over the years. The Tevatron experience paved the way for other high energy

hadron colliders, like HERA (9 m long, 75 mm bore, 5.3 T dipoles made of NbTi

conductor, with Al collar and cold iron), RHIC (simple and economical design of

9 m long, 80 mm bore, 3.5 T dipoles), and LHC (15 m long, 56 mm double bore

dipoles operating at 2 K super fluid He temperatures with design field of 8.3 T).

3.2 Chromaticity Drifts and Snapback in the Tevatron

and Their Compensation

The Tevatron contains 774 superconducting dipole magnets which operate between

0.66 T (corresponding to 150 GeV) at injection and 4.4 T at the peak design field

(1 TeV). The Tevatron dipoles are a single aperture cos(θ) (cosine theta) design
magnet wound from the so-called Rutherford style cable [18]. The magnet is

constructed from an upper and lower half, each consisting of a 35 turn inner coil

and a 21 turn outer coil. The cable is composed of 23 strands, each of which

contains 2,050 separate 9 μm filaments of NbTi embedded in a copper matrix.
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When the magnets are powered, along with the transport current, there are at least

three types of induced currents that can flow in the magnet as well. There are eddy

currents between different stands in the cable, and coupling currents between

filaments within a strand. Both of these currents decay with time constants of

seconds. But there are persistent currents flowing within filaments with extremely

long time constants.

The persistent currents exist because of the Meissner effect which causes current

to flow on the surface of superconductors in a way that opposes any change in

externally applied magnetic field from the interior of the superconductor [19]. In the

presence of a changing dipole field, shielding currents form near the surface of the

filaments with a magnitude of Jc in a cosine theta pattern that cancels the dipole

field in the interior of the filament (Fig. 3.2a). As the external field is increased, the

shielding current pattern changes until the filament is penetrated (Fig. 3.2b). This

field is known as the penetrating field Bp. The transport current needed to generate

the field in real magnets flows at the critical current density in an ellipse interior to

the shielding currents (Fig. 3.2c). The transport current is in the same direction as

half of the shielding current. Figure 3.1d shows the orientation of four filaments

arranged symmetrically around the aperture of a cosine theta dipole magnet, along

with their induced dipole moments BI.

Figure 3.2 shows how persistent shielding currents are set up in a filament to

oppose a change in external magnetic field as it (a) starts to rise, (b) fully penetrates

the filament, (c) exits with a transport current in the center of the filament and the

shielding current induced dipole moments are shown (d) in four filaments symmet-

rically surrounding a dipole aperture. These induced fields not only have a component

opposing the dipole field at the center of the aperture but also have components that

lead to a sextupole field, and other allowed (by symmetry) multipoles bn, n¼ 5, 7, . . .
The dipole moments induced by the shielding currents can dramatically affect

the quality of field in the dipoles. As the transport current reaches its desired

current, and then reverses, the shielding currents switch polarity in order to oppose

Fig. 3.1 Cross section

of the Tevatron

superconducting dipole

magnet [43]
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the drop in magnetic field. For this reason, the non-dipole fields (in this case—

sextupole) have a large hysteretic component. The persistent currents in the super-

conductor are most dramatic at low field, with currents well below Jc so the

transport current stays near the center of the filament allowing for stronger dipole

moments from the shielding pattern. If the magnets are held at a fixed excitation,

say, at the injection field, the persistent currents and thus the sextupole fields decay

with a logarithmic dependence of time. The source of the decay is the resistive

redistribution of Interstrand Coupling Currents (ISCC). These coupling currents

flow through a complicated pattern in the copper strands and splices, and as they

change, the magnetization of the cable decays.

While the phenomenon of cable magnetization, ISCC, and flux creep was

documented long before the Tevatron was built, the implications for the quality

of magnetic field was not very well predicted. The hysteretic component of the

magnetic multipoles in the dipoles was measured by stopping at a given energy and

making careful measurements. It was not known early on that the values of the

multipoles would drift when a dwell at a given energy was performed, particularly

at lower energies. For this reason, the chromaticity sextupoles had to be adjusted

differently, as a function of energy, than predicted by magnetic measurements [20].

The initial operation of the Tevatron was a continuously ramping fixed target

machine. Since the injection dwell time was only about 1 s long, the changing

sextupole fields at the injection plateau were not an issue. When collider commis-

sioning began, it was noticed that the chromaticity Q0 ¼ dQ/(dP/P) on the injection

plateau would drift by several tens of units, and the rate of change would decrease

External
Field

+Jc

-Jc

+Jc

+Jc

-Jc

-Jc

Transport current

BI

BI

BI

BI

a
d

b

c

Fig. 3.2 Persistent currents effects in superconducting accelerator magnets: (a–c) shielding and

transport currents in the filament; (d) magnetization currents in four symmetric filaments of a

dipole coil
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over time. A program was established at the Magnet Test Facility (MTF) to

understand the nature of the observed changes in chromaticity. The time resolution

of the data acquisition system at MTF was not very good at that point, but it was

confirmed that the b2 component of the dipole magnets would drift away from the

hysteresis curve as a function of the log of the time on the injection plateau.

Collider commissioning teams realized that a repeated ramp history would help

the chromaticity drift become more repeatable. For these reasons, early collider

operation implemented the technique of performing six continuous excitation

ramps before stopping at the injection energy. Spending some time at the injection

energy then allowed the drift in sextupole fields to be slow enough so that manual

chromaticity adjustments could adequately compensate the remaining drift [21].

Figure 3.3a shows the hysteretic b2 curve along with the drift at the injection

level plateaus on both the up ramp and down ramp. The hysteresis curve moves in

the counterclockwise direction. This data was taken in 1996 with a data acquisition

system that was much better than was available for the original measurements.

Figure 3.3b shows the b2 component of a dipole as a function of time from the end

of the deceleration ramp, through the field resetting dip and a 15 min injection

porch, followed by an acceleration ramp.

The b2 drift measurements were made at MTF to verify that operation algorithms

were viable. The sextupole field was shown to decay as a function of the log of the

time on the injection front porch. There was a faster decay in the first minute, but

then both magnet and accelerator measurements displayed the ln(t) decay.

Although the sextupole decay was not explained exactly by theory at the time,

the magnet measurement data provided confidence that the operational strategy

would be adequate for controlling the chromaticity on the injection porch. The

colliding beam sequencer implemented a scheduler function that periodically called
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up the application that loaded the chromaticity tables. Predetermined changes

would then be sent to the chromaticity circuits to maintain the desired compen-

sation [20].

The more serious operational issue at that point was the large changes in

chromaticity at the start of the energy ramp after a dwell at the injection energy.

Measurements showed that the sextupole fields returned to the hysteretic value

within the first 30 A of acceleration. A lookup table was developed that calculated

an acceleration table based on the length of time spent on the injection porch. This

technique allowed acceleration with reduced beam loss and reduced emittance

dilution [20].

Figure 3.4a, b shows the b2 snapback at the end of the back porch, and at the end
of the front porch. Again, this data was taken in 1996 with much better data

acquisition system than available before the first Collider run.

The Tevatron Collider Run II and the Main Injector era put much more demands

on the understanding of dynamic effects in the Tevatron magnets. The plans for

maximizing integrated luminosity included the injection of more bunches and the

reduction of shot setup times. Procedures involving many pre-cycle ramps and

delays on the injection porch were not consistent with efficient luminosity produc-

tion. Also, the collider plan involved recycling antiprotons, which would require a

long dwell time at the injection energy on the down ramp. This extraction dwell

would need to vary in time from one store to the next. These considerations

necessitated another round of MTF measurements, conducted in the fall of 1996,

to understand the effects of different ramp histories. Although the ability to measure

and collect harmonic data had improved significantly since the early days of the

Tevatron, the power supply regulation at MTF still had limitations and required a

modified waveform going into the injection porch to avoid overshoot which would

result in reversal of magnetization currents.
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Figure 3.5 shows the b2 component of a dipole following two different ramp

histories. One of these data sets followed a 60 min flattop with a 1 min back porch.

The other data set followed a 1 min flattop with 10 min back porch. These two ramp

histories would result in chromaticities that differ by 10 units after the 15 min

shown here on the front porch.

Magnet measurements were made to understand how the previous cycles flattop

length, as well as the length of the back porch affected the chromaticities that would

result on the following front porch. Also, the dependence of ramp energy, ramp

rate, and magnet temperature was also investigated. All of these parameters are

important parameters in determining the proper compensation for the sextupole

drift. Once chosen, the ramp rate, flattop energy, and magnet temperature would

not be changing from store to store. It was important to know the functional impact

that the flattop length and injection energy dwell times would have on the sextupole

fields, as these parameters would necessarily change from store to store. The

functional forms of these dependencies were obtained from the 1996 magnet

measurements, and then the coefficients were scheduled to be tuned using chroma-

ticity measurements during collider commissioning.

During the very beginning of Collider Run II commissioning, a 30 min pre-cycle

and a 90 s back porch was used. Constants for the b2 drift correction were adjusted

to nicely compensate this condition. Since the recycling of antiprotons was not

foreseen to take place in the early stages of the run, the need to tune up the drift
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compensation scheme for various lengths of back porch times was not required

immediately. As commissioning was rushed it was decided to skip this calibration,

and instead stay with a pre-cycle with a 30 min flattop and a 90 s back porch before

injecting beam. The run continued until 2004 with this mandatory 30 min pre-cycle

before each store.

As the Collider Run II began, new phenomenon of tune and coupling drift

were also seen. Prior to Run II, only the chromaticity drifted in a way that needed

compensation.

Figure 3.6a, b shows the minimum tune split, and tune drift as a function of time

on the front porch following two different lengths of flattop. The source of the tune

and coupling drift was not understood, but the time dependence of these fields was

similar to the chromaticity drift, so the compensation methods were simply

expanded to include quadrupole and skew quadrupole correction circuits as well.

It is likely that the source of the tune and coupling drifts is a feed-down effect

from orbit offsets in the dipoles and correction sextupoles, but this has not been

proven with certainty. All of the measured drifts were compensated fairly well for

the first portion of Run II as long as the operation included a 30 min pre-cycle, and

a 90 s back porch.

Figure 3.7 shows that the chromaticities are compensated very well for the

normal operating scenario of a 30 min pre-cycle. The cycle that follows the long

29 h store shows that the drift compensation was not tuned up for that scenario.

New controls mechanisms were also introduced at the start of the Collider Run II

to better automate the compensation of these changing fields. The implementation

of the correction scheme was coordinated by a central process known as TCHROM.

This program ran in the background and kept track of the length of flattop, back

porch, and front porch for the previous five cycles. TCHROM received knowledge

of the state of the Tevatron through a state device that was updated by the Colliding
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Beams Sequencer application program. Before moving to either the front or the

back porch, TCHROM would calculate compensation curves for the sextupoles,

based on the ramp history. The length of time spent on the front or back porch was

broadcasted on the machine data link known as MDAT. The curves loaded by

TCHROM played as a function of this time at 150 GeV data frame. At the beginning

of the acceleration cycle, the snapback curve is calculated and loaded based on the

amount of drift experienced on the front porch. There are a set of 44 constants

stored in the database that are used to calculate the proper slope and initial

corrections as a function of the previous flattop and back porch length. Since

some of the operational flexibility designed into the system was extraneous because

of the decision to eliminate recycling of antiprotons, some of the constants are

0, and the equations are more complicated than required for the more simple set of

scenarios that are actually used. The controls implementation allows continuous

compensation of the field drifts without any interaction from the operators.

There were still occasional issues with compensation of the snapback as a head–

tail instability would occasionally arise at the beginning of acceleration causing

drastic beam loss. These issues were addressed by running with increased values of

chromaticity at the start of the acceleration cycle. This larger than optimal chro-

maticity did lead to some beam loss, and emittance growth, but these negative

effects were fairly minor.
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In 2004 there was a very serious effort made within the Fermilab’s Technical

Division to provide a better model to explain these dynamic effects. Better instru-

mentation existed by this time so more accurate measurements could be made with

much better time resolution. As the behavior of individual magnets was better

characterized, a very systematic set of accelerator measurements was planned to

implement changes suggested by these measurements. Chromaticity drift measure-

ments were made with various ramp histories. The speed and magnitude of drift were

measured as a function of both flattop length and back porch length on the previous

cycle. This data along with the magnet measurement data fromMTF showing that the

dependence on the flattop length saturated at times greater than 1 h lead to great

improvements in the compensation equations. The need for a pre-cycle was elimi-

nated for all cases except when the Tevatron ramp was turned off. It was also decided

at this time to increase the length of the back porch from 90 s to 5 min as the

magnitude and rate of drift on the front porch are less with the longer back porch. The

ease of improved compensation was chosen over the decrease in time needed to refill

the Collider. The b2 drift compensation on the front porch always took the form:

b2 tð Þ ¼ b20 þ m� ln tþ cð Þ=c½ � ð3:2Þ

where both m and c are dependent on the length of the previous flattop up to 1 h.

The 2004 magnet measurements also lead to an improvement in the understand-

ing of the snapback function. Previous to these measurements, the snapback was

compensated by a fourth order polynomial function of time from the start of ramp:

b2 tð Þ ¼ b2T 1� t2=T2
� �� �2 ð3:3Þ

where t is time in seconds from the start of ramp, b2T is the total b2 drift on the front
porch, and T is a constant set at 8 s. The function played out completely in 8 s. The

improved algorithm was a Gaussian function:

b2 tð Þ ¼ b2T � exp
�� t=Tð Þ2� ð3:4Þ

where the length of the snapback compensation T is now a function of the total

snapback magnitude b2T:

T ¼ b2T � 0:061ð Þ=0:0682½ �1=2 ð3:5Þ

The exact values of the constants in the above equation were obtained by careful

beam measurements at the beginning of the ramp. Tune spectra were collected as

rapidly as the spectrum analyzer would allow on ramp cycles with different RF

frequency offsets. The tune data were collected on three separate ramp cycles with

identical ramp histories, but with RF frequency offsets of 0, +40 Hz, and �40 Hz

and that was used to calculate the actual chromaticity during the snapback—see

Fig. 3.8 from [22].
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Figure 3.9a shows the actual chromaticity measurements converted to units of b2
as a function of energy at the start of the acceleration ramp. Figure 3.9b shows the

agreement between the beam measurements, and the snapback calculated at MTF.

One unit of b2 is equivalent to 26.4 units of horizontal chromaticity and�24.1 units

of vertical chromaticity.

The change to a Gaussian compensation curve improved the correction by a

couple of units of chromaticity for an 8 s snapback, if the duration of the snapback

compensation was unchanged. But the new knowledge that the length of time for the

duration of the snapback was a function of the total drift on the injection porch was

allowed improving the correction by another 2 units of chromaticity (see Fig. 3.10).
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Implementing this change allowed the chromaticity tables during acceleration to be

changed to values that produced lower chromaticities without the danger of resulting

in negative values and a head–tail instability. This resulted in less beam loss and

emittance growth during the ramp. Drift compensation tables are calculated for the

extraction porch every cycle, but these curves have not been needed since deceler-

ation of antiprotons was eliminated from the operational scenarios.

3.3 Coil Creep and Skew Quadrupole Field Components

in the Tevatron

During the start-up of Run II of the Tevatron Collider program, several issues surfaced

which were not present, or not seen as detrimental, during Run I. These included the

repeated deterioration of the closed orbit requiring orbit smoothing every 2 weeks or

so, the inability to correct the closed orbit to desired positions due to various

correctors running at maximum limits, regions of systematically strong vertical dipole

corrections, and the identification of very strong coupling between the two transverse

degrees-of-freedom. It became apparent that many of the problems being experienced

operationally were connected to a deterioration of the main dipole magnet alignment,

and remedial actions were undertaken [23]. However, the alignment alone was not

enough to explain the corrector strengths required to handle transverse coupling.

With one exception, strong coupling had generally not been an issue in the

Tevatron during Run I. Based on experience with the Main Ring, the Tevatron was
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designed with a very strong skew quadrupole circuit to compensate any quadrupole

alignment and skew quadrupole field errors that might present themselves. The

circuit was composed of 48 correctors placed evenly throughout the arcs, eight per

sector, evenly placed in every other cell. Other smaller circuits were installed but

not initially needed or commissioned. These smaller circuits were composed of

individual skew quadrupole correctors on either side of the long straight sections.

These circuits were tuned by first bringing the horizontal and vertical tunes near

each other. The skew quadrupoles were then adjusted to minimize tune split,

usually to less than 0.003. Initially, the main skew quad circuit (designated T:SQ)

could accomplish this global decoupling with only 4 % of its possible current, and

the smaller circuits were not required at all. The start-up of Run Ib was complicated

by what was later discovered to be a rolled triplet quadrupole magnet in one of the

Interaction Regions [24, 25]. This led to a reduction in luminosity of nearly 50 %, as

well as operational confusion until it was uncovered.

By the time Collider Run II began, the current needed on the main SQ circuit had

increased to 60 % of its maximum value. Some of the smaller circuits were also

needed to fully decouple the tunes. With this history, several studies were

performed early in Run II to search for strong local coupling sources like the triplet

quadrupole, but without success. The strong corrector settings were indicative of a

much larger problem than a single-rolled magnet, and the locality of the error was

hard to deduce from the setting of a global correction system. Several possible

reasons for the increase in coupling were investigated.

3.3.1 Strong Systematic Steering Correction

In late 2002 regions of the Tevatron were found to contain vertical steering magnets

whose average strength was required to be nonzero in order to produce a smooth

trajectory as seen on the Beam Position Monitors. Compared to the 0.7 μrad average
horizontal steering corrector strength, the vertical correctors had a ring-wide aver-

age of about 16 μrad, and areas of the Tevatron had strengths of 70–90 μrad
averaged over distances of 400 m or so. At 1 TeV, the maximum strength of a

corrector is a little more than 100 μrad, so the available correction for general beam
steering was limited in these locations. The interpretation of this effect was that

these areas contained magnets which were systematically rolled toward the inside

of the tunnel. This was verified by magnet roll angle measurements performed in

October 2002 and January 2003.

The rolled dipoles and systematic corrections produce a “scalloped” vertical

trajectory through the bending regions [26]. Although the distributed beam position

monitors read zero displacements, the beam actually underwent ~0.5 mm excur-

sions through these regions, assuming the magnets were rolled about the beam pipe

axis. The fact that they are actually rolled about a different axis closer to the floor

meant that the beam trajectory was closer to 1 mm or more from the center of the

magnet coil.
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Since the Tevatron dipoles have a sextupole component, a systematic vertical

offset feeds down into a coupling term between the horizontal and vertical motion.

The sextupole component is also known to vary as the logarithm of time due to

persistent current effects at low magnetic fields; hence the coupling varies with time

accordingly. This effect might explain some of the observed tune drift behavior

during the Tevatron injection process, but was not nearly enough to explain the

large skew quadrupole corrector settings.

In addition to the transverse coupling generated by orbit feed-down through

rolled dipole magnets, the coupling due to observed quadrupole magnet rolls was

calculated. Taken together, these effects were strong enough to explain a correction

of the minimum difference between the two transverse tunes of amount ΔQ¼
|Qx�Qy|� 0.03. However, the setting required of the main skew quadrupole

correction circuit to decouple the Tevatron was indicative of an order of magnitude

larger coupling.

3.3.2 Injection Experiment

Beam studies were conducted to see if a local source of the coupling could be

pinpointed. All of the skew quadrupoles were set to 0, and then beam position data

were collected for the first several turns before dumping the beam. The beam was

then mis-steered in the horizontal plane, and orbit data again collected on the first

several turns. The orbit differences are shown in Fig. 3.11. The purely horizontal

error coupled fully into a vertical error in about 1.5 turns, and then back into the

horizontal plane in another half period [27].

The fact that the coupling builds up gradually and not at a few localized sources is

indicative of a uniformly distributed source of skew quadrupole fields. The 3-turn

period of the coupling is consistent with a tune split of orderΔQ� 0.3. It was quickly

noted that a systematic skew quadrupole term, a1� (∂Bx/∂x)/B0, would account for

this behavior, and would need to be of order a1¼ 1.5� 10�4 in.�1, or 1.5 “units” [28].

While regions of rolled dipoles existed at the time, the possibility that a system-

atic roll of the main quadrupoles could give rise to the coupling problem was

unlikely, as the focusing and defocusing quadrupoles would have to be rolled in

opposite directions. Direct roll measurements of the quadrupoles performed in 2002

also disproved this as the strong coupling source.

3.3.3 Mechanical Issues

In January 2003, as plans were being made to correct the rolled Tevatron dipoles

discussed above, the question arose of ensuring that the cryostat and coils moved with

the warm iron magnet yoke. The hope was that the magnets could be realigned

without disturbing the cryogenic and vacuum connections between adjacent magnets.
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The Tevatron dipole cross section is shown in Fig. 3.1. A warm iron yoke

surrounds the cryostat tube and the collared coil within it. The collared coil is

supported in the cryostat at nine stations down the 6-m length of the magnet. At all

but the center station the support is two rectangular blocks of the G11 epoxy-glass

plastic, called “suspensions,” approximately 8.5 mm� 6.4 mm� 17 mm, aligned

with each other, one between the outer cryostat skin and the heat intercept at liquid

nitrogen temperature and the other between the heat shield and the phase single

helium tube. These suspensions are arranged in grooves that allow the whole

cryostat to move longitudinally relative to the yoke as it is cooled. At the middle

station more robust G10 tubes, known as “anchors” support the cryostat, anchoring

the center against both longitudinal motion and rotation relative to the yoke (a bane

of earlier designs of the magnet).

At each station four supports are located at the 45� points. A screw or suspension

cartridge through the yoke at each of these points contacts the outside of the

cryostat. This allows the cryostat to rest stably in a cradle formed by the lower

two screws (“bolts”), while being held down against those supports by two

preloaded upper suspensions, spring-loaded cartridges known as “smart bolts.”

The preloaded springs maintain a force as the collared coil and cryostat shrink

during cool down.

As discussed in more detail below, the magnets had been designed to allow

adjustment of the coil position while the magnet was cold by adding and removing

shims from the cryostat suspension system. During production this feature was used

Fig. 3.11 An initial horizontal steering error couples completely to the vertical plane. This data

set, taken in February 2003, had all skew quadrupole correctors turned off. Top—horizontal beam

positions, bottom—vertical beam position after traveling distance s
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as a standard procedure to compensate for fabrication tolerances and mechanical

differences between the top and bottom coils. A depth gauge can be used to measure

the distance from the top of the cylinder to the top of the cartridge, a distance that

became known as the “lift.” For example, as the magnet was cooled, the collared

coil shrank, the outer skin of the cryostat deformed slightly, the springs pushed the

cylinders inward, and the lift increased. In 2002, lift measurements seemed to have

potential for monitoring the movement of the cryostat relative to the yoke during

magnet realignment.

To assess the viability of making these measurements in the tunnel and to check

the stability of the cryostat over time, technicians measured 18 magnets during a

day in February 2003 when the accelerator was down for maintenance. The original

(paper) production records of the magnets were retrieved from off-site storage and

the lift measurements extracted. By the end of February the data had been analyzed

and it was apparent that in those 18 magnets the coil had systematically dropped

vertically approximately 0.11 mm relative to the yoke. After a bit of thought it was

realized that this was probably due to “creep,” slow inelastic deformation under

pressure, in the G11/G10 blocks that support the coil within the cryostat. The sizing

of the G11 suspensions was a balance between mechanical strength and the heat

load a larger conducting cross section would present. The stability of the blocks

was the subject of a study at the time [29]. One participant remembers the 1980

guidance to “design the magnets to last for 20 years” [30].

The measured change was enough to produce a skew quadrupole component in

the field of about a1¼ 1.5� 10�4 in.�1 or 1.5 “units.” If every Tevatron dipole had

developed with age a skew quadrupole component, that would explain the observed

effects the beam coupling effects.

3.3.4 Mechanical Issues

Once the Tevatron dipole magnets were considered to be the main source of the

coupling, further verifications were performed using beam measurements as well as

magnet measurements. During Run I, upgrades of the low beta insertions required

some of the existing spool pieces to be replaced with new devices. As a result, six

skew quadrupoles were lost, one upstream and two downstream of each interaction

point. Thus, while the distribution of a1 was essentially uniform around the ring, its

correction was no longer uniform.

The evenly spaced coupling errors from the dipole magnets were being com-

pensated with correction circuits that now had gaps at two locations. Since the

horizontal and vertical phases advance differently through a half cell, the main

skew quad circuit was not able to fully correct the coupling caused by the distri-

buted coupling errors. Powering the small skew quadrupole circuits near the

straight sections in conjunction with the main circuit was necessary to fully

minimize the global coupling. At injection, the most effective of the smaller circuits

was the one surrounding the A0 straight section, and the skew quad at location A49
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was also utilized. Since the smaller circuits consisted of only one or two elements,

the strength of these correctors needed to be quite high to completely minimize the

global coupling. Under these conditions, the nonuniformity of the coupling correc-

tion consisted not only of the gaps in the main circuit but also the additional skew

quadrupoles around A0 and at A49.

3.3.5 Vertical Dispersion

A horizontal offset in a skew quadrupole results in a vertical kick. A horizontal offset

due to momentum in a skew quadrupole will therefore result in a vertical kick,

creating vertical dispersion. Given the value of horizontal dispersion at the location

of the skew quadrupole elements around A0 and at the gaps in the main skew quad

circuit, a significant vertical dispersion resulted. The dispersion at A49 was very

small so that a skew quadrupole there did not contribute to the vertical dispersion.

The dispersion can be measured easily by changing the RF frequency and

recording the resulting orbit difference. Figure 3.12 shows the dispersion measured

in both planes at the injection energy of 150 GeV in early 2002.

The value of the horizontal dispersion function oscillates in the arcs of the

Tevatron between about 1 and 5 m, and vanishes at the interaction points, in

agreement with the design lattice. By design, the vertical dispersion should be

0, though a small “residual” vertical dispersion is always present due to various

error sources, and would be expected to have a random distribution with peaks of

approximately 0.2 m in the Tevatron. The vertical dispersion measurements, how-

ever, showed a fairly coherent dispersion wave of up to 0.8 m that is largest between

D0 and A0, smaller between B0 and D0, and very small between A0 and B0. This

pattern is consistent with calculations based on coupling errors due to the strong

correction circuits at A0 and A49, and the gaps in the correction circuit near B0 and

D0. The vertical dispersion was near maximum value at the injection point at F0

leading to an emittance increase of up to 1πmm mrad or more for injection of

coalesced proton bunches [31].

3.3.6 More Magnet Data

The lifts of an additional sample of 66 magnets were measured in the tunnel during

a subsequent short maintenance period, confirming the original distribution. Similar

changes in the coil position were measured in spare dipoles that had not been in

service. The original calculations from the production era were repeated, affirming

the linear relationship between displacement and skew quadrupole error term,

a1¼ k·y, where k is 10.6 units/mm. Several spare dipoles were magnetically mea-

sured [32], confirming that the long-term change in lift was reflected in the expected

change in skew quadrupole. The amount of its life that a magnet had spent cold or
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warm did not seem to affect its creep. Many more magnets have since been

measured during the major shutdowns of 2003 and 2004. The distribution of lift

change, averaged over each magnet, is plotted in Fig. 3.13. The average shift of

about 0.14 mm (0.005500) is clearly seen, as is the breadth of the distribution. The

difference between the average left and right lift changes is centered on 0, indicating

no lateral movement.

The spring force in the smart bolts is sufficiently greater than the weight of the

cryostat that we take the compressive force on the upper and lower suspensions to

be equal and interpret the change in lift to be creep equally distributed between the

upper and lower sets. Note also that an equal creep all around results in a change in

the coil position that is the vector sum of the creep in the two lower suspensions.

3.3.7 Magnet Field Correction During Production

When there is any asymmetry in the coils of a conductor-dominated dipole magnet,

an error field is produced, which we characterize by the coefficients of its harmonic

decomposition. For convenience we normalize the error field to the central field,

take the reference radius to be 25.4 mm, and quote the coefficients in “units” of

parts in 104. This means that if we can bring the coefficients into the range of unity,

the magnetic field will be acceptable over the useful aperture of the magnet.

Fig. 3.12 The horizontal (top) and vertical (bottom) orbit difference given by 500 Hz RF frequency

shift, taken in early 2002. The position shift at a BPM is proportional to the dispersion at that location

(x, y)¼ 3.4 [mm] Dx,y [m]. The vertical displacements clearly show a coherent pattern
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The asymmetry may be in the geometry of the coils, in their placement in the

yoke, or in the superconducting cable. Of particular concern here is the fact that a

normal (skew) quadrupole term is produced by the horizontal (vertical) displace-

ment of the coils from the center with a linear dependence. By adjusting the cryostat

and collared coil position in the yoke, the quadrupole components of the field could

be eliminated or canceled during production.

During assembly brass shims were placed on the end of all four bolts at each

station to roughly center the coil in the yoke. Each of the almost 1,000 (including

spares) production magnets was measured in detail [33]. After quench testing, the

harmonic components of the magnet field integral were measured at one current and

the magnet was shimmed according to the guidance provided by a computer

calculation. The cryostat support system described above allowed these adjust-

ments while the magnet was cold. While the magnet was still on the test stand, one

opposing pair bolts were removed at a time, shims were shifted from one bolt to the

other to reposition the coil, and the bolts screwed back in. The magnet was then

measured at multiple currents on both the up and down ramps. This data set

includes every magnet and provides a measurement of the entire magnet field

integral. The specification called for both quadrupole components to be adjusted,

if needed, to be within 1 unit of zero. If the first try did not succeed, a new shim

adjustment could be calculated and the process repeated. Figure 3.14 shows the

final distribution of the skew quadrupole component.

Creep from cold data
Magnet average (all stations)

Samples:  559
Mean:  5.49553E-03
Std Dev:  .0018432
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Fig. 3.13 Distribution of the “lift” changes from production to now due to creep (indicative of

vertical displacement of the cold mass w.r.t. the magnet iron yoke, in inches). For each magnet the

change is averaged over all accessible stations
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3.3.8 The Reshimming Plan

During production the results of shimming could be verified immediately. This would

not be possible during reshimming in the tunnel. Examination of the production lift

data quickly led us to the conclusion that it was not sufficiently reliable on a magnet-

by-magnet basis to warrant the effort of individual treatment. Measuring the lifts of

each magnet, comparing them with the production values, and reshimming accord-

ingly would have been fraught with possibilities for error. Instead, it was decided to

treat all magnets as though they had changed by the same amount. The addition of a

standard shim 3 mil or 0.076 mm (1 mil is one thousandth of an inch, 0.025 mm) was

agreed upon, raising the coils by 2.12 mil (0.054 mm).

With 774 dipole magnets in the Tevatron, and with 18 shim locations per

magnet, it was clear that to fix the problem completely would take significant

tunnel access time. Trial runs above ground had shown that although the job in

the tunnel was tedious, requiring the technicians to crawl over the magnets in tight

quarters, a crew of three could comfortably reshim two magnets per day. It was not

clear, however, how many exceptional cases would arise requiring extra time and

how well the crews would hold up with time, even with careful ergonomic plan-

ning. So, given some uncertainty in the effectiveness of the reshimming operation,

the limited resources, and the uncertainty in the amount of time to reshim the

magnets, we decided to start with a modest correction program. We initially

focused on the region where the regularity of skew quad correction system had

been interrupted, with the idea that the balance of the ring could be reshimmed in

future maintenance periods.

Fig. 3.14 Final distribution

of skew quadrupole in

Tevatron dipoles after

production shimming
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For the first run in the fall of 2003 we chose to reshim 106 magnets divided

between the two sides of each intersection region, the areas that had their skew

correction systems disrupted. After this work, the accelerator performance was

significantly improved, so another 12magnets were reshimmed inMarch 2004 during

a 1-week shutdown. The next major period of repair was the following fall

(September–November 2004) when 412 dipoles were reshimmed. This set of dipoles

consisted of magnets that were at least four dipole locations from the nearest main

skew quadrupole corrector. The performance continued to improve after the second

repair, and the remaining 244 dipoles were adjusted in early (March–April) 2006.

The sensitivity of the operation led us to augment our usual quality assurance

procedures with more formal analyses [34]. The sheer volume of measurements,

18 lift measurements for each magnet before and after the reshimming, required

extensive above ground monitoring in addition to the teams of technicians in the

tunnel.

3.3.9 Accelerator Performance Improvements: Reduced
Skew Quadrupole Correction, Reduced Vertical
Dispersion, Reduced Emittance Growth at Injection

After each round of reshimming the required current in the main skew quadrupole

correction circuit decreased, giving clear indication that the reshimming was

reducing the skew quadrupole component in the dipoles—see Fig. 3.15 (note that

the current is negative and 0 is at the top of the plot). There is only a small change

after the first stage, which only addressed the regions where the main skew

quadrupoles had been removed. The two stages that addressed the regions covered

by the main skew quad circuit were directly effective. The current on the injection

“front porch” has decreased by a factor of 6. All other skew quad circuits were

reduced to near 0 at the injection energy by the first stage of reshimming, as

expected. Stronger coupling corrections are needed at high energy.

The vertical dispersion has been reduced with each phase of the reshimming.

A dispersion measurement from 2011, shown in Fig. 3.16, can be compared with

the starting dispersion measurement from 2002, shown in Fig. 3.12. The 2011

measurement shows vertical closed obit changes of about 1 mm, oscillating with

roughly constant amplitude, where in 2003 the amplitudes varied around the ring,

peaking at over three times this amount.

Most importantly, the emittance growth at injection due to the mismatch

between the optics of the rings and the injection lines has also decreased drama-

tically. Figure 3.17 shows the proton injection emittance growth by store number

spanning the first two major reshimming periods. Where in early 2003 the rms

emittance growth was typically over 1.3πmm mrad, immediately after the first

round of reshimming the emittance growth dropped to 0.6πmm mrad. The second

major round of reshimming reduced the growth by another 0.4πmm mrad.
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Fig. 3.15 Six-year plot of current in main skew quadrupole circuit T:SQ. The darkest bands show
the current during the time on the “injection porch”

Fig. 3.16 Results of dispersion measurement made in 2011 to be compared with the 2002

measurement shown in Fig. 3.12
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The reshimming has had an indirect benefit as well. With the major sources of

coupling removed, other sources (such as two rolled arc quadrupoles) could be

identified and the entire Tevatron lattice restored closer to its design. Correspond-

ingly beam measurements have become much cleaner and easier to interpret,

greatly enhancing the operation of the collider.

3.3.10 Summary

Many issues plagued the ramp-up of luminosity during Run II of the Tevatron

collider program. While adjustments of the global coupling of the accelerator using

a systematic skew quadrupole magnet circuit could allow the operators to place the

betatron tunes at desirable settings, other confusions ensued. For example, hori-

zontal corrections that seemed to induce vertical oscillations hampered the commis-

sioning of beam damper systems, and unexplained emittance growth—particularly

in the vertical degree of freedom—upon injection was difficult to track down. The

required settings of the quadrupole corrector circuit indicated that large sources of

coupling were present—and beam measurements soon verified that the source was

everywhere. Independently but in parallel, the explanation emerged from both the

interpretation of beam measurement data and of magnet measurement data taken in

the tunnel—the Tevatron dipole magnets were the source and a mitigation scheme
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Fig. 3.17 Seven-store average of the proton injection emittance growth spanning the period of the

first two major repair periods (April 2003–October 2005)
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was required. The coils of essentially every dipole magnet in the tunnel were

shimmed to re-center them in their iron yokes. The process, which took careful

planning and special training, was strategically implemented over a period of years

during planned shutdowns of the collider program, restoring the Tevatron to its

1980s state of small residual coupling, both globally and locally.

3.4 Recycler Ring Permanent Magnets Design

and Stability

The Recycler was designed as a fixed 8 GeV kinetic energy antiproton storage

ring [14]. It is the first ever large-scale (3.3 km circumference) accelerator for

high energy physics research built with permanent magnets instead of usual

electromagnets. It is located in the Main Injector tunnel directly above the Main

Injector beamline, near the ceiling, and consists of 362 gradient dipole magnets,

and 109 quadrupoles, 8 mirror magnets, and 5 Lambertson magnets. There are

four types of gradient magnets: focusing and defocusing, with pole lengths of 3.1

and 4.5 m. Each has different quadrupole and sextupole fields (see Table 3.1).

The basic design consists of precision-shaped pole tips and pole spacers with

strontium ferrite bricks on the outside of the poles [35, 36]. The entire package is

surrounded by 19 mm (0.75 in.) thick flux return. A typical cross section is

shown in Fig. 3.18. A standard SrFe brick size of 101.6 mm by 152.4 mm by

25.4 mm (4 in. by 6 in. by 1 in.) was used. The field axis was orientated along the

1 in. thickness. Two bricks were used on each side of the pole pieces to generate the

required field.

The variation of the magnetic field of Strontium ferrite with temperature [37]

was carefully measured by freezing the magnet to 0 �C then heating the magnet to

40 �C and allowing it to cool. During this process the magnetic field was continually

measured with a Morgan (rotating) coil. A least square fit to the data gave the

temperature variation B-field coefficient of about �0.2 %/�C. This intrinsic

temperature coefficient of the ferrite material is canceled by interspersing a “com-

pensator alloy” between the ferrite bricks above and below the pole tips—see

Fig. 3.19. The compensator is an iron-nickel alloy Ni (30 %) Fe (70 %) with a

low Curie temperature in the range of 40–45 �C and therefore its permeability

depends strongly on temperature. Thin strips of the alloy shunt away flux in a

temperature-dependent manner which can be arranged to null out the temperature

dependence of the ferrite. The degree of temperature compensation is linearly

related to the amount of compensator material in the magnet. Thus the degree of

compensation can be “fine tuned” to the required accuracy by adjusting the amount

of compensator at the ends of the magnet in a manner similar to the strength

trimming with the ferrite. For example, a 20-fold reduction of the temperature

coefficient (from 0.2 to 0.01 %/�C) requires that the amount of compensator in

the magnet be adjusted correctly to 1 part in 20. This poses no difficulties for
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Table 3.1 Recycler gradient magnet parameters

Magnet Central field (kG) Bdl (kG/m) Quadrupole units Sextupole units

RGF 1.3752 6.182 619.7 8.7

RGD 1.3752 6.183 �598.1 �15.1

SGF 1.330 4.121 1,276.0 0.0

SGD 1.330 4.121 �1,303.0 0.0

Fig. 3.18 Cross section of

the Recycler ring gradient

dipole magnet. Each of the

magnet types was modeled

using PANDRIA code

from LANL

Fig. 3.19 Recycler

permanent magnet gradient

dipole components shown

in an exploded view. For

every 400 wide brick there is

an 0.500 interval of
temperature compensator

material composed of

10 strips [14]
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production. Due to the variable nature of the Curie point from heat to heat, the steel

strips from different heats were randomly mixed. All Recycler magnets were frozen

to 0 �C during the manufacturing process. The field for each magnet was measured

at 0 �C and at 22 �C the amount of compensator steel was adjusted to keep the

magnetic field in the 0.01 % tolerance. So, as a result the average magnetic field

temperature stability of the Recycler magnets was about 0.004 %/�C rms over the

operating range of 24–38 �C—see Fig. 3.20.

Long-term field stability was studied using the first production gradient

magnet [38]. This magnet was measured with a Morgan (rotating) coil regularly

over the first 2 years after its fabrication in November 1997. As seen in Fig. 3.21,

the magnet lost a total of 0.1 % of initial strength in the first 2 years due to

approximately logarithmic decay and has remained stable. The fact that over

more than 6 years of the Recycler operations, its RF frequency of some 52 MHz

has changed by less than 200 Hz is further proof that the magnetic field has

remained stable within 0.04 %.

The longitudinal field for each gradient magnet was measured during production.

It was determined that the field could be made more uniform by varying the number

of compensator strips between each set of permanent magnets. More compensator

strips were added at the quarter points of the magnet and fewer at the ends and

middle. This served to keep the field flatter across the length of the magnet and to

maintain the temperature compensation within the specified value of 0.01 %/�C.
To deal with the variation of the azimuthal magnetic field harmonics inevitable

due to construction imperfections, each gradient magnet was measured with a

Morgan (rotating) coil. Harmonics up to the 12-pole were measured. A FORTRAN

program was written to calculate the shape of an end shim for each magnet that

would adjust the quadrupole, skew quadrupole, sextupole, and octupole [39]. The

program generated machine code for a wire EDM (Electric Discharge Machine)

that cuts the exact shape required for each magnet. The shims were ready within

Fig. 3.20 Field strength vs. temperature for a stability test magnet using pre-production samples

from the selected vendors for compensator alloy and ferrite
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24 h after the first measurement. In general, one iteration was required for each

magnet. In rare cases two iterations were needed.

The poles of the Recycler quadrupole magnets [40] – see Table 3.2 – were made

of type 1008 carbon steel. The hyperbolic shape of the poles was formed by cold

extruding, no other machining of the poles was required. Strontium ferrite bricks

were placed behind the poles. In the corners, steel washers were added to adjust the

gradient, the skew quad, sextupole, and octupole field components. Steel washers

were attached to the face of the poles to eliminate the 12-pole component (Table 3.2).

Special magnets needed for the beam injection and extraction—Lambertsons

magnets and mirror magnets—were also made with strontium ferrite [41]. The base

of the Lambertson magnets was made of solid steel. The hole for the field free

region was gun bored then through entire 4 m length. This provided for a field free

region of less than 5 G with a field region of 0.16 T. The use of solid base plates was

allowed for a common design for all five Lambertson magnets but different

configuration of the bending field.

Fig. 3.21 Time evolution of the magnetic field in the Recycler gradient magnet (in the units of

10�4 of the main dipole field)

Table 3.2 Quadrupole magnet parameters

Magnet Gradient (kG/m) Focal length (1/m) Gradient� length (kG)

RQMF 26.27 0.045 13.35

RQMD �25.32 �0.043 �12.86

RQME �21.97 �0.038 �11.16

RQEB 18.46 0.063 18.76

RQTF 16.68 0.029 8.47

RQTD �16.87 �0.029 �8.57
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With experience of operation it became clear that small corrector magnets such

as skew quadrupoles and sextapoles were required. Several of these magnets were

fabricated to solve specific problems [42]. Both strontium ferrite and samarium

cobalt permanent magnets were used.
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Chapter 4

Longitudinal Beam Manipulations

C. Bhat, K. Seiya, and V. Shiltsev

The RF systems installed in the synchrotrons can be used not only for beam

acceleration but also to change the longitudinal beam characteristics. Below we

present two nontrivial methods of “RF gymnastics” championed at the Fermilab

accelerators to satisfy the needs of the Collider Run II—the so-called slip stacking

and RF barrier buckets techniques.

4.1 Slip Stacking

Higher proton intensities are required to produce more antiprotons at the target and

higher stacking rates in the Antiproton Accumulator. The Run II upgrade had a

luminosity goal which required 9.6� 1012 total antiprotons in the Tevatron. In

order to achieve the goal, the Main Injector (MI) was supposed to send 8.0� 1012

protons in 84 bunches for the antiproton production. Since the maximum beam

intensity from the Booster was limited around 5.0� 1012 particles per pulse (ppp),

we planned to increase the intensity in the MI with the scheme called “slip

stacking.” With the slip stacking, the intensity of the bunch can be doubled by

injecting one bunch train at slightly lower energy, another train at slightly higher

energy, and bringing them together [1].

The MI accelerates protons to 120 GeV for antiprotons production. In the

stacking cycle, 84 bunches were injected from the Booster to the MI, accelerated

from 8 to 120 GeV and extracted to production target. Two bunch trains were
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injected from the Booster and merged to one batch at the injection energy of 8 GeV

using slip stacking, and then accelerated to 120 GeV. The intensity was almost

doubled from the value before the slip stacking.

The beam studies for slip stacking were started in 2001. Slip stacking became

operational in December 2004. This was the first time it had been implemented in

any accelerators. Slip stacking increased the beam intensity to the antiproton

production target to more than 8.0� 1012 ppp. The antiproton production rate

was improved by 70 % as shown in Fig. 4.1 (the plot shows the increase in the

secondary particles flux at the end of the Debuncher injection line D:IC728, in the

units of 109, vs the proton pulse intensity M:TOR109 on the antiproton production

target, in the units of 1012).

The slip stacking scheme was extended to multi-batch stacking for the NuMI

neutrino experiment in order to increase the proton intensity at the NuMI target. The

MI is sending beam to both antiproton and NuMI targets in oneMI cycle. Multi-batch

slip stacking has been in operation since January 2008. The number of protons at the

NuMI target was increased from 2.25� 1013 with six Booster pulses to 3.6� 1013

with nine pulses. The weekly proton intensity on the NuMI target is shown in Fig. 4.2.

Fig. 4.1 Antiproton production rate from December 2004 to February 2006 as a function of

proton intensity on the target (Courtesy B. Drendel, Fermilab)
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4.1.1 RF Parameters and Frequency Curves Optimization
at Low Intensity Studies

The scheme of slip stacking uses three different radio frequency (RF) systems and

follows four steps. Step 1: The first bunch train is injected from the Booster on the

central orbit and captured by the first RF system. To make a room for the second

bunch train, the first bunch train is then decelerated until it circulates on the inside

of the central orbit. Step 2: The second bunch train is injected on the central orbit

and captured by the second RF system. Step 3: As the two bunch trains have slightly

different energies, they can move relative to each other. Both bunch trains are

accelerated till they are separated by the same amount from the central energy.

Step 4: When the two bunch trains coincide at the same longitudinal location, they

are captured by the third RF system [2].

Since two bunch trains have different energies, the MI must have an enough

momentum aperture to accept both. The momentum aperture of the MI is�0.7 % at

injection, corresponding to the frequency separation of �3,000 Hz from the central

value of 52.8114 MHz. The main parameters of MI are shown in Table 4.1.

The MI has 18 53 MHz cavities. These are separated into the two groups, each

with nine cavities. Low level RF (LLRF) signals go to two groups of cavities

individually and produce independent voltages and frequencies. For the slip

stacking, we are using three out of nine cavities for each frequency at injection.

The RF voltage at injection was adjusted to 62 kV in order to achieve a low

momentum spread [3].

The Booster extraction RF voltage was 380 kV and matched to a MI injection

voltage of 1 MV for the nonslip stacking normal operation. Since the MI injection
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B. Drendel, Fermilab)
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RF voltage was lowered to 62 kV, a voltage modulation was carried out at the

Booster extraction and the bunch shape matched to the MI injection bucket.

Since there were two RF voltages during stacking, they acted on both bunch trains.

The bunch shape has been measured to demonstrate that the frequency separation

between the first and the second RF systems is adequate. The required separation was

estimated from the measurements that had one bunch with the emittance of 0.08 eV s

and two RF voltages. The bunch shapes were compared at injection and at 150 ms

after injection for the frequency separation from 400 to 1,200 Hz. The frequency

separation of 1,200 Hz was enough to keep the bunch shape unchanged.

The frequency as a function of time is shown in Fig. 4.3a for the first and the

second RF systems. The first bunch train was injected on the central orbit with

nominal frequency at 0.052 s and captured by the first RF system of 62 kV. At this

time, the frequency of the second RF system was 1,200 Hz higher than the first RF

system. The first bunch was then decelerated to a frequency of 1,200 Hz lower than

the original value. After one Booster cycle of 66.7 ms, the second train was injected

on the central orbit and captured by the second RF system. After slipping, both

bunch trains were captured by all 18 cavities with 1MV and central frequency. Since

we have to inject additional bunch trains from the Booster to the MI, the whole slip

stacking process has to be completed in less than two 15 Hz Booster cycles. Total

time of the slip stacking process was 133 ms. The slip stacking worked as expected

during studies with low intensity and small emittance beams (Fig. 4.3b).

Table 4.1 Main Injector

parameters on stacking cycle
RF frequency @ injection 52 811 400 Hz

Proton energy @ injection 8 GeV

Proton energy @ extraction 120 GeV

Harmonic number 588

Transition gamma 21.6

Mean radius 528.3 m

Fig. 4.3 (a) Variations of the frequencies of the first RF system (red) and the second RF system

(blue) the total RF voltage (green), and the beam intensity (cyan) in the MI. (b) Mountain range

plot of the Main Injector’s wall current monitor signals every 1.42 ms for 0.18 s
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4.1.2 RF Stations Upgrades for the High Intensity Operation

After the beam intensity was increased to 4� 1012 ppp, the beam loading effects

were observed in the bunch signal, as shown in the mountain range plot Fig. 4.4a.

Fig. 4.4 (a, b) Mountain range plots of the wall current monitor signal. The upper and lower plots
show the signals without and with feedforward beam loading compensation, correspondingly.

The signal from the wall current monitor (WCM) reveals the progress of slip stacking from the

beginning to the end. The signal was measured every 2.1 ms for 0.24 s [4, 5]
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In presence of a longitudinal feedback system with 14 dB gain and absence of a

feedforward beam loading compensation system some particles left their RF

buckets and the length of the bunch train exceeded the standard 84 RF buckets.

Application of the feedforward beam loading compensation of 14 dB resulted in

bunches keeping their shape all the way from injection to the end of the slip

stacking as shown in Fig. 4.4b [4].

The MI has 18 high impedance RF cavities which can produce high unexpected

beam loading voltage. Since all 18 cavities had to be used for the recapture and

acceleration after 130 ms, it was impossible to put shorts on the RF gap in the

remaining 12 cavities and reduce the beam loading voltage although just 6 cavities

out of 18 were used for the slip stacking.

4.1.3 Simulation with Beam Loading

In order to estimate the required gain for beam loading compensation, computer

simulations with beam loading effects were carried out using the ESME code [5]. In

the simulation studies, two bunch trains of 84 bunches each with total intensity of

1� 1013 ppp were set one at the energy slightly above and another slightly below the

central energy of the Main Injector. Two RF waves with different frequencies were

applied to the trains and evolution of the beam shape after 70 ms is shown in Fig. 4.5a.

Fig. 4.5 (a, b) Simulation results in the longitudinal phase space plots. The vertical axis is

20 MeV/div and horizontal is 20 degree/div. The upper plot is for the case without the beam

loading compensation. The lower shows the effect of a 14 dB feedback and 20 dB feedforward

beam loading compensation

130 C. Bhat et al.



As one can see, significant number of particles left their assigned RF buckets due to the

beam loading effects and the total length of the bunch train exceeded 84 RF buckets.

Figure 4.5b shows the simulation results with beam loading compensation. Most

particles are now captured in the RF buckets and the total train length remains

84 buckets. In these simulations, feedback and feedforward compensation systems

applied with gains of 20 and 14 dB, respectively. From these results we estimated

that we needed to increase the feedforward compensation gain by 6 dB.

4.1.4 RF Stations Upgrades

In order to increase the gain of the RF feedforward loop, higher RF current was

required. The combination of increasing the power and changing the PA operation

point from class AB to class A at injection energy was needed to increase the

current.

During machine shut down, the solid state power amplifier driver was upgraded

from 4 to 8 kW by adding four more modules for each RF station. Figure 4.6 shows

a frequency spectra of the gap voltage with and without feedforward compensation

on one of the 18 cavities and the reduction was 24 dB. The reduction varied from

cavity to cavity the cavities but the average value was about 20 dB.

4.1.5 High Intensity Operation

The MI operated with slip stacking since December 2004. The total beam intensity

on target has been increased from 4.5� 1012 ppp to 8.0� 1012 ppp as shown in

Fig. 4.7a. Figure 4.7b shows mountain range plot with a wall current monitor

Fig. 4.6 Frequency spectra

of the gap voltage monitor

on 1 of the 18 cavities. Blue
and green traces show
signals with and without

feedforward beam loading

compensation. The vertical

scale is 10 dB/div
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(WCM) signal for a slip stacking process from injection. The intensity of one

Booster pulse was 4.25� 1012 ppp and the total intensity at injection was

8.5� 1012 ppp. Two batches were combined to one within two 15 Hz Booster

cycle and third batch was injected after that.

There were beam losses of 5� 1011 ppp (6 %) at the beginning of acceleration,

around 9 GeV, which were minimized later by tuning of the frequency separation

and RF voltages.

4.1.6 Beam Loss Simulations

The frequency separation and RF voltage for slipping were optimized to minimize

beam losses at high intensity and they were 1,400 Hz and 90 kV. Beam studies and

simulation studies showed that the beam loss depends on the longitudinal emittance

at injection.

In order to estimate longitudinal acceptance at the MI injection with two

frequencies used for slip stacking, multi-particle simulation was performed.

Figure 4.8a shows the particles in the longitudinal phase space from injection to

the point after 12,000 turns which is about as long as the duration of the slip

stacking process (181 ms). Figure 4.8b shows an injection distribution of particles

which could stay around synchronous phase after 12,000 turns. The simulations

indicated that the maximum momentum acceptance is about� 8 MeV under the MI

operation parameters.

The longitudinal beam dynamics at injection energy was experimentally studied

using phase space tomography method. The tomography data of four different

Fig. 4.7 (a) The MI cycle from injection to the top energy: beam intensity (green), RF voltage

(red) and particle momentum (blue). (b) Mountain range plot with wall current monitor signals

during slip stacking process. Horizontal scale is 10 μs (one revolution period in the Main Injector)
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Booster bunches are shown in Fig. 4.9a. One can see that the longitudinal phase

space distributions vary from bunch to bunch and a 95 % momentum spread was

larger than �15 MeV. Figure 4.9b shows the tomography data at recapture time

which shows particles are filling the recapture RF bucket.

The phase space tomography results were used in the simulation as an input

distribution. The particles were slipped, recaptured, and accelerated from 8 to

9 GeV. The results of the modeling indicated the particle which were to hit

momentum aperture of the MI and then became beam losses at 9 GeV.

4.1.7 Multi-Batch Slip Stacking

The MI used to send one slip stacked batch to antiproton production and five normal

batches to the NuMI beam line on the mixed mode operation cycle. The multi-batch

slip stacking has been in operation since January 2008. A total of 11 Booster

batches were injected in the MI. Two batches were sent to antiproton production

and nine to the NuMI beam line. The intensity on the antiproton target stayed at 8–

8.5� 1012 ppp, but the intensity to the NuMI target was increased from 22.5� 1012

to 35–36� 1012 ppp. The total intensity at 120 GeV was 45� 1012 ppp with a cycle

efficiency of 95 %.

Figure 4.10a shows a mountain range plot during the 11 batch slip stacking

process. The total time for slip stacking, merging 10 batches into 5 batches and

injection of the 11th batch is 0.733 s. The beam was accelerated to 120 GeV with a

MI cycle time of 2.2 s as shown in Fig. 4.10b. Figure 4.11a, b shows the total beam

power in the MI was increased from 250 to 370 kW with 11 batch slip stacking on

the mixed mode operation [6–8].

Fig. 4.8 (a) Longitudinal phase space evolution over 12,000 turns simulated with two different

frequencies. (b) Injection distribution of the particles which could stay around synchronous phase

after 12,000 turns
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Fig. 4.9 (a) Longitudinal phase space tomography at injection for four different bunches.

(b) Longitudinal phase space tomography at recapture
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4.1.8 Summary

Beam studies have been carried out with low intensity proton beams in the MI and

they verified that the slip stacking technique works as expected.

We estimated by numerical simulations the required beam loading compensation

needed for the high intensity slip stacking operation. The gain of feedforward

system was increased by doubling the power of solid state driver and by program-

ming of the PA grid bias. The effects were observed in the beam and gap voltage

signals.

Fig. 4.10 (a) Mountain range plot showing the 11 batch slip stacking process in the mixed mode

cycle. Horizontal scale is one MI revolution period of ~11 μs. (b). The total intensity (green), RF
voltage (red), and momentum in the MI (blue) on the mixed mode cycle

Fig. 4.11 (a) The total beam power of mixed mode cycle from January to July 2008. Plot shows

before and after the 11 batch slip stacking process became operational. (b) The total beam power

of mixed mode cycle from August 2009 to May 2010
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Since December 2004, the slip stacking has been operational and intensity

provided byMI on the antiproton production target was increased to 8.0� 1012 ppp.

The antiproton production rate was increased by 70 %.

There were beam losses at the beginning of acceleration. The loss mechanism

was understood by simulation and beam measurements and it depended on the

longitudinal emittance at injection.

The multi-batch (11 Booster batches of 84 bunches each) slip stacking has been

in operation since January 2008. The total proton intensity in the MI at 120 GeV

reached 4.5� 1013 ppp with a cycle efficiency of 95 %. The Main Injector routinely

delivered a total average beam power of 370 kW on both the antiproton production

and NuMI targets.

4.2 Recycler Barrier RF Buckets

Barrier bucket RF systems in synchrotrons were not invented by accident or seren-

dipity but by their sheer necessity. At the very early stages of the Tevatron I Project, it

was realized that the circumference difference of about 30 m between the Debuncher

and the Accumulator would result in an antiproton loss of about 7 % for every

Debuncher-to-Accumulator transfer. Therefore, it was essential to develop a tech-

nique to preserve a minimum gap in the antiproton beam in the Debuncher with length

equal to the circumference difference between the two synchrotrons. Furthermore,

there was also a need to produce an isolated 2.5 MHz sinusoidal wave corresponding

to harmonic number h¼ 4 to have a single RF bucket in the ring, with the rest of the

buckets suppressed in order to extract a single antiproton bunch from the Accumulator

ring for collider operation. These two requirements led to the initial development of

barrier RF technology at Fermilab [9]. The concept of a “suppressed bucket” in

synchrotrons has been addressed earlier [10]. However, a significant research was

undertaken on the barrier RF (also called wide-band RF) at Fermilab. As a result, it

has been used in many applications and presently many synchrotrons at Fermilab are

equipped with such RF systems [11]. Note that the Recycler uses only a barrier RF

system in all its beam manipulations, unlike any other storage ring in the world.

4.2.1 Barrier RF Waveforms

One can imagine a variety of barrier RF waveforms. A schematic view of typical

barrier RF voltage excursions for a synchrotron operating below transition energy γT
(like the Recycler [12]) is shown in Fig. 4.12. The barrier combinations shown in the

first two examples are used for confining a parcel of beam in a synchrotron.

Figure 4.12d is an example of gap producing barrier combination, also referred to

as “anti-buckets.” Electronic generation of the barrier waveforms illustrated in

Fig. 4.12 is a straightforward LLRF electronics problem. However, it requires
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much larger power to feed a cavity than in the case of a resonance RF cavity to

produce the same peak voltage. A barrier RF wave of an arbitrary shape in a circular

accelerator can be presented as superposition of Fourier harmonics of the revolution

frequency. The RR barrier RF system uses>100 Fourier components to generate any

waveform which is more than enough for all practical needs. The LLRF signals

synthesized by this method are fed to a broadband RF cavity after an amplification

using a broadband power amplifier. Below we give a general overview of dynamics

of a charged particle in the presence of such a barrier RF wave in a synchrotron.

4.2.2 Longitudinal Beam Dynamics of Charged Particle
in the Barrier RF Buckets

The motion of a particle relative to a synchronous particle is governed by [13, 14]

dτ

dt
¼ �η

2πΔE
T0β

2E0

and
d ΔEð Þ
dt

¼ eV τð Þ
T0

, ð4:1Þ

Fig. 4.12 A schematic view of standard and barrier RF wave forms and RF buckets (left). The
dashed, solid, and dashed-dot curves indicate bucket boundaries, particle flow directions in longitu-

dinal phase space, and flow directions of particles outside the buckets, respectively. A schematic of

(ΔE, τ)-phase space distribution of particles in a rectangular barrier RF bucket with its line charge

distribution (wall current monitor-WCM signal) and energy distribution are shown on the right
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where ΔE is an energy deviation from the synchronous energy E0, e and βc are the
particle electric charge and velocity, τ is the time difference between the arrivals of

a particle and the synchronous particle located at the center of the RF bucket, η is

the ring slip-factor, and T0 is the revolution period. V(τ) is the amplitude of the RF

voltage waveform. Using the above equations, one can get the half bucket height

ΔEb, given by

ΔEb ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2β2E0

ηj j

ð T2=2þT1

T2=2

eV τð Þdτ
�
�
�
�
�

�
�
�
�
�

T0

vu
u
u
u
t

: ð4:2Þ

Since the bucket height depends upon
Ð
eV(τ)dτ the exact shape of the wave

form is not critical. The quantities T1 and T2 denote barrier pulse width and gap

between RF pulses, respectively, as indicated in Fig. 4.12e.

In the case of Recycler, one mostly deals with rectangular barrier buckets:

V τð Þ ¼
�V0 for � T1 � T2=2 � τ < �T2=2,
0 for � T2=2 � τ < T2=2,
V0 for T2=2 � τ < T1 þ T2=2:

�
�
�
�
�
�

ð4:3Þ

The advantage of a rectangular waveform is that for a given maximum RF

voltage V0, the available bucket area will be maximized. A schematic view of the

beam phase space distribution in a rectangular barrier RF bucket along with the

definition of various parameters relevant to this chapter is shown in Fig. 4.12e.

It has been shown [14–16] that the energy offsetΔÊ of a particle is related to its

depth of penetration T̂ 1 into a rectangular barrier by

ΔÊ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2β2E0

ηj j
eV0T̂ 1

T0

s

, ð4:4Þ

and the total longitudinal emittance εl of the beam particles with ΔE � ΔÊ is

εl ¼ 2T2ΔÊ þ 8π ηj j
3ω0β

2E0eV0

ΔÊ 3, ð4:5Þ

where ω0¼ 2π/T0. The synchrotron oscillation period of the particle is

Ts ¼ 2T2

ηj j
β2E0

ΔÊ
�
�

�
�þ

4 ΔÊ
�
�

�
�T0

eV0

: ð4:6Þ

The Eq. (4.6) has two components; one for the region with V(τ)¼ 0 and the

second for V(τ) 6¼ 0. Figure 4.13 displays a comparison between the calculated
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synchrotron tune (Qs¼ T0 fs) in a sinusoidal RF bucket in Recycler with a period of

2T1 and that in a barrier bucket with T1¼ 0.91 μs (ΔEb¼ 18.4 MeV) and T2� 0.0,

0.91 and 3.64 μs. In all these cases V0¼ 2 kV. Note that the dependence of synchro-

tron frequency on the energy deviation, ΔÊ , in a rectangular barrier bucket is quite

different from that for a sinusoidal RF bucket. In the case of the barrier buckets, the

peak energy offset at which the synchrotron period reaches minimum is

ΔÊ
�
�
Ts Minð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2=4T1

p
ΔEb. Consequently, if T2� 4T1, then the dfs/d(ΔE)¼ 0 lies

well inside the bucket boundary. The particles in the vicinity of QsMax lose Landau

damping [9] and the beam become susceptible to longitudinal collective instabilities.

All RF manipulations in barrier buckets explained above were modeled using a

computer code ESME [17] prior their use in the Recycler.

4.2.3 Recycler RF System

The Recycler RF system is comprised of a LLRF and a high level RF (HLRF)

system. The RR LLRF [18] is a very advanced and versatile control system

consisting of a Super Harvard Architecture Computer (SHARC) 8-bit digital signal

processors (DSPs). The SHARC derives much of its performance like generating

data address, hardware loop control, and all multifunction instructions in parallel.

The DSP along with its software controls the frequency and phase registers of three

direct digital synthesizer (DDS) channels. These DDS modules provide nine RF

clock inputs to a new SHARC-based module called the Recycler Bucket Generator

(RBG). The RBG contains eight arbitrary waveform generator channels (often

called ARB). The DSP controlled ARBs are summed to form the LLRF output

that drives Recycler HLRF system. Each arbitrary waveform generator has an

independent table, phase, and amplitude, all of which can be changed in real time

to perform a specific type of RF manipulation. Any such change may be carried out

Fig. 4.13 Recycler

synchrotron tune versus

energy offset of the particle

in rectangular barrier

buckets for three scenarios

of T2 and their comparison

with a sinusoidal RF bucket

of length 2T1 (black solid
line)
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at a 720 Hz rate. The LLRF commands for barrier RF manipulations are passed

from the CPU over a VXI bus to RBG. The RBG then smoothly controls any

changes to bucket parameters. Table 4.2 lists available cogging1 rates for a barrier
RF pulse in the RR.

In the current RR LLRF architecture ARB5 (out of ARBn, n¼ 0, 1, . . . 7) is used
as RR reference marker for synchronous beam transfers to and from the RR and for

cogging the rest of the ARBs. Each of the ARBs are assigned with a predefined RF

wave form which can be turned on and off in 128 steps of equal amplitudes at

variable rates. The maximum width of a waveform is limited to 256 Bkt (4.84 μs).
Sixteen different waveforms similar to those shown in Fig. 4.1 are in use.

The RR LLRF architecture explained above is quite general. Its full potential

was realized by developing new sets of commands specific to the RR operation

[19]. For example, command like “GrowCoolBucket” is used to expand a “cold

bucket” by a certain amount; here a cold bucket is a group of ARB6 and ARB7

which acts like a single entity. Currently, there are about 75 such commands in use,

each for a specific purpose. Each RF manipulation scheme, like antiproton beam

stacking, is treated as a group of such commands put together in a module or

multiple modules.

The RR HLRF [20] consists of four cavities, each driven individually by a

broadband solid state amplifier (Amplifier Research Model 3500A100). Each

amplifier, operating in push–pull mode, can supply a minimum of 3,500 W output

power over the frequency range of 10 kHz to 100 MHz. The amplifiers are

connected to the cavities in the tunnel by 20 m of 7/800 diameter coaxial line.

Figure 4.14 shows an assembly drawing of a RR barrier RF cavity. Each cavity

consists of 25 Mn–Zn ferrite (Ceramic Magnetics MN60) rings of dimension 11.500

OD� 600 ID� 100 thick with a spacing of 0.500 between each ring with three

additional rings of NiZn ferrite (CMD10) at its one end. Each ring is supported

by Kapton spacer blocks. The whole assembly is enclosed between concentric

aluminum cylinders encircling a 400 diameter stainless steel beam pipe with a 100

ceramic gap. This gap is electrically connected to the cavity with beryllium–copper

finger stock which couples the developed electric field to the beam. To complete

the electrical connection between the beam pipe and the cavity outer shell, a thin

Table 4.2 RR LLRF cog rate for the barrier pulses [17]

Cogging param Medium Slow Fast

Maximum rate (Bkta/s) 39.98 4.86 8,400

Maximum derivative (Hz/s) 12.5 1.94 3,024,000

Minimum cogging time (s) 6.9 5.08 0.01389

Maximum Bkts cogged in 1 min 137.996 12.355 ~44,000
aBkt¼ (53 MHz RF bucket length)¼ 18.935 ns

1 This is a quasi-adiabatic process that involves azimuthal displacement of a bunch in a synchro-

tron. Cogging is carried out by a continuous change in phase and/or frequency of an RF wave

relative to a reference marker.
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copper end plate is used. The cavity is cooled using low conductivity water through

a coil around the outer shell whereas the ferrite core is air cooled. The impedance of

the cavity is approximately 50Ω over a frequency range of 100 kHz to 20MHz. The

designed peak voltage per cavity is 500 V.

The Recycler RF has the capability to form RF pulses of different wave shapes,

lengths and voltages and capture beam in one or more parcels azimuthally distrib-

uted around the ring. Also, these parcels can be moved relative to one another and

can be independently expanded or compressed.

4.2.4 RF Linearization

It is extremely important to have a flat longitudinal line charge distribution in the

region with V(τ)¼ 0 for the RF barrier bucket. But the beam profiles in the RR

barrier buckets with T2 6¼ 0 (in absence of any compensation) showed clear uneven-

ness as shown in Fig. 4.15a even at low intensity (~0.1� 1012 particles). This lead

to unequal intensity and emittance for bunches sent to the Tevatron. The main

causes for unevenness in the line charge distribution are (1) nonzero harmonic

contents of the revolution frequency between the positive and the negative barrier

pulses defining the bucket, (2) polar asymmetry in the fan-back signals of barrier

pulses, (3) potential well distortion and beam loading, and (4) RF imperfections.

Each of these effects was observed in the RR as beam cooling was improved.

Subsequently, correction systems were developed and added to the RR.

A nonzero harmonic component of the revolution frequency was seen for the first

time [21, 22] during beam measurements on an isolated rectangular barrier bucket

similar to one in Fig. 4.15a. A linearizing circuit [23] was added between the LLRF

output and the cavity amplifiers. A block diagram of such a linearizing circuit is

shown in Fig. 4.15b. The current system linearizes the frequency in the region from

Fig. 4.14 Assembly drawing of RR barrier RF cavity [20]
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90 kHz to 1 MHz (up to ten harmonics) with flatness in amplitude better than 0.26 dB

and phase 1.8�. Figure 4.15c shows the WCM signal after the corrections.

As the e-cool came online beam got colder and the observed distortion of the

beam profile between barriers found to resemble the inverse of the potential wellÐ
V(τ)dτ as shown in Fig. 4.16a [24]. A theoretical study of this unevenness arising

from potential well distortion was carried out using Haissinski equation [24, 25]

which describes the observed beam profile as a function of time according to

ρ τð Þ ¼ ρ0exp � ej jβ2E0

ηj jT0σ2E

ð τ

0

Veff tð Þdt
� �

: ð4:7Þ

Here ρ0, σE and Veff(t) are the ideal profile of the beam, measured root mean

square energy spread and fan-back voltage, respectively. The net distortion of the

beam current distribution, (ρ(τ)� ρ0) can be obtained by expanding Eq. (4.7) as

ρ τð Þ � ρ0 ¼ ρ0
ej jβ2E0

ηj jT0σ2E

ð τ

0

Veff tð Þdt: ð4:8Þ

This equation clearly explains one of the important features of experimental

observations viz., inverse dependence of distortion on σ2E. Figure 4.16b shows a

comparison between predicted and measured beam intensity profiles for 0.51� 1012

antiprotons in a rectangular barrier bucket with T2¼ 5.8 μs indicating almost all of

the observed unevenness was due to the RF imperfections. The beam loading effect

showed up [25] at nearly twice the higher beam intensity under similar conditions.

Fig. 4.15 RR barrier bucket (blue) and beam profile (red) (a) before correction (b) block diagram
of the linearizing circuit (c) after the corrections [23]. The horizontal axis is time (400 ns/div)
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To address these problems once and for all, an FPGA-based adaptive correction

system was developed [26]. The correction system uses an average error signal

obtained by taking the difference between the fan-out and fan-back signals over

128 turns. This signal contains the required information on the observed RF

imperfection and beam loading. The final corrections generated using a FPGA

firmware is then summed back into the LLRF reference signal by an external

summing amplifier board. Figure 4.17a shows block diagram representing the

adaptive correction system implemented in the RR. Figure 4.17b shows a typical

case of beam profiles before and after the FPGA corrections. This correction system

has become an integral part of the RR operation and was found to be very effective

for all RF manipulations carried out in the RR.

4.2.5 Measurements of Longitudinal and Transverse
Emittance

The Recycler uses Schottky detectors [27] (see Chap. 9) to monitor the emittance in

the longitudinal and transverse planes. Originally, this technique was used for a

coasting beam. However, it has been shown that for a bunched beam if TMfs<< 1

where TM is duration of measurement (characteristic time of the band-pass filter),

the longitudinal Schottky spectrum represents an instantaneous “snapshot” of the

momentum distribution of beam particles [28]. A detailed account of various

longitudinal emittance measurement methods available for beam in barrier RF

bucket is described in [29]. Currently the longitudinal emittance is obtained using

Eq. (4.5); the energy spread of the beam ΔÊ is measured using the longitudinal

Schottky spectrum and T2 is read from the LLRF fan-out signals. The technique

allows emittances measurements for a segmented beam by gating the Schottky

signals [30]. The accuracy of the measured longitudinal emittance by this method

on a bunch with T2� 4T1 is � �15 %. More accurate offline methods based on

Fig. 4.16 (a) Line charge distribution of cold antiproton beam (0.51� 1012 antiprotons) in a

rectangular barrier bucket overlapped on the inverse of the RF potential; (b) comparison between

computed beam profile using Haissinski equation and measurements [24] for the same beam
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beam tomography using Schottky data and/or WCM data [29, 31] have been

developed for bunches of any length.

Flying wires (see Chap. 9) and transverse Schottky detectors are used to measure

the transverse emittance (εT) for the beam in the barrier buckets.

4.2.6 Antiproton Stacking in RR

The antiprotons from the Accumulator Ring are transferred to the RR via the MI in

the form of four 2.5 MHz bunches for every transfer. There is a small emittance

dilution at the level of a few percent which inevitable during the beam transfers

between the Accumulator Ring and the RR because of a frequency mismatch

between the Accumulator Ring and the MI [32] and, energy mismatch between

the Accumulator Ring and the RR. As a consequence of this, there is a correlation

between the overall longitudinal emittance dilution and Accumulator Ring to RR

stacking efficiency EAR!RR, given by

EAR!RR ¼ RR Beamð ÞFinal � RR Beamð ÞInitial
Antiprotons from the Accumulator Ring

: ð4:9Þ

Fig. 4.17 (a) Block diagrams [26] for (a) the adaptive correction system implemented in the RR

LLRF; (b) 3.1� 1012 antiproton beam before and after the FPGA adaptive corrections
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The correlation arises due to the limited area of the barrier bucket in the RR

available for stacking. If the beam particles fall out of the barrier bucket in any

stages of the beam stacking, they will become DC and almost 30 % these antipro-

tons will be lost during each transfer. Therefore, the total Accumulator to RR

antiproton transfer efficiency may be looked upon as a product of efficiencies

between (1) Accumulator Ring to MI and (2) MI to RR.

Over the years, a number of quasi-adiabatic RF stacking techniques have been

developed [33] with an emphasis on maximizing the overall stacking efficiency.

The technique currently being used is explained below.

The antiproton stacking in RR is carried out under two different initial condi-

tions; one without any beam or in the presence of partly cooled beam in the RR. In

both cases the beam is stacked using rectangular barrier buckets with T1¼ 0.91 μs
and ΔEb¼ 18 MeV. Prior to a new beam transfer an anti-bucket is grown adiabat-

ically to keep the injection region out of any antiprotons with 18 MeV� |Δ E|�
34 MeV; the particles with |Δ E|< 18MeV are confined to the old stack bound by

barrier pulses with V0� 2 kV. Nearly a second before the beam transfer to the RR a

set of four 2.5 MHz RF buckets of length �1.59 μs is superimposed inside the anti-

bucket. Following the beam injection, the anti-bucket is replaced by a standard

capture barrier bucket and the newly arrived beam is debunched by removing the

2.5 MHz RF buckets. Prior to the beam merging, the bucket height ΔÊ
�
�

�
� is matched

to that of the old stack by using a morph-merging technique [33].

Average stacking efficiencies EMI!RR and EAR!RR for the past three and half

years are found to be about 95 and 92 %, respectively. A few percent difference

between EMI!RR and EAR!RR is mainly dominated by the Accumulator Ring to

MI beam transfer efficiency as explained earlier.

Antiproton stack size in the RR is built up to a required size over several beam

transfers by extracting almost all of the newly accumulated antiprotons from the

Accumulator Ring. A set of transfers (consisting of two to three transfers each) will

be carried out once for every 30 min and will have an average of about 0.25� 1012

antiprotons with large emittance—transversely about 6–7 π mm-mr and longitudi-

nally about 25 eVs. Between two sets of transfers, the antiproton beam in the barrier

bucket made of old stack and newly arrived antiprotons is cooled using Stochastic

cooling systems (rarely with e-cool; e-cool is generally used just before beam

transfer to the Tevatron). Simultaneously, new antiprotons are accumulated in the

Accumulator Ring for the next set of transfers. Typically, 15–20 sets of transfers are

required to reach an optimum stack size2 of 3.5� 1012 antiprotons in the RR.

The emittance of the beam in the RR during stacking is shown in Fig. 4.18. The

initial emittance of the leftover antiproton beam from the previous Tevatron load was

quite large for the example shown here. Each step in the beam intensity represents a

new set of transfers. The measured step increment in the beam emittance at the end of

each set of transfer is approximately the same as that measured in the MI.

2An optimum RR stack size is determined by several factors like the Tevatron luminosity life time,

integrated luminosity delivered to collider detectors over a period of a week and also the rate at

which the antiprotons are accumulated in the Accumulator Ring (see also discussion in Chap. 1).
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With strong electron cooling transverse instability was observed in the antipro-

ton stacks at very high phase space densities. To control the observed transverse

instability a damper system is installed with an initial bandwidth of 30 MHz and

upgraded to a bandwidth of 70 MHz [34]. The maximum stack size of the antipro-

tons in RR with the current transverse damper is �5.4� 1012 with εl (95 %) ~ 70

eVs, average εT (95 %) ~ 3.4 π-mm-mr.

4.2.7 Antiprotons for the Collider Operation: Longitudinal
Momentum Mining

The steps involved in filling up the Tevatron with antiprotons are (1) extract four

2.5 MHz bunches of antiprotons at a time from the RR (or from the Accumulator

Ring or a mixture [35]) and send them to the MI and (2) accelerate them from 8 to

150 GeV before transferring to the Tevatron synchronously. These steps are repeated

nine times to fill the Tevatron with 36 antiproton bunches. The main requirements for

Run II [36] are (1) an efficient and robust way to extract low emittance antiproton

bunches from the dense region of the phase space of the cold beam stack and leave

behind the particles with very large �ΔE for use after cooling (called “antiproton

economy”) and (2) all 36 antiproton bunches in the Tevatron should have the same

emittance and same number of particles per bunch, i.e., there should be no bunch to

bunch variation in the proton–antiproton collider luminosity. To meet these require-

ments a new mining technique called longitudinal momentum mining (LMM) was

developed [37]. One of the limitations to the proton–antiproton luminosity delivered

to the high energy physics program prior to the implementation of LMM was

significant longitudinal emittance dilution (~300 % from the first to ninth transfer)

in the antiproton stack in the Accumulator Ring (e.g., we had this problem throughout

the Run I of the collider operation) and in the RR. LLM was crucial to the success of

the RR even before the electron cooling was commissioned [35, 37].

Fig. 4.18 A typical

example of RR antiproton

stack buildup along with

measured longitudinal and

transverse emittances. The

scales for the ordinate for

the three parameters are also

shown
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The general principle of LMM is illustrated in Fig. 4.19. The RF waveform

along with the beam phase space boundary (dashed lines in left figures) and the

corresponding potential well containing beam particles are shown for various stages

of the mining processes. The objective of LMM is to isolate particles closer to E0

(i.e., dense region near the bottom of the potential well, Fig. 4.19a) from the rest

without any emittance growth. This is accomplished by adiabatically inserting a set

of mining buckets (the illustration in figure is for three parcels). The particles which

cannot be bound by these “mini” barriers are still bound by the larger barriers

shown in Fig. 4.19b and are executing synchrotron oscillations at a relatively

higher rate than the ones captured in the mini-buckets. Finally, the un-captured

particles are isolated in another RF bucket (high momentum bucket) as shown in

Fig. 4.19 Schematic illustrating the principle of longitudinal momentum mining. Beam particle

boundaries in (ΔE, τ)-phase space (dashed lines) are also shown. The potential
Ð
V(t)dt and the

beam particles in it in each case are shown in the cartoon on the right
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Fig. 4.19c, d. Thus, the particles in the dense region of the (ΔE, τ)-phase space are
mined while leaving the rest.

The LMM on the beam cooled with electron cooling showed that the mined

buckets have particles with low longitudinal as well as transverse momenta.3

Figure 4.20 shows scope pictures for LMM in the RR just before a typical

Tevatron proton–antiproton store. Figure 4.20a shows the initial cold stack of

about 3.5� 1012 antiprotons captured in a rectangular barrier bucket of T2¼ 6.13 μs,
T1¼ 0.903 μs and with RF pulse height of about 1 kV. The measured longitudinal

emittance of the stack was about 68 eVs (95 %). The mining is carried out with nine

mining buckets with a predetermined area. The size of a mining bucket is decided

based on the needs of the Tevatron and MI acceptance. The area of the mini-bucket

was chosen to be about 8 eVs. The beam after mining and separating particles with

high |ΔE| is shown in Fig. 4.20b. Subsequently, the first parcel from the right is

further divided into four 2.5 MHz bunches after moving it to the extraction region

of the RR. Just a few seconds before extraction to the Tevatron, an anti-bucket is

grown adiabatically to leave behind any un-captured antiprotons and keep them

away from the extraction region as shown in Fig. 4.20c. The anti-bucket is quite

important to help sending clean bunches to the Tevatron by eliminating any

undesirable DC beam to the MI. During the entire barrier RF manipulations

importance is given to preserve the emittance as well as antiproton economy.

Fig. 4.20 The experimental data on longitudinal momentum mining in the RR with the antiproton

beam (a) before mining, (b) after mining, (c) just before the first transfer to the Tevatron

3 In the absence of the electron cooling this is not true (A. Burov, private communications). In any

case, the LMM guarantees mining of the particles with low longitudinal momenta.
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A few improvements have been added to the LMM explained above. For

example, we found that it may be more advantageous to eliminate the high

momentum bucket and keep a small amount of un-captured antiprotons freely

moving in the ring to help transverse stability of the mined beam.

Another improvement, strip mining, is used whenever the Tevatron demands

only a part of the antiproton stack. The stack is divided into two parts prior to the

mining and the rest is quite similar to the process explained above.

Figure 4.21a shows the measured antiproton intensity, beam peak density, and

εH with flying wires in the RR for a typical mining case during beam transfer to the

Tevatron. The sudden increase in initial peak density represents the transition from

the un-mined state to the mined state (see Fig. 4.20a, b). Then, the beam is held in

the mined state for a minimum of 2 min with the electron cooling system turned on

to cool the beam further. The cooling continues until the last transfer is taken out of

the RR. A slow increase in the transverse emittance (see, e.g., Fig. 4.21a) is often

Fig. 4.21 Measured (a) antiproton beam intensity, εH measured using flying wires and relative

peak density during mining and transfers to the Tevatron, (b) mid-2007 to present transfer

efficiencies and the initial luminosities at the Tevatron. The top ten proton–antiproton stores in

the Tevatron by their peak luminosity are also shown (by diamonds)
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observed—as possible cause of this emittance growth is due to a small transverse

kick on the beam from the RR extraction kickers. However, the measurements on

the extracted beam showed that the εT (95 %) �1.0 eVs and εT (95 %)

�2.5 π-mm-mr for the 2.5 MHz bunch and the intensity is ~1/36 of the total

extracted beam within a fluctuation of about 2.5 %.

Measured RR to MI and RR to Tevatron beam transfer efficiencies as a function

of antiproton stack size for all the proton–antiproton stores since August 2007 are

shown in Fig. 4.21b. The average transfer efficiency between the RR and MI was

close to 100 % while the RR to Tevatron efficiency was about 83 % (with the

highest efficiency of about 96 % from an initial stack size around

1.0� 1012antiprotons). A major contribution to this antiproton loss in the MI

came from the bunch coalescing efficiency at 150 GeV. The initial proton–antipro-

ton luminosities thus obtained in the Tevatron are shown by triangles. Data clearly

show that during these years the Tevatron performance exceeded the Run II design

luminosity goal of 270�1030/cm2/s by about 50 %.
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Chapter 5

Collective Instabilities in the Tevatron

Collider Run II Accelerators

A. Burov, V. Lebedev, L. Prost, A. Shemyakin, V. Shiltsev, J. Steimel,

and C.Y. Tan

5.1 Phenomenology of Beam Instabilities in the Tevatron

Complex

High luminosity operation of the Tevatron during Collider Run II required high

beam intensities all over the accelerator complex, and as a result, five out of six rings

(except the Debuncher) had notable problems with beam stability. The instabilities

of almost every type were present there: single and multibunch, transverse and

longitudinal, due to electromagnetic interaction with vacuum chamber and due to

interaction with ions stored in the beam, instabilities happened in both proton and

antiproton beams. In many cases, various methods to suppress the instabilities have

been implemented, including various damping systems—see Table 5.1. The most

severe issues with serious impact on operations were related to transverse head-tail

instability in the Tevatron, transverse beam instability in the Booster, instabilities in

the Recycler antiproton beams, and longitudinal instabilities in the Tevatron.

5.1.1 Transverse Head-Tail Instability in the Tevatron

Transverse bunch weak head-tail instability was a serious limitation on the maxi-

mum bunch current in the Tevatron [1]. It manifested itself as a very fast (50–100

turns) development of vertical or horizontal oscillations and consequent beam loss

on the aperture—see Fig. 5.1—accompanied by simultaneous emittance blowup of

many bunches in the bunch train. For a long time, the only way to stabilize it was to
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operate Tevatron with high linear chromaticity in both planes Q
0
x;y > 10. High

chromaticity values led to short beam lifetime especially in the presence of opposite

beam (see Sect. 8.2).

Transverse bunch-by-bunch dampers (vertical and horizontal) were built and

commissioned in 2002–2003 [2] and allowed to keep the beam stable at lower

chromaticities at the injection energy of 150 GeV (see table below).

Originally 2002 Q0 ~ 10–16
V/H dampers installed 2003 Q0 ~ 5–8
Lambertsons liner 2004 Q0~ 3–5
V-damper fights H-damper Dec 2004 Q0 ~ 8–10
Octupoles commissioned Feb 2005 Q0 ~ 0–3

As seen from the above, other less operationally challenging methods were later

employed to secure the beam stability, namely, (a) 0.4 mm thin conductive CuBe

liners being installed inside Lambertson magnets that reduced the total Tevatron

transverse impedance from Z⊥� 5–2.4 MOhm/m to about 1 MOhm/m [1] and

(b) commissioning of new circuits of octupoles [3] which generated additional

tune spread in the beams and eventually allowed the reduction of chromaticity to a

few (0–3) units at 150 GeV and improved beam lifetime to better than 20 h. In

December 2004, it was observed that vertical and horizontal dampers “fought” each

other—so, one of them had to be turned off (and correspondingly, Q0 in that plane

had to be increased) in order to let the other one work. A lot of effort was put into

investigation of the phenomena—the leading hypothesis was that it is due to local

coupling—but there was no satisfactory resolution. So, as soon as the new octupole

circuits were operational, the dampers were disabled.

5.1.2 Coherent Synchro-betatron Resonance in the Booster

Booster is a fast cycling proton synchrotron operating at 15 Hz. To exclude the

eddy currents excited in the vacuum chamber by fast changing magnetic field,

Table 5.1 Instabilities and cures in the Tevatron Run II accelerators

Instability nature Dampers

Longitudinal Transverse Longitudinal Transverse

Booster Multibunch,

cavities

Laminated wall,

space charge

Narrow band –

Main injector Multibunch Multibunch Bunch by bunch Bunch by bunch

Accumulator Stochastic cooling Due to stores ions – Wideband

Recycler – Head-tail, resistive

wall

– Wideband

Tevatron “Bunch dancing” Head-tail, resistive

wall

Bunch by bunch,

protons only

Bunch by bunch,

protons only
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its vacuum chamber is formed by poles of laminated combined function dipoles.

That addresses the problems related to the eddy currents but greatly contributes

to the transverse and longitudinal impedances. In particular, the transverse imped-

ances achieve values of about 100 MΩ/m (see details in Sect. 5.2) adversely

affecting beam stability. In operation, the instabilities are suppressed by large

chromaticities, Q
0
x;y ~ 10–16. That results in deterioration of the dynamic aperture

and the beam lifetime. Our attempts to stabilize the instability with transverse

feedback system carried out before and in the course of Tevatron Run II were

unsuccessful.

The first detailed studies of beam stability were carried out in 2005 and were

mostly devoted to the beam stability at the injection energy [4]. They exhibited that

at reduced chromaticity the head-tail motion develops extremely fast with growth

time of about 12 turns at nominal Booster intensity and about 14 turns at the half of

nominal intensity. For both cases the fractional part of head-tail betatron frequency

was close to zero.

Figure 5.2 presents parameters of bunches for the first 150 turns after injection

starts at the nominal beam intensity. The process looks as following. First, an

injection orbit bump is created just before the injection. Then, the linac beam is

injected over several turns (1–11). When the injection is finished the orbit bump is

switched off (it takes 10–20 turns) and RF voltage is adiabatically increased causing

the beam to be bunched at turn 70 with RF voltage continuing to grow. The first sign

of the instability appears at turn 80 causing the beam intensity drop after turn 100.

The results of the measurements [4] demonstrated that the instability develops only

after bunches are formed, and that its growth rate is weakly dependent on the beam

intensity. Later analysis [5] showed that the observed behavior corresponds to the

coherent synchro-betatron resonance which develops when the synchro-betatron

tune is close to an integer: Qx,y+ 3Qs� 7. Note the synchrotron tune at injection is

quite high Qs� 0.07 and the resonance happens even if working tunes are quite

Fig. 5.1 Oscilloscope traces of the longitudinal density profiles of (a) the initial (Np¼ 2.6� 1011)

and (b) remaining (Np¼ 2.6� 1011) 150 GeV proton bunches before and after vertical l¼ 2 weak

head-tail instability [1]
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far from the integer resonance. Large value of incoherent betatron tune shift due

to space charge tune (δQSC��0.35) pushes the bare tunes being above 6.85

making impossible to avoid the resonance in the course of adiabatic bunching.

The variation of the growth time from 18 to 12 turns for intensity variation in the

range [1–5] . 1012 protons per beam is related to the interference between the

synchro-betatron coherent resonance and the head-tail multi-bunch instability

related to the large transverse impedance. In the absence of the synchro-betatron

resonance, the instability growth time in vicinity of injection energy and small

chromaticity is about 100 turns.

5.1.3 Transverse Instability in High-Brightness Antiproton
Beam in Recycler

The Recycler ring (RR) is the last (third) ring in a chain of antiproton cooling and

stacking stages. Transverse instabilities in RR have been theoretically studied

during its design but were deemed a marginal issue for the maximum number of

antiprotons that were expected to be stored at any time (<250� 1010). With strong

electron cooling and up to 5� 1012 stored antiprotons, much brighter beams than

initially anticipated are generated. As a result, emittances of the cooled beam are

limited by a transverse resistive wall instability. (An ion-capture-driven instability

was identified very early in the Recycler operation and was eliminated with clearing

Fig. 5.2 Changes of beam parameters during first 150 turns after injection in the Booster; red line
AC beam intensity, blue line rms bunch length, vertical (brown line) and horizontal (green line)
rms transverse dipole moments. Dotted lines present exponential fits to the rms dipole moments

inside a bunch. All signals are averaged over all 84 bunches; total proton intensity is 4.5 · 1012 [4]
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electrodes and the fact that the stored beam was bunched.) A damper system was

installed in 2005 with an initial bandwidth of 30 MHz and eventually upgraded to

70 MHz. Nevertheless, several instabilities were observed during normal operation

and prompted studies to better understand their nature and characteristics, as well as

to limit their occurrences [6].

A typical instability is characterized by three phenomena: a large and sharp

increase of the damper kickers’ amplitudes (in particular, the vertical damper

kicker), a fast increase of the emittances (mostly vertical) as measured by the

Schottky detectors, and a relatively slow beam loss. The instability lasts for

5–15 s, and accordingly, the beam loss is slow. The antiproton emittances measured

by the flying wires are almost unaffected by the instability, thus, indicating that this

is mostly the tail particles that suffer from the instability and are being lost to the

aperture. That observation is also consistent with the general picture of the Landau

damping [7]. Without the dampers (or with malfunctioning dampers), most of the

beam loss and the emittance blowup happen in <0.1 s (see Fig. 5.3). There is very

little motion in the head of a ~6 μs bunch and maximum oscillations occur in the

trailing half of the bunch (at some ~2/3 of the bunch length).

To support high luminosity operation of the collider complex, the highest

possible effective phase density D95 of antiprotons is required. It is defined as

D95 ¼ Na

4εL6εT
, ð5:1Þ

where Na is the total number of antiprotons in the Recycler (in the units of 1010), εL
is the rms longitudinal emittance (in eV · s), and εT is the rms normalized transverse

emittance (in μm). The numerical factors are chosen to simplify calculations for

widely used “95 % emittance” values for the Gaussian distributions. Without

Fig. 5.3 Growth of the betatron oscillations in high-brightness antiproton beam in Recycler

without dampers [8]
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feedback systems, the operationally achievable factor was limited to D95< 1.0,

while it did reach as high as 2.6 with 30 MHz bandwidth damper and up to

D95� 4.4 after commissioning of the 70 MHz bandwidth damper system [6].

5.1.4 Longitudinal Instabilities in the Tevatron

The phenomenon of “dancing bunches” in Tevatron refers to notable longitudinal

single bunch and coupled bunch instabilities in the proton beam [9, 10]. At the

Tevatron injection energy of 150 GeV, large (up to 1 rad) RF beam phase oscilla-

tions in high intensity beams can persist for many minutes (see Fig. 5.4, [9]).

The biggest concern for operations was that the “dancing bunches” result in slow

bunched beam intensity loss and increase of the “DC beam” intensity (uncaptured

particles out of sync with the RF system) which is lost at the start of acceleration.

Another manifestation was the regular occurrence of large longitudinal bunch

oscillations at 980 GeV energy accompanied by significant longitudinal emittance

increase, reduction of luminosity, beam losses, and accumulation of particles in the

abort gaps—all of which are very dangerous for operations (see Fig. 5.5). To

counteract that, a longitudinal bunch-by-bunch damper was designed, built,

installed, and commissioned in the Tevatron in 2002 [11]. Since then, the damper

is in operation for every store all the times except the energy ramp. It effectively

suppresses both the “dancing bunches” and the single and coupled bunch instabil-

ities. It was found that to be effective, the damper gain should vary slowly during

the store in a fashion which tracks proton bunch intensity and bunch length

gain ~N/σz. Unfortunately, from time to time, the instability still occurred. The

cause of these outbreaks of the instability has not been fully understood. At the later

years of the Collider Run II, similar phenomena started to appear in high intensity

antiproton beam as well, corresponding damper system has been installed but has

not been commissioned due to lack of time.

Fig. 5.4 (a) “Waterfall” plot of three “dancing” uncoalesced bunches of 150 GeV protons some

19 ns apart; (b) tomography of the longitudinal phase space of a high intensity proton bunch in the

Tevatron [9]
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5.2 Impedances of Laminated Vacuum Chambers

Below, the longitudinal and transverse impedances are derived for round and flat

laminated vacuum chambers, and results applied to the Fermilab Booster.

First publications on impedance of laminated vacuum chambers are related to the

early 1970s: those are of S.C. Snowdon [12] and of A.G. Ruggiero [13]; 15 years

later, a revision paper of R. Gluckstern appeared [14]. All the publications were

presented as Fermilab preprints, and that is of no surprise as the Fermilab Booster has

its laminated magnets open to the beam. Being in a reasonable mutual agreement,

these publications were all devoted to the longitudinal impedance of round vacuum

chambers. The transverse impedance and the flat geometry case were addressed in

more recent paper of K.Y. Ng [15]. The latest computer calculations of A. Macridin

et al. [16] revealed some disagreement with [15] that stimulated further theoretical

investigation presented below, which ended up with results in agreement with [16].

Some general conditions are assumed here. First, the frequencies under interest,

ω, are supposed to be sufficiently low [17, 18]:

ω << γβc=a
ω << 4πσ=ε

ð5:2Þ

where a is the aperture radius, γ and β are the relativistic factors, c is the speed of

light, and σ and ε are the chamber conductivity and dielectric constant. The first

condition actually requires the wavelength of the fields to be much longer than the

aperture, as they are seen in the beam frame. Note that the specified wavelength

parameter γβc/(aω) is relevant to the wake forces, not to the electric and magnetic

Fig. 5.5 Increase in the rms length of individual proton bunched during the occurrence of

longitudinal instability over the course of the HEP store #8445 (from 7:45 am to 7:50 am on

January 25, 2011). Before the blowup, the rms bunch length of all the bunches was 2.04� 0.03 ns
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fields taken separately. For the separate field components, the relativistic factor

does not count; but it does count for the wakes (see, e.g., [19], Eq. (2.41)).

The above condition seems to be satisfied for all practically interesting cases. It

allows one to neglect the longitudinal magnetic field, and consequently, the trans-

verse components of the vector potential vanish. The second condition means that

the beam electric moments are shielded infinitesimally fast at the chamber surface.

While this condition is well satisfied for metals, it may be violated for ferrites

[20]. The last case is irrelevant to this chapter, since the laminations are metallic

(iron). We also imply that the laminations are thin: h,d<< a and that the skin depth,
δ, is much smaller than the lamination thickness, d.

5.2.1 Flat Chamber: Longitudinal Impedance

Let the beam current be modulated at a frequency ω:

I r; tð Þ ¼ I0δ r⊥ð Þexp �iω t� z=vð Þð Þ: ð5:3Þ

Due to the horizontal homogeneity, the problem can be solved by the Fourier

transform over this coordinate

F xð Þ ¼
ð1

�1
Fkexp ikxxð Þ dkx

2π
: ð5:4Þ

Since only the Fourier components are used below, the subscript k can be safely

omitted. For long wavelength, the vector potential reduces to its longitudinal

component only. In the free space, it satisfies the transverse Laplace equation and

can be presented as

A ¼ I0Z0

2kx
exp �kxyð Þ � G

cosh kxyð Þ
cosh kxað Þ exp �kxað Þ

� �

; kx > 0, 0 < y < a, ð5:5Þ

where Z0¼ 4π/c¼ 377Ω, a is the half gap (see Fig. 5.6), G¼G(kx) is the function
to be determined from the boundary conditions, and the vector potential is an even

function of kx and y. The first term inside the square brackets describes a direct field

of the beam, while the second one is the response due to the induced currents. From

here, a ratio of the magnetic fields follows:

Hy

Hx

�
�
�
�
y¼a�0

¼ i
1� G

1þ G tanh kxað Þ : ð5:6Þ
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Using the boundary conditions at the metal surface, one can easily prove that the

vector potential inside a thin crack satisfies the Helmholtz equation:

Δ⊥A
crack ¼ �k2Acrack, ð5:7Þ

where

k2 � ω2ε

c2
1þ 2μ

κh

� �

� ω2ε

c2
þ g2; κ � 1� isgnω

δ

� 1� isgnωð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2π
�
�ω
�
�σμ

q

c
: ð5:8Þ

Note that Eq. (5.7) is only justified if gh/2<< 1. In that case the fields inside the

crack can be treated as independent from the z-coordinate (coordinate normal to its

surface). Otherwise one need to take into account that the fields in the crack are

dependent on z as cosh(gz) or sinh(gz), resulting in a more complicated form for

Eq. (5.7). In most practical cases, the thin crack approximation is valid. Taking into

account that the crack is shorted at y¼ b, the fields can be written inside the crack as

Acrack ¼ A0 sin
�
ky b� yð Þ	; ky ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � k2x

q
;

H crack
x ¼ �kyA0 cos

�
ky b� yð Þ	;

H crack
y ¼ �ikxA0 sin

�
ky b� yð Þ	:

ð5:9Þ

Fig. 5.6 Geometry of the

laminated vacuum chamber
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A vertical magnetic flux through the metal surface is

ð
Bydz

�
�
�
�
metal

¼ �2ikxμA0 sin ky b� yð Þ� 	
=κ, ð5:10Þ

where the factor of 2 comes out due to the two sides of the lamina. Adding the flux

through the crack itself, one obtains the average magnetic field, which is

By � 1

d þ h

ð
Bydz

�
�
�
�
crack

þ
ð
Bydz

�
�
�
�
metal

� �

¼ �ikxA0 1þ 2μ

κh

� �
h

d þ h
sin ky b� yð Þ� 	

, ð5:11Þ

yielding

By

H crack
x

�
�
�
�
y¼aþ0

¼ ikx
ky

h

d þ h
1þ 2μ

κh

� �

tan ky b� að Þ� 	 � iRB: ð5:12Þ

The condition y¼ a + 0 means staying vertically at y¼ a +Δy so that H,δ<<
Δy<< 1/k. Similarly, y¼ a� 0 means y¼ a�Δy. Since both the average magnetic

field, Eq. (5.10), and the horizontal field at the crack region are preserved at

crossing the magnet border y¼ a, their ratio is preserved as well:

By

H crack
x

�
�
�
�
y¼aþ0

¼ Hy

Hx

�
�
�
�
y¼a�0

: ð5:13Þ

Thus, Eqs. (5.11) and (5.5) lead to the induced field amplitude

G ¼ 1� RB

1þ RBtanh kxað Þ : ð5:14Þ

At this point, only an average electric field has to be found. To do that, the

Maxwell equation

�∂Ez

∂x
þ ∂Ex

∂z
¼ i

ω

c
By ð5:15Þ

can be averaged over a period, yielding

Ez

�
�
y¼aþ0

¼ � ω

ckx
By

�
�
y¼aþ0

: ð5:16Þ
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Average electric fields above and below the boundary (with a thickness of Δy)
are related as

Ez

�
�
y¼aþ0

� Ez

�
�
y¼a�0

¼ i
ωμ

κc
Hxjy¼a�0: ð5:17Þ

Using Eq. (5.14), the horizontal field is found:

Hxjy¼a�0 ¼
∂A
∂y

¼ � Z0I0
2cosh kxað Þ

1

1þ RBtanh kxað Þ : ð5:18Þ

Finally Eqs. (5.18), (5.16), and (5.11) yield the following result:

Zjj ¼ � 1

I0

ð1

0

Ez

�
�
y¼0

dkx
π

¼ �i
ω

c

Z0

2π

ð1

0

dkx
kx

RB þ μkx=κ

cosh2 kxað Þ 1þ RB tanh kxað Þð Þ, ð5:19Þ

for the longitudinal impedance per unit length. Here we used that

Ez

�
�
y¼0

¼
Ez

�
�
y¼a�0

cosh kxað Þ : ð5:20Þ

5.2.2 Flat Chamber: Transverse Impedances

For the horizontal beam oscillations, the vector potential is an even function of the

vertical coordinate and odd one of the horizontal; according to [17]:

A ¼ �i
D0Z0

2
exp �kxyð Þ �G

cosh kxyð Þ
cosh kxað Þ exp �kxað Þ

� �

; kx > 0, 0 < y < a, ð5:21Þ

with D0 as the amplitude of the beam dipole moment oscillations. Note that this

field differs from the longitudinal case, Eq. (5.4), only by the amplitude; thus, all the

field ratios remain the same. In particular, Eq. (5.14) is valid for this case as well.

Using Eqs. (10, 11) of [17], the horizontal impedance follows:

Zx ¼ Z σ
x þ Z1

x

¼ �i
Z0β

2π

ð1

0

RB þ μkx=κð Þkxdkx
cosh2 kxað Þ 1þ RB tanh kxað Þð Þ � i

Z0

2πa2βγ2
π2

24
: ð5:22Þ

The vertical impedance can be found from the horizontal by a substitution

cosh(kxa)$ sinh(kxa) in the finite conductance term Zσ
x and taking twice higher

infinite conductivity term [17]

5 Collective Instabilities in the Tevatron Collider Run II Accelerators 163



Zy ¼ Z σ
y þ Z1

y

¼ �i
Z0β

2π

ð1

0

RB þ μkx=κð Þkxdkx
sinh2 kxað Þ 1þ RB coth kxað Þð Þ � i

Z0

2πa2βγ2
π2

12
: ð5:23Þ

Note that the second terms in the integrand numerator in Eqs. (5.19), (5.22), and

(5.23) (μkx/κ) yield the conventional resistive wall impedances when the crack

width approaches zero.

5.2.3 Round Chamber: Longitudinal Impedance

For a round vacuum chamber of radius a and arbitrary walls, the axially symmetric

fields in the free space are related so that (Eq. (2.3) in [19])

Hφ ¼ 2I0
rc

� i
ωr

2c
Ez, r < a: ð5:24Þ

From here, the longitudinal impedance Z|| can be related to the so-called surface

impedance R:

Zjj ¼ �Ez

I0
¼ Z0

2πa

R

1� iωaR= 2cð Þ ; R � �Ez=Hφ

�
�
r¼a�0

: ð5:25Þ

The Maxwell equation∇�E¼ iωB/c, applied to the azimuthal direction, relates

inner and outer average longitudinal electric fields (compare with Eq. (5.17)):

Ez

�
�
r¼aþ0

� Ez

�
�
r¼a�0

¼ �iωμHφ= κcð Þ: ð5:26Þ

This can also be written as

R ¼ Rþ � i
ωμ

κc
; Rþ � �Ez

�
�
r¼aþ0

Hφ
ð5:27Þ

Inside the crack, the longitudinal electric field satisfies the Helmholtz equation

(compare with Eq. (5.6)):

Δ⊥E
crack
z ¼ �k2E crack

z ;

H crack
φ ¼ i

ωε

k

∂E crack
z

∂ krð Þ : ð5:28Þ
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From here, the field components are expressed in terms of the Hankel functions:

E crack
z ¼ E0 H

1ð Þ
0 krð ÞH 2ð Þ

0 kbð Þ � H
2ð Þ
0 krð ÞH 1ð Þ

0 kbð Þ
h i

;

H crack
φ ¼ �i

ωε

ck
E0 H

1ð Þ
1 krð ÞH 2ð Þ

0 kbð Þ � H
2ð Þ
1 krð ÞH 1ð Þ

0 kbð Þ
h i

:
ð5:29Þ

A factor cosh(gz) is omitted according to the assumption gh/2<< 1. Since there

is no longitudinal electric field in the metal, only the crack electric field contributes

to its average:

Ez

�
�
r¼aþ0

¼ E crack
z

h

d þ h
: ð5:30Þ

Together with Eq. (5.29), this yields

Rþ � � Ez

H crack
φ

�
�
�
�
�
r¼aþ0

¼ �i
ckh

ωε d þ hð Þ
H

1ð Þ
0 kað ÞH 2ð Þ

0 kbð Þ � H
2ð Þ
0 kað ÞH 1ð Þ

0 kbð Þ
H

1ð Þ
1 kað ÞH 2ð Þ

0 kbð Þ � H
2ð Þ
1 kað ÞH 1ð Þ

0 kbð Þ
: ð5:31Þ

With Eq. (5.27), the impedance in Eq. (5.25) follows:

Zjj ¼ Z0

2πa

Rþ � iωμ= κcð Þ
1� i ωaRþ

2c � ω2aμ
2κc2

, ð5:32Þ

where the second term in the numerator is responsible for the conventional resistive

wall impedance when the cracks disappear.

5.2.4 Round Chamber: Transverse Impedances

For the transverse dipole oscillations, the vector potential in the free space can be

written as

A ¼ 2D0

ca

a

r
� G

r

a


 �
cosφ � A0

a

r
� G

r

a


 �
cosφ, ð5:33Þ

where D0 is the amplitude of the dipole moment oscillations. In terms of the

induced field amplitude G, the transverse impedance is expressed as [18]

Z⊥ ¼ Z σ
⊥ þ Z1

⊥ ¼ �i
Z0β 1� Gð Þ

2πa2
� i

Z0

2πa2βγ2
: ð5:34Þ
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At the inner border, r¼ a� 0, the longitudinal electric and azimuthal magnetic

fields follow as

Ez ¼ iωA=c ¼ iωA0 1� Gð Þ cosφ=c;
Hφ ¼ �∂A=∂r ¼ A0 1þ Gð Þ cosφ=a: ð5:35Þ

This relates the surface impedance R¼�Ez/Hφ|r¼ a� 0 and the induced field

amplitude G

R ¼ �i
ωa

c

1� G

1þ G
, 1� G ¼ 2R

R� iωa=c
: ð5:36Þ

Note that although the fields Ez,Hφ, etc. and their ratios R,R+ are denoted by the

same symbols for the longitudinal and the transverse cases, they are not the same

and should not be confused. Inside the crack, the field components Ecrack
z ,Hcrack

φ

satisfy Eq. (5.28), leading for the dipole mode to

E crack
z ¼ E0 H

1ð Þ
1 krð ÞH 2ð Þ

1 kbð Þ � H
2ð Þ
1 krð ÞH 1ð Þ

1 kbð Þ
h i

cosφ;

H crack
φ ¼ i

ωε

ck
E0 H

1ð Þ
1

0
krð ÞH 2ð Þ

1 kbð Þ � H
2ð Þ
1

0
krð ÞH 1ð Þ

1 kbð Þ
h i

cosφ:
ð5:37Þ

For the calculations, it is useful to remember the derivatives of the Hankel

functions are expressed as

H
0
1 xð Þ ¼ H0 xð Þ � H2 xð Þ½ �=2: ð5:38Þ

Equation (5.37) yields the field ratio

Rþ � � Ez

H crack
φ

�
�
�
�
�
r¼aþ0

¼ i
ckh

ωε d þ hð Þ
H

1ð Þ
1 kað ÞH 2ð Þ

1 kbð Þ � H
2ð Þ
1 kað ÞH 1ð Þ

1 kbð Þ
H

1ð Þ
1

0
kað ÞH 2ð Þ

1 kbð Þ � H
2ð Þ
1

0
kað ÞH 1ð Þ

1 kbð Þ
: ð5:39Þ

With Eqs. (5.27) and (5.36), this formula yields the transverse impedance

Eq. (5.34)

Z⊥ ¼ Z σ
⊥ þ Z1

⊥ ¼ �i
Z0β

πa2
R

R� iωa=c
� i

Z0

2πa2βγ2
;

R ¼ Rþ � i
ωμ

κc
¼ i

ckh

ωε d þ hð Þ
H

1ð Þ
1 kað ÞH 2ð Þ

1 kbð Þ � H
2ð Þ
1 kað ÞH 1ð Þ

1 kbð Þ
H

1ð Þ
1

0
kað ÞH 2ð Þ

1 kbð Þ � H
2ð Þ
1

0
kað ÞH 1ð Þ

1 kbð Þ
� i

ωμ

κc
:

ð5:40Þ
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5.2.5 Impedances of the Booster Laminated Chamber

It would be good to discuss the impedances on a base of real parameters of the

Booster magnets. However, some of the important parameters are actually

unknown. While the inner and outer aperture a and b as well as the lamina thickness

d are perfectly known, we have a poor knowledge of the magnetic permeability μ at
the interesting frequency range of hundreds MHz. Moreover, the guiding magnetic

field makes that value not just a function of frequency but a tensor function.

Another uncertainty relates to the crack width h. Comparison of the average lamina

thickness with the entire length of the magnet gives only a magnet-average value

for h. There is no reason to assume that these values have a narrow distribution near

their average. Ideally, the calculated impedances have to be averaged over this

distribution—but it cannot be done even approximately without knowing the rms

spread of the crack widths. One more uncertainty relates to thickness of the iron

oxide at the lamina surfaces, which may change the crack properties. All these

uncertainties can be reduced with a set of dedicated measurements, and some of

them are reported in [21]. Longitudinal impedances for the Booster focusing

magnet (see its parameters in Table 5.2) calculated using Eq. (5.19), (5.32) are

shown in Fig. 5.7 and are in a good agreement with the measurements of [21].

Several features of Fig. 5.7 deserve to be noted:

1. The low limit of the frequency range is determined by the skin depth: at 10 kHz

δ� d/2.
2. At low frequencies, f� 50 MHz, a simplistic electrotechnical approximation

Zjj ¼ κ
πdσ ln b=að Þ ¼ Z conv

jj
2a
d ln b=að Þ / ω1=2 for the round geometry coincides

with the actual solution. In the case of flat aperture, the low-frequency

impedance scaling is different, Z||/ω3/4.

3. Note that impedance of the conventional solid vacuum chamber Z conv
jj ¼ κ

2πaσ

exceeds the careless limit |Z||/n|	 Z0/2 [19] by a factor of (μδ/a)ln(b/a). For
μ>> 1 this can be a big number. The reason is that the field energy located

inside the magnetic chamber grows unlimitedly with the magnetic permeability:
μH2

8π 2πaδ / ffiffiffi
μ

p
.

4. A limit for the low-frequency approximation is determined by the field decay

along the crack depth, Imk/ω3/4 (see Eq. (5.7)). At sufficiently high frequency,

when Im kb>> 1, this radial field decay limits the length of the shielding current

along the crack surface before it reaches the outer shortcut radius b. At f> 1 GHz,

Imka
 1, so the path length of the shielding current gets proportional to the field

decay length Imk, leading to Zjj � Zjjconv 2
dImk / ω�1=4:

5. For usual, not-laminated vacuum chambers, the longitudinal impedance of the

flat chamber is known to be equal to one of the round chamber [22, 23]. In other

words, the longitudinal Yokoya factor of the solid flat chamber or the ratio of

flat-to-round impedances is 1. As it is seen from Fig. 5.7, the Yokoya factor of

the flat laminated chamber is close to 1 at f
 10 MHz, while at lower frequen-

cies, it may be significantly smaller.
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The transverse impedances are presented in Fig. 5.8. There are several reasons

for the complicated behavior of the transverse impedances. First, the depth of field

penetration inside the crack changes at ka> 1. Above that frequency (~1 GHz), the

shielding current path length is determined by the decay along the crack, while

below that it is determined by the aperture a.
The second reason is change of the field structure at |Rc/(ωa)| ~ 1, equivalent to

μδ/d ~ 1 or f ~ 10 MHz. At low frequencies, when μδ/d> 1, the fields inside the free

space, r< a, are of the magnetic type: the magnetic field is almost orthogonal to the

magnet surface, |Hϕ/Hr|r¼ a� 0 ~ 1. In the opposite case, for μδ/d< 1, the fields are

close to those of the conducting wire: |Hϕ/Hr|r¼ a� 0>> 1. Interplay of these and

some geometrical factors leads to variety of possibilities for impedance behavior at

low frequencies seen in Fig. 5.8. Note, contrary to the longitudinal impedance, the

transverse one never exceeds its careless limit Z0β/(πa
2). That is why a popular

Panofsky-Wenzel estimation of the transverse impedance from the longitudinal is

Table 5.2 Accepted

parameters of the Booster

F-magnet

a Magnet half gap 2.08 cm

b Outer shortcut 16.5 cm

d Lamina thickness 0.064 cm

h Crack width 0.002 cm

σ Conductivity 4.5 · 1016 1/s

ε Dielectric permittivity 4.75

μ Magnetic permeability 50

1´104 1´105 1´106 1´107 1´108 1´109 1´10101´10 3-

0.01

0.1

1

10

|| [Ohm/cm]Z|| [Ohm/cm]Z

f [Hz]

Fig. 5.7 Longitudinal impedances for the round (solid lines) and flat (dash lines) geometries.

Red lines are for the real parts, and blue for the absolute value of the imaginary parts. The magenta

line shows the low-frequency approximation ReZ LF
jj ¼ 1

πdσδ ln b=að Þ ¼ ReZ conv
jj

2a
d ln b=að Þ with

Z conv
jj ¼ κ

2πaσ as longitudinal impedance of the conventional solid round vacuum chamber of the

same metal
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inapplicable here: its use at low frequencies may result in order(s) of magnitude

overestimation for the transverse impedance.

5.3 Transverse Instability of Antiprotons in the Recycler

In the course of typical store (of about 16 hours) up to 5� 1012 antiprotons are

accumulated and cooled in Recycler. The reduction of the cooled antiproton beam

emittances is limited by a transverse instability [24]. Since the antiprotons are, for

the most part, accumulated within long bunches, where synchrotron oscillations are

slow enough to be neglected, a coasting beam model [25] appears to be a reasonable

first approximation to the stability problem. However, it was realized—both theo-

retically and experimentally—that the stability thresholds [26] and the spatial

behavior of the unstable modes [19, 27] differ from the simplified expectations of

the coasting beam model.

5.3.1 Stability of Coasting Beam

A beam stability threshold is determined by an equality of the Landau damping rate

Λ and the impedance-driven growth rate: Λ¼Ω0ImΔQc. For the coasting beam with

space charge-dominated impedance, |ΔQc|<< |ΔQsc|, the growth rate can be easily

1´104 1´105 1´106 1´107 1´108 1´109 1´10100.01

0.1

1

10

100

Z0 b×

p a2×

4 5 6 7 8 9 100.01

0.1

1

10

100
2[Ohm/cm ]Zs

^

f [Hz]

Fig. 5.8 Transverse impedances (γ!1) for the round (solid lines) and flat geometry (dash lines
for the horizontal and dot lines for the vertical). Red lines are for the real parts, and blue for the
absolute value of the imaginary parts
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calculated, since the lattice tune spread can be neglected for that purpose (see, e.g.,

[19]; Eq. (5.88)). Following [25], the damping rate can be expressed as

Λ ¼ �πΩ0 ΔQsch i
ð
ΔQscf xJx δ ΔQl þ ΔQscð ÞdΓ ,

ΔQsch i � �
ð
f xJx dΓ
ΔQsc

� ��1

,

ð5:41Þ

where ΔQsc¼ΔQsc(Jx, Jy) is the space charge tune shift as a function of the two

transverse actions, fx¼∂f/∂Jx is a partial derivative of the normalized phase-space

density
R
fdJxdJydp�

R
fdΓ¼ 1 with p as the relative momentum offset, and

ΔQl¼ΔQl(Jx, Jy, p) is the lattice tune shift due to nonlinearity and chromaticity ξ.
For the Gaussian distribution and a round beam, the chromaticity-related threshold

is well approximated by [25]:

ΔQsc 0ð Þj j
σνp

¼ 1:7ln
ΔQsc 0ð Þj j
ImΔQc

� �

, ð5:42Þ

where

σνp ¼ jξ� nη� Qηjσp � ξnσp

is the effective chromatic rms tune spread for mode n with effective chromaticity

ξn, ΔQsc(0) is the space charge tune shift at the center of the beam, and σp is the rms

momentum spread.

Note that the Landau damping rate is determined by the integral over a surface

of the resonant particles, whose individual tune shifts ΔQsc +ΔQl are equal to

the coherent tune shift ReΔQc. For the space charge-dominated impedances,

|ΔQc|� |ΔQsc|, the coherent tune shift can be neglected in the argument of the

delta-function in Eq. (5.41). If the lattice tune spread is determined by the

chromaticity only, the resonant surface is represented as

ξn
Δp

p
þ ΔQsc ¼ ReΔQc � 0:

Therefore, the maximum momentum offset of the resonant particles Δpres_max is

equal to

Δpres max ¼
ΔQsc 0ð Þ

ξn
p

�
�
�
�

�
�
�
�: ð5:43Þ

For operational purposes, the instability threshold was expressed and measured

in terms of the effective phase-space density:
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D95% ¼ N E10½ �
ε ⊥ð Þn, 95% mm�mrad½ � � ε sð Þn, 95% eV� s½ � , ð5:44Þ

where N is the number of antiprotons, ε(⊥)n,95% is the normalized 95 % emittance,

and ε(s)n,95% is the longitudinal 95 % emittance for the barrier-bucket RF; the units

are shown in the square brackets—see also Eq. (5.1). For the Gaussian distribution,

the 95 % emittances are related to the rms emittances as ε(⊥)n,95%¼ 6ε(⊥)n,

ε(s)n,95%¼ 4ε(s)n. In terms of the density, Eq. (5.44), the instability threshold,

Eq. (5.43), can be expressed as

D95% ¼ 60F
γ20ξn

T0 s½ �E0 eV½ � , F � ln
ΔQsc 0ð Þj j
ImΔQc

� �

; ð5:45Þ

units for the revolution time T0 and the beam energy E0¼ γ0mpc
2 are shown in the

brackets. Since the effective chromaticity and the coherent tune shift depend on the

mode frequency, or the harmonic number n, so does the instability threshold. If

there are no external feedbacks, the threshold is determined by the mode which

gives the lowest density value, Eq. (5.45). For the resistive wall impedance, it is the

lowest betatron sideband of the slow waves. When a broadband damper is applied,

then for the resistive wall impedance, the beam is most unstable for a wave at the

frequency edge of the damper, ~70 MHz for the Recycler. For identical chroma-

ticities and damper bandwidths, the horizontal instability cannot be seen, since the

vertical resistive wall impedance is a factor of 2 higher than the horizontal, making

the vertical threshold slightly lower due to the logarithmic factor F. However, this
slight logarithmic difference can be outweighed by a small difference in the

effective chromaticities ξnx and ξny of Eq. (5.42) if the absolute value of the vertical
chromaticity sufficiently exceeds that of the horizontal. When the normal chroma-

ticities ξx,y are small and the effective chromaticities are dominated by the longi-

tudinal factor nη, polarization of the instability depends on an interplay of these two
weak factors and may spontaneously change due to a small uncontrolled variation

in the chromaticities.

The threshold expressions in Eqs. (5.42) and (5.45) should be used with some

caution. The coherent motion is stabilized by resonant particles, whose individual

lattice tune shift compensates their individual space charge tune shift, Eq. (5.41).

For the space charge-dominated impedance, these particles are in the far tails—

longitudinal and transverse—of the beam distribution. When electron cooling is

applied, there is no reason to assume the distribution to be Gaussian, so, strictly

speaking, Eqs. (5.42), (5.45) are not applicable. These far tails of the distribution

are not measurable, so the general formula in Eq. (5.41) cannot be used either. In

this situation, the threshold value of the phase density is found experimentally. It

may deviate from the value for a Gaussian distribution by up to a factor of 2 in both

directions. Additional reasons for the discrepancy between calculations and mea-

surements are discussed below.
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5.3.2 Bunching Effects

Even if the synchrotron tune is much smaller than the coherent tune shift, there are

at least three different ways for which the beam bunching may influence the

coherent oscillations.

First, for a bunch with a negligible synchrotron tune, the tail-to-head interaction

takes place due to a long-range wake field (left from previous revolutions). This

leads to a dependence of the coherent tune shift ΔQc on the bunching factor B¼ T0/
τ0
 1 [27, 28]. The Recycler’s wake field is believed to be dominated by the

resistive wall contribution; thus, the coherent tune shift slowly grows when the

bunch length decreases; for a single bunch in the ring ΔQc/B1/3 [28], close to a

two-particle model where ΔQc/B1/4 [27]. Note that this leads only to a slow

logarithmic growth of the stability threshold in Eq. (5.45), mostly due to ΔQsc/B.
For a barrier bucket with “infinite walls”, the above consideration is the only

correction to be applied to the coasting beam model. However, the RF voltage VRF

and the barrier width τb are limited, so a second effect from bunching takes place:

particles with sufficient momentum offset jpj 
 pdc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2VRFτb= jηjE0T0ð Þp

are

leaving the potential well and spend most of their time outside of the bucket (the

so-called DC beam). If the barriers are lower than Δpres_max in Eq. (5.43), some of

the particles responsible for Landau damping do not contribute anymore, and the

beam is less stable than it would be with a deeper potential well. Contrary to the first

effect of the bunching factor, this one leads to a decrease of the instability threshold

the more compressed the bunch is with the same barriers. Indeed, by compressing

the bunch, the momentum offset of the AC particles grows, and some resonant

particles spill outside the potential well and become DC.

A third factor, which would alter the coasting beammodel, is the possibility for the

potential well profile to depart from the one resulting from a barrier RF configuration.

Before extraction, the beam is kept inside cosine-like potential wells; hence the

barrier-bucket theory does not apply. Similar to head-tail modes with strong space

charge, where smooth walls of the potential well are better for Landau damping [29],

the beam stability threshold for this case can be expected to increase as well.

Finally, it should be mentioned that the presence of multiple bunches around the

Recycler also affects the way an instability develops. Indeed, other bunches play the

role of “relay stations” for the tail-head signal, thus increasing the coherent growth

rate Ω0ImΔQc and in turn logarithmically decreasing the instability threshold.

5.3.3 Longitudinal Bunch Tomography

The above arguments indicate that the density threshold in Eq. (5.45) should depend

on the shape of RF well. To study this dependence, a longitudinal tomography

diagnostic was developed and applied to the Recycler. The idea for that tomography

is based on the fact that for a given RF shape, a bunch longitudinal profile provides
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information about the phase-space density [30]. Thus, measured RF and bunch

profiles allow calculating the distribution function of the bunch. This is attained by

solving the following set of equations:

H ε; τð Þ ¼ ε2

2μ
þW

�
τ
	
;

W τð Þ ¼ � 1

T0

ðτ

0

VRF tð Þdt;

λ Wð Þ ¼
ð1

�1
f H ε; τð Þð Þdε ¼ ffiffiffiffiffi

2μ
p ðHmax

W

f Hð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H �W

p dH;

I Hð Þ ¼ 1

2π

þ
ε H; τð Þdτ:

ð5:46Þ

Here H(ε, τ) is the Hamiltonian as a function of its canonical variables ε (the energy
offset) and τ (the timing offset), VRF(t) is the RF voltage at time t, W(τ) is the

potential energy at position τ, p0¼ β0E0/c is the beam momentum, μ¼ p0c/|η| is
the effective mass, λ(W ) is the beam linear density as a function of the potential

W (taken from measurements), f(H ) is the phase-space density as a function of

the Hamiltonian to be found, I(H ) is the action variable, fI(I)¼ f(H(I )), and Hmax,

Imax are the maximal Hamiltonian and action inside the bucket; DC particles

are neglected. A solution of Eq. (5.46) can be presented in terms of the

integrated distribution or the fraction of particles inside a given action

G Ið Þ ¼
ðI

0

f I I
0


 �
dI

0
=

ðImax

0

f I I
0


 �
dI

0
. Then, its inverse function 2πI(G) gives the lon-

gitudinal emittance, or the phase space, as a function of the percentage of particles

contained inside that phase space. Tomography analyses for the Recycler are

described in some more details in [31].

5.3.4 Observations

Several cases of beam instabilities were observed in the Recycler without external

damping. In these cases, the measured instability threshold was in reasonable agree-

ment with Eq. (5.45) (see [32]) and corresponded to D95%¼ 0.5–0.8. The scatter in the

threshold values was due to the limited accuracy of the emittance measurements, the

uncertainty of the chromaticity value, and variations in the tail distribution. The other

features of the instability were also in line with theoretical predictions. The beam

became unstable at the lower betatron sideband primarily in the vertical direction. The

coherent oscillations grew for several dozens of turns until a partial beam loss occurred.
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To counteract the instability, two transverse dampers (vertical and horizontal)

were installed, initially with the bandwidth of 35 MHz [32]. Several studies

performed with the antiproton beam in the standard configuration (a “rectangular”

barrier bucket with standard barrier height of ~17 MeV/c) clearly showed, as

expected, a significant increase of the instability threshold as a result of the dampers

installation but again with a sizeable scatter in the threshold D95%. In fact, in one

occasion, without turning the dampers off, the instability could not be provoked at all

up to D95%¼ 3.1. Note that turning the dampers off resulted in a fast (<0.1 s) beam

loss. However, in two other studies, the beam went unstable at D95%¼ 3.0 and 2.6.

An important operational limitation was found to be the saturation of the dampers’

pickup preamplifiers. It was observed during beam preparation for extraction, when

the linear beam density increases by more than a factor of 2. Saturation was

effectively turning off the dampers, and the developing instability and accompanying

beam loss yielded “clipping” all bunches down to the same peak density.

With advances in the strength of electron cooling and increasing requirements to

the beam brightness in the Recycler, the dampers bandwidth became insufficient

and started to affect the regular operation of the collider. Therefore, the dampers

were upgraded in December 2007. The upgraded version, which has been in use

until the end of Run II, had an effective bandwidth of ~70 MHz, and the pre-

amplifiers’ saturation limit was increased [33]. For this bandwidth (n� 780) and

typical beam parameters (Q00 ¼�4, ε(a)(⊥)n,95%¼ 2 πmmmrad, B¼ 0.5), Eq. (5.45)

predicts the threshold phase density of D95%¼ 4.3. In measurements, the instability

threshold was increased to D95%¼ 4.3–6.9. These numbers show the scatter of

several studies carried out with the antiproton beam contained in a rectangular

bucket with the standard barrier height (17 MeV/c). In the regular operation, the

phase density was kept below 2.7 to guaranty beam stability. However, on a few

occasions, the instability still did develop during extraction. The extraction process

includes complicated manipulations in the longitudinal phase space, described in

detail in Chap. 4. Nevertheless, to illustrate better the extraction process, the three

main RF configurations and associated beam longitudinal profiles are shown again

in Fig. 5.9. First, the bunch is divided into nine nearly identical pieces by narrow

rectangular barriers (called for historical reasons “mined bunches”). Then antipro-

tons are moved, one mined bunch at a time, into the extraction region. Once there, a

mined bunch is adiabatically transformed into four 2.5 MHz smaller bunches,

which are then extracted into the matching main injector (MI) RF waveform.

With the dampers in the final configuration (2008–2011), the instability was

observed six times in the course of extraction. All of them were similar and had the

following main characteristics:

1. The beam loss occurs during the second half of the extraction process.

2. Only one mined bunch at a time goes unstable.

3. Typically, after the first instability, all remaining bunches become unstable as

well at later stages. In a couple of exceptions, the very last bunch (#9) remained

stable. In those cases, the bunch #9’s intensity was ~20 % lower than other bunch

intensities because of imperfections of the RF voltage.
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4. Each beam loss lasts 5–15 s.

5. Traces are recorded with the damper pickups (Fig. 5.10) during 32 ms after

detecting the instability. They show that the instability happens at the frequency

right outside of the damper bandwidth, ~70 MHz. Only a 100–200 ns portion of

0 2 4 6 8 10

m s

0 2 4 6 8 10

m s

0 2 4 6 8 10

ms

a

b

c

Fig. 5.9 RF voltage (blue line) and beam longitudinal profile (measured by the resistive wall

monitor, RWM, red line) waveforms recorded during an extraction to the Tevatron. (a) “Cold”

bucket, (b) nine mined buckets, and (c) mined buckets + 2.5 MHz structure on the bunch which is

in the extraction region after having already extracted four “mined” bunches. Vertical scales are
arbitrary. Note that in case (a), the beam longitudinal profile deviates from the rectangular

distribution expected for a beam stored within two RF barriers because of the RF imperfection
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the bunch oscillates. It is located either at the bunch tail or around the maximum

of its linear density. The length of the oscillating portion does not change within

the recorded 32 ms. During that time, the oscillations exhibit only a modest

growth, less than two times their amplitude. Also, no significant changes in the

bunch intensity are observed.

Note that the traces in Fig. 5.10 show that both the horizontal and vertical

directions went unstable although the largest emittance growth was seen in the

vertical direction. This particular case points to the possibility that the instability

threshold in the horizontal direction can become very close to (even exceed) the

vertical’s due to uncontrolled variations of their respective chromaticities. Fig-

ure 5.10 also shows almost no response from the dampers kickers because of the

frequency response limit discussed above.

The beam phase density was similar at different stages of the extraction process;

however, the instabilities occurred only for bunches in one of the RF configurations,

the so-called “the mined” bucket. This peculiarity was explained by the combina-

tion of the high linear density and low barrier height (8.5 MeV/c vs. standard

17 MeV/c) in this configuration. It leads to an effective exclusion from Landau

damping of antiprotons with high longitudinal, low transverse actions. This
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Fig. 5.10 Oscilloscope traces of the transverse damper pickup signals during instability: on the

left (a, b), one full revolution for turns #1 and #2872; on the right (c, d), focus on the bunch that

went unstable (Bunch #8). The vertical scale is arbitrary. The green trace is the sum signal and is

proportional to the linear density distribution. The red and blue traces are the difference (not

normalized) signals for two damper pickups (red: horizontal; blue vertical) and reflect the beam

transverse position. The black trace is the damper vertical kick amplitude. Top plots (a) and (c) are
at the early stage of the instability development; bottom plots (b) and (d) are at the end of the

recording period of 32 ms
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hypothesis was tested in a dedicated study, where the beam stability was compared

in different RF configurations. It was found that lowering the height of the barrier

potential by a factor of 2, mimicking what happens for the mined bunches,

decreased the threshold phase density D95% from 6.9 to 4.5.

As in all previous instances, the threshold value ofD95% was calculated using the

average 95 %, normalized transverse emittance, (ε(x)n,95% + ε( y)n,95%)/2, and the

longitudinal emittance. Both measurements are based on signals from the

1.7 GHz Schottky pickups, with the longitudinal emittance calculation done assum-

ing a rectangular bucket and a Gaussian momentum distribution.

The Schottky power is proportional to the square of the rms beam size times the

number of particles, i.e., PSchottky/ σ2�N. To calibrate the emittances measured

with the Schottky detector, a method that employs beam scrapers with a relatively

low intensity beam of antiprotons (~50� 1010) in an equilibrium state, i.e., constant

distributions, is carried out. First, 5 % of the beam is scraped off in one direction

and both the scraper position and the Schottky “emittance” are recorded. Then, the

remainder of the beam is scraped away to find the “extinction point” at which the

scraper position is also recorded. Assuming that the beta-functions at the scraper

and Schottky detectors are known, the scraper travel between the 95 % position and

the extinction point gives a measurement of the 95 % emittance at the scraper,

which is then computed for the location of the Schottky detector. A calibration

factor is thus obtained to convert the beam power of the betatron sidebands

measured by the Schottky detector into an emittance number. It should be noted

that, strictly speaking, this procedure assumes that the two transverse degrees of

freedom are completely uncoupled. An up to ~20 % correction (decrease, i.e., the

procedure described overestimate the emittance of the beam) needs to be applied

when the horizontal and vertical directions are fully coupled. In the Recycler, the

coupling is kept to a minimum but cannot be completely eliminated.

In this study, we also used alternate measurements of the transverse and longi-

tudinal emittances. The transverse emittance was measured with the horizontal

flying wire, which profile is fitted with a Gaussian function. Note that the flying

wire emittance was always lower than the Schottky’s by at least a factor of 1.2

(likely a calibration issue), and the ratio was increasing by up to a factor of 2 when

the beam was deeply cooled by the electron beam, indicating long non-Gaussian

tails.

The longitudinal emittance was calculated with the tomography procedure

applied to the longitudinal density profile, acquired with a resistive wall monitor

for a fixed measured RF voltage waveform. The tomography approach gave the

same qualitative results as the calculation obtained from the Schottky signal for not-

too-deeply cooled bunches contained between rectangular barriers. This alternate

procedure leads to an even larger stability threshold difference between the two RF

configurations described above: for the standard bucket, D95%¼ 10.9, while

D95%¼ 3.8 for the bucket with barrier height reduced by a factor of 2.

The beam stability was also studied for the beam in the 2.5 MHz RF structure,

which mimicked the final stage of the extraction but with significantly stronger

electron cooling. Out of four 2.5 MHz bunches, 3 (trailing) bunches went unstable,

5 Collective Instabilities in the Tevatron Collider Run II Accelerators 177



and their intensity dropped evenly. The oscilloscope traces showed large oscilla-

tions of the second bunch, but no oscillations on the others, even at the end of 32 ms

recording period. While this structure is clearly far from the coasting beam model

considered in Sect. 5.3.1, the threshold density calculated with the flying wire

emittance and tomography, D95%¼ 7.2 (average for the four bunches) was similar

to the number found for the long rectangular bunches.

5.3.5 Discussion of the Observations

The observations did not reveal contradictions with the model presented above. In

fact, all the quantitative and qualitative features predicted by the model are in

agreement with the observations within their accuracy. Without a damper, the

instability occurs at the lowest betatron sideband; with the damper, it happens

right outside of the damper bandwidth.

In the measurements with the dampers, the value predicted by Eq. (5.45) for the

threshold phase density falls into the scatter of experimental observations. Note that

in the case of the 70 MHz damper, the logarithm of Eq. (5.45) is large, ~10. The

range of the bunch length and transverse emittance variations in the instability

studies results in changes of the logarithm by less than 1.5. Correspondingly, the

instability threshold predicted by Eq. (5.45) changes also by less than 15 %, i.e., it is

almost a constant at a given chromaticity and damper parameters. The large scatter

of D95% observed in the experiments was attributed primarily to the variations of

the tail distribution. In addition, the threshold is clearly affected by the finite height

of the longitudinal barriers.

Several features such as a slow non-exponential growth of the oscillations and

seconds-long times beam losses were originally unexpected. However, a classical

exponential growth of an instability describes the behavior of a system sufficiently

above the threshold, while in all our experiments, the beam was slowly reaching the

threshold density as it was being cooled. Strictly speaking, the instability growth

rate at the exact threshold is zero. Then, in this case, it is determined not only by the

impedance but also by such factors as beam cooling, synchrotron motion, and all

sorts of diffusion for the resonant particles. That is why for that gradual approach of

the threshold, the emerging instability can be orders of magnitude slower than the

pure impedance-related growth.

5.3.6 Operational Implications

The studies confirmed that the beam configuration most prone to become unstable is

the mined bucket. To avoid instabilities caused by overcooling the antiprotons, the

electron beam current used in operation was limited to 100 mA, and the offset

between the beam centers in the cooling section, which is a manipulation used to
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reduce the cooling rate, was adjusted in order to stay far from an instability. In

addition, we eliminated the step during the preparation of the bunches for extraction

that originally separated the portion of antiprotons with the largest momentum

offsets (the so-called mining [34]). While no dedicated studies were performed,

operationally it allowed applying stronger electron cooling, which led to the highest

phase density of extracted beams at the end of Run II.

5.3.7 Note About the Main Injector

The beam extracted from the Recycler is transferred into an identical 2.5 MHz

structure in the main injector (MI). Because both machines have similar lattices—

hence the beam brightness does not change significantly during the transfer—and

transverse dampers were not used at this stage, one may have expected the devel-

opment of a transverse instability in MI as well. However, no instability-related

antiproton beam loss has ever been observed. The reason is that the MI chromaticity

was set to a large value, �18, while the measured chromaticity in the Recycler was

�2 (horizontal)/�4 (vertical). Operation of MI at a lower chromaticity, �12,

resulted in strong horizontal oscillations ([35]) but still not in a beam loss. Note

that in the main injector, the beam spends less than 3 s at the injection energy, and

the beam lifetime reduction due to high chromaticity is not an issue. Attempts to

operate with a similarly large chromaticity in the Recycler were unsuccessful

because of the deterioration of the beam lifetime, and in operation, the chromaticity

is set to a much smaller value than for MI.

5.3.8 Conclusions

The transverse instability of the antiproton beam in the Recycler was the final

limiting factor to the brightness of the extracted beams that could be achieved.

Nevertheless, the transverse dampers in conjunction with electron cooling permit-

ted to increase the beam brightness by an order of magnitude.

Qualitative features of the measured instances of the instability fit reasonably

well the model developed for a coasting beam. The onset of the instability is

determined by the threshold phase density, which value is in agreement with the

model within the scatter of experimental data and the precision to which this

theoretical threshold can be calculated. The scatter in the data is likely related to

variations in the distribution of the tails particles, which determine Landau

damping. In particular, lowering the potential depth of the barrier bucket effectively

excludes part of the longitudinal tails from damping and may decrease the threshold

density by a factor of 2.
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5.4 The Tevatron Wideband Longitudinal Coupled Bunch

Mode Dampers

When Run II began in its first year, the high current stored in the Tevatron caused

unforeseen problems in the beam dynamics. These needed to be fixed before higher

luminosities could be achieved. One of the problems that started to appear at the

beginning of 2002 was the rapid blowup of the longitudinal beam size during a store

(see Fig. 5.11). Although these blowups did not appear in every store, they seem to be

weakly correlated with beam current. There were conjectures that coupled bunch

mode instabilities that arose from coupling to the higher-order parasitic modes of the

RF cavities were the cause of the instabilities. As the frequency of these higher modes

moves as a function of temperature, the coupled bunchmodes can be stable or unstable

depending on where and how the higher-order parasitic modes line up. Table 5.3

shows 11 stores in the month of May where about 2/3 of the stores were unstable.

The first attempts at controlling this blowup with mode 0 dampers ended in

failure. This showed us that the instability may be a longitudinal head-tail or higher-

order coupled bunch mode. At the time, we did not have the instrumentation to

distinguish between the two types. After much discussion, it was decided that the

best course of action was to build a wideband longitudinal damper system which

would take care of the coupled bunch mode instabilities. At first glance, the idea of

Fig. 5.11 The beam blows up longitudinally (blue line, T:SBDMS, the rms bunch length average

for all bunches) at about 13:40 h during the store which started at about 13:00 h. We see that when

it blows up the phase signal of the bunch oscillates w.r.t. RF (T:LDM0IF). Plotted also are the

Tevatron average beam current T:IBEAM and the Tevatron magnet bus current T:IRING [11]
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using the RF cavity themselves as the source of longitudinal kicks on the beam

seems to be difficult. This is because each of the four proton RF cavities has a high-

quality factor Q (�104) near its resonance, and thus, its impedance falls off rapidly

away from it. Therefore, the amplitude and phase response is not flat at all

synchrotron sideband pairs, and the response of the dampers for the mode 1 coupled

bunch mode will be an order of magnitude greater than the higher-order coupled

bunch modes. It would be impossible to keep the feedback stable for mode 1 and

still have useful gain at the higher-order modes. The solution to this problem is to

build an equalizer that lifts up the impedance so that it looks constant away from the

resonance. Besides the equalizer, the damper also needs a notch filter that sup-

presses the revolution harmonics (otherwise these harmonics will limit the gain of

the loop) and differentiates in time the synchrotron sidebands. Lastly, we also have

to time in the system so that the error signal of bunch n is applied exactly one turn

later to kick bunch n.
The block diagram of the damper system [11] is shown in Fig. 5.12. The damper

system starts at the stripline pickups which sum the beam signals at the two plates to

produce a signal that is proportional to the longitudinal position of the beam. This

signal is then down converted with the Tevatron RF to produce a phase error

(or quadrature) signal w.r.t. it. The error signal is then processed with electronics

that perform the following:

(a) Equalize the impedance of the RF cavity

(b) Suppress the revolution harmonics and differentiate the synchrotron sidebands

around the revolution lines

(c) One turn delay so that when the dampers pick up the signal of bunch 1, it will

kick bunch 1 one turn later

Fig. 5.12 The block diagram of the longitudinal dampers [11]
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To accomplish (a), we have a high-pass filter (HPF) that equalizes the RF cavity

impedance, and for (b) and (c), we have digital notch filters that provide tracking

delay and a notch at every revolution harmonic.

The real part of the open-loop transfer measurement of the setup at 150 and

980 GeV is shown in Fig. 5.13. For damping, it is necessary that the real part of the

response at �fs be symmetric about the revolution harmonic and negative. A

sampling of the open-loop transfer functions of modes 1, 10, and 20 presented in

this figure shows that the dampers are phased correctly. Note that the edges of the

Fig. 5.13 These graphs show the real part of the open-loop response of modes 1, 10, and 20 at

150 and 980 GeV. We have superimposed all the three graphs on top of each other by shifting the

frequency of mode 10 by �10f0 and mode 20 by �20f0 [11]
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response are positive rather than negative. This limits the amount of gain that can be

set in the damper system.

To test whether the dampers indeed work, we can excite the beam at 980 GeV by

switching the sign of the gain. This is a good sign because we can actually excite the

Fig. 5.14 The beam spectra at 980 GeV; top - before the measurement the loop was closed, then

the beam was excited by anti-damping; bottom - the damping was turned on resulting in the

synchrotron lines of modes 1 and 20 being damped [11]
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beam which means that there is sufficient gain in the loop. When we switch the sign

of the gain back to damping, we find that the excitation can be damped. The results

of these actions are shown in Fig. 5.14. Although the dampers do perform their job,

we find that damping takes 2–3 min in these examples.

After installing the dampers, the problem of sudden beam size growth during a

store is rarely observed. To prove to ourselves that the dampers definitely stopped

the problem, we deliberately turned the dampers off for one store. In this store the

beam blew up longitudinally as before. This conclusively showed us that the

longitudinal dampers solved the problem. However, the underlying cause of the

blowup is still not understood. There are speculations that higher-order parasitic

modes in the RF cavity, phase noise from microphonics, etc. are the source of these

blowups. However, operationally, the dampers were a success.
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Chapter 6

Emittance Growth and Beam Loss

R. Carrigan, V. Lebedev, N. Mokhov, S. Nagaitsev, V. Shiltsev, G. Stancari,

D. Still, and A. Valishev

A wide range of diffusion and beam loss mechanisms were studied during the

Tevatron Run II commissioning and operations. Many of them were well known

[Coulomb scattering, residual gas and intrabeam scattering (IBS)] but required

substantial studies and deeper theoretical insights because of unique experimental

conditions and beam parameters.

6.1 Single and Multiple Scattering

Conventionally, multiple and single particle scattering in a storage ring are consid-

ered to be independent. Such an approach is simple and often yields sufficiently

accurate results. Nevertheless, there is a class of problems where such an approach

is not adequate and single and multiple scattering need to be considered together.

This can be achieved by solving an integro-differential equation for the particle

distribution function, which correctly treats particle Coulomb scattering as well as

the betatron motion. We start our consideration from the Fokker–Planck equation

describing the evolution of particle distribution due to multiple scattering, then we

consider multiple IBS, and finally we will move to a simultaneous treatment of

multiple and single Coulomb scattering, where we will consider two problems: the

beam scattering on the residual gas and an evolution of longitudinal particle

distribution in a hadron collider due to single and multiple IBS.
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6.1.1 Diffusion Equation in the Action-Phase Variables

Let f(x, θ, t) be a one-dimensional beam transverse phase-space distribution func-

tion at time t. In the presence of damping and diffusion the evolution of the function

f in a ring can be described by a Fokker–Planck equation:

∂f
∂t

þ v0θ
∂f
∂x

þ ∂
∂θ

κ x; tð Þxfð Þ ¼ ∂
∂θ

λ x; θ; tð Þθfð Þ þ 1

2

∂
∂θ

Dθ x; θ; tð Þ ∂f
∂θ

� �

: ð6:1Þ

Here the functions κ(x, t), λ(x, θ, t) and Dθ(x, θ, t) describe the focusing, damping,

and diffusion in the ring, and v0¼ βc is the average beam velocity. Making the

transition to the action-phase variables (I, ψ), assuming that the distribution func-

tion does not depend on the phase ψ , and performing averaging over the ring

circumference one obtains the general form of the Fokker–Planck equation for

nonlinear oscillator:

∂f
∂t

� ∂
∂I

λ Ið ÞIfð Þ ¼ ω 0ð Þ
2

∂
∂I

D Ið Þ
ω Ið Þ I

∂f
∂I

� �

: ð6:2Þ

Here λ(I) and D(I) are the damping rate and the diffusion averaged over the

betatron phase and the ring circumference, ω(I) is the betatron frequency, and the

action for small amplitude betatron oscillations is introduced as follows:

I ¼ 1

2
βxθ

2 þ 2αxxθ þ x2

βx
1þ ax

2
� �

� �

: ð6:3Þ

In the case of three-dimensional motion the general form of Eq. (6.2) is:

∂f
∂t

�
X3

k¼1

∂
∂Ik

λk Ið ÞIkfð Þ ¼ 1

2

X3

k¼1

ωk 0ð Þ ∂
∂Ik

Dk Ið Þ
ωk Ið Þ Ik

∂f
∂Ik

� �

, I

¼ Ix; Iy, ; Iz
� �

, k ¼ x, y, z: ð6:4Þ

Note that Eqs. (6.2) and (6.4) conserve the number of particles.

In the case of linear focusing and damping, and amplitude independent diffusion

the functions κ(x, t), λ(x, θ, t) and Dθ(x, θ, t) do not depend on x and θ; and they are

directly related to the functions of Eq. (6.1) averaged over circumference (revolu-

tion time): λ¼hλ(t)it, D¼hβx(t)Dθ(t)it. That yields the following form of Fokker–

Planck equation:

∂f
∂t

� λ
∂
∂I

Ifð Þ ¼ D

2

∂
∂I

I
∂f
∂I

� �

: ð6:5Þ
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Multiplying Eq. (6.5) by I and integrating we obtain

d

dt
I �

ð1

0

I
∂f
∂t

dI ¼
ð1

0

I
∂
∂I

λIfð Þ þ 1

2

∂
∂I

DI
∂f
∂I

� �� �

dI ¼ �λI þ D

2
: ð6:6Þ

The replacement of action by the betatron amplitude a ¼ ffiffiffiffiffi
2I

p
converts the right-

hand side of Eq. (6.5) being proportional to the two-dimensional laplacian of f:

D

2

d

dI
I
df

dI

� �

¼ D

4
Δaf � D

4

1

a

d

da
a
df

da

� �

: ð6:7Þ

As an example of Eq. (6.5) application we will find the beam lifetime

corresponding to the evolution of particle distribution at the stationary stage

when all details of initial distribution are smeared out by diffusion and damping.1

For unlimited aperture and nonzero damping rate the beam life time is infinite and

the equilibrium distribution function is:

f I; tð Þ ¼ Ce�I=I0 , ð6:8Þ

where I0¼D/2λ is the average beam action. Further we assume that the aperture

limitation is important for one dimension only. Then the boundary condition is:

f0(Ib)¼ 0, where Ib determines the ring acceptance. Looking for a solution in the

following form:

f I; tð Þ ¼ C e�t=τf 0 Ið Þ, ð6:9Þ

and substituting it into Eq. (6.5) one obtains

f 0
0 0 þ 1

I
þ 1

I0

� �

f 0
0 þ 1

I I0
1þ 1

λτ

� �

f 0 ¼ 0: ð6:10Þ

where τ is the beam intensity lifetime and C is a constant. The substitutions ξ¼� I/I0
and a¼ 1+ 1/(λτ) reduce this equation to the equation of the confluent

hypergeometric function 1F1(a, b, ξ) with b¼ 1. Thus the solution (for α, λ> 0) is:

f 0 Ið Þ ¼ 1F 1þ 1

λτ
, 1, � I

I0

� �

: ð6:11Þ

1 This case describes well the beam lifetime in an electron synchrotron when the horizontal beam

emittance is set by equilibrium between synchrotron radiation (SR) damping and diffusion due to

SR. The vertical emittance is much smaller and therefore the beam loss due to diffusion in vertical

plane is negligible. It makes the problem being single dimensional.
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where τ is determined by the requirement that the first root is located at ξ¼� Ib/I0,
i.e., 1F1(1 + 1/(λτ), 1,� Ib/I0)¼ 0. In the practically interesting case of sufficiently

large aperture the numerical solution yields approximate equation for beam

lifetime:

τ � 0:612

λ
exp 0:812

Ib
I0

� �

, ð6:12Þ

which has an accuracy better than 2 % for 2:2 <
ffiffiffiffiffiffiffiffiffiffi
Ib=I0

p
< 8. In the absence of

damping the solution is:

f I; tð Þ ¼ C e�t=τJ0 μ0

ffiffiffiffi
I

Ib

r� �

, τ ¼ 8Ib
Dμ02

, μ0 ¼ 2:405 . . . , ð6:13Þ

where J0(x) is the Bessel function of zero order and μ0 is its first root.
In conclusion we will find the beam lifetime in the absence of cooling for the

case of equal aperture limitations and equal diffusions for both the horizontal and

vertical planes. We assume a round vacuum chamber, equal beta-functions and

sufficiently small momentum spread so that its contribution to the beam sizes could

be neglected. Then Eq. (6.4) can be rewritten in the following form:

∂f
∂t

¼ D

2

∂
∂Ix

Ix
∂f
∂Ix

� �

þ ∂
∂Iy

Iy
∂f
∂Iy

� �� �

, ð6:14Þ

with the boundary condition f 0 Ix; Iy
� �		

IxþIy¼Ib
¼ 0. Making transition to amplitudes,

ax ¼
ffiffiffiffiffiffi
2Ix

p
, ay ¼

ffiffiffiffiffiffi
2Iy

p� �
and using Eq. (6.7) we can rewrite Eq. (6.14) as

follows:

∂f
∂t

¼ D

4
Δ4 f , ð6:15Þ

where Δ4 denotes the laplacian in the four-dimensional phase space. An axial

symmetric solution can be presented as a function of single variable—the radius

in the four-dimensional space a ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ax2 þ ay2

p
. That yields:

∂f 0
∂t

¼ D

4

1

a3
d

da
a3

df 0
da

� �

: ð6:16Þ

Looking for solution in the following form f(a, t)¼C e� t/τf0(a)/a with boundary

condition f 0
ffiffiffiffiffiffiffi
2Ib

p� � ¼ 0 one obtains:

f I; tð Þ ¼ C
e�t=τ

ffiffiffiffiffiffiffiffi
I=Ib

p J1 μ10

ffiffiffiffi
I

Ib

r� �

, τ ¼ 8Ib
Dμ102

, μ10 ¼ 3:832 . . . , ð6:17Þ
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where function J1(x) is the Bessel function of the first order, and μ10 is its first root.
Comparing Eqs. (6.13) and (6.17) one can see that the beam lifetime in the case of

two-dimensional aperture limitation with round vacuum chamber is �2.54 times

shorter than in the case of single dimensional aperture limitation.

6.1.2 Multiple IBS

IBS of charged particles in beams results in an exchange of energy between various

degrees of freedom resulting in an increase of average energy of particles in the beam

frame and an increase of the total beam emittance in 6D phase space. The total

Coulomb cross section of a two-particle scattering in vacuum diverges; however, it

has a finite value for collisions in plasma (or beam) due to field screening by other

particles [1] or finite beamdimensions. Usually two scattering regimes are considered:

(1) single scattering, when a rare single collision produces a large change of particle

momentum (the Touschek effect), and (2) multiple scattering, whenmultiple frequent

collisions cause diffusion. The first phenomenon is usually responsible for the creation

of distribution tails and the beam loss in electron machines, while the second one for

changes in the distribution core. Such separation is useful in many applications. It

usually represents a good approximation for electron synchrotrons where the RF

bucket length is much larger than the bunch length. However there are cases when it

fails to deliver an accurate result. In particular it cannot be used to compute the beam

lifetime in Tevatron where particles fill the entire RF bucket.

The IBS in accelerators is already a rather well-understood subject. The first

decisive published work appears to be that of Piwinski [2], followed by Bjorken and

Mtingwa [3]. These two earlier works were both carried out from first principles of

two-body Coulomb collisions and largely ignored multiple scattering prior works

on Coulomb scattering in plasma [4, 5] and astrophysics [6]. In what follows we

re-derive the results of [3] using the Landau kinetic equation [4]. The new theoret-

ical results include: (1) closed-form IBS rate expressions using symmetric elliptic

integrals, (2) new IBS expressions for beams with coupled betatron motion and the

vertical dispersion, and (3) a theoretical approach that combines the small and large

angle Coulomb scattering. These new results are then compared with experimental

measurements in several Fermilab machines.

Multiple Scattering in Single Component Plasma

Consider spatially homogeneous non-relativistic one-component plasma. The evo-

lution of the velocity distribution function, f(vx, vy, vz), in such plasma is described

by the Landau kinetic equation [4]:

df

dt
¼ �2πnr20c

4Lc
∂
∂vi

ð
f
∂f

0

∂v0
j

� f
0 ∂f
∂vj

 !

ωijd
3v

0
, ð6:18Þ
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where

ωij ¼
v� v

0� �2
δij � vi � v

0
i

� �
vj � v

0
j


 �

v� v
0j j3 , ð6:19Þ

ð
f vð Þd3v ¼ 1, ð6:20Þ

r0 is the particle classical radius, n is the plasma density, c is the speed of light,

Lc¼ ln(ρmax/ρmin) is the Coulomb logarithm,

ρmin ¼ r0c
2=v2 ,

ρmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2=4πnr0c2

q
,

v2 ¼ σ2vx þ σ2vy þ σ2vz, ð6:21Þ

and σvi �
ffiffiffiffiffiffi
vi2

q
, i ¼ x; y; zð Þ are the rms velocity spreads. Equation (6.18) is obtained

in the logarithmic approximation and is justified when ln(ρmax/ρmin)� 1, where the

plasma perturbation theory can be used. The Landau kinetic equation (6.18) is a

nonlinear second-order integro-differential equation on the unknown function f,
which is assumed to be nonnegative and integrable together with its moments up to

order 2. The general time-dependent solution of this equation is not known. However,

one can verify by inspection that the stationary solution of Eq. (6.18) is any Maxwel-

lian velocity distribution function. It can be also easily checked that the following

quantities are conserved:

ð
f d3v,

ð
fvd3v, and

1

2

ð
f vj j2d3v, ð6:22Þ

corresponding respectively to the spatial density, momentum, and kinetic energy of

plasma. The symmetric form of Eq. (6.18) can be easily rewritten in a Fokker–

Planck form:

df

dt
¼ � ∂

∂vi
Fifð Þ þ 1

2

∂
∂vi

Dij
∂f
∂vj

� �

, ð6:23Þ

where

Fi vð Þ ¼ �4πnr20c
4Lc

ð
f v

0

 � ui

uj j3d
3v

0
,

Dij ¼ 4πnr20c
4Lc

ð
f v

0

 � u2δij � uiuj

uj j3 d3v
0
,

u ¼ v� v
0
,

ð6:24Þ

thus demonstrating that the Landau kinetic equation includes both the dynamic

friction and the diffusion.
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Let us assume a general Gaussian velocity distribution. By appropriate rotation

of coordinate frame it can be reduced to the three-temperature distribution function

f ¼ 1

2πð Þ3=2σvxσvyσvz
exp � 1

2

v2x
σ2vx

þ v2y
σ2vy

þ v2z
σ2vz

 ! !

: ð6:25Þ

Then let us calculate the growth rate for the second moments of the distribution

function

Σij ¼
ð
f vivjd

3v: ð6:26Þ

First, it is clear from symmetry of Eq. (6.25) that only the diagonal elements of Σ
are nonzero, Σ¼ diag(σ2vx, σ

2
vy, σ

2
vz). Second, using Eq. (6.18) we can find the rate of

change of these second order moments due to Coulomb scattering in plasma

d

dt
Σij ¼

ð
∂f
∂t

vivjd
3v: ð6:27Þ

The result describes the rate of energy exchange between degrees of freedom in

plasma:

dΣ
dt

¼ 2πð Þ3=2nr02c4Lcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2vx þ σ2vy þ σ2vz

q
Ψ σvx; σvy; σvz
� �

0 0

0 Ψ σvy; σvz; σvx
� �

0

0 0 Ψ σvz; σvx; σvy
� �

0

@

1

A:

ð6:28Þ

The function Ψ (x, y, z) can be expressed [7] through the symmetric elliptic

integral of the second kind, RD(x, y, z), so that:

Ψ x; y; zð Þ ¼
ffiffiffi
2

p
r

3π
y2RD z2; x2; y2

� �þz2RD x2; y2; z2
� �� 2x2RD y2; z2; x2

� ���
, ð6:29Þ

RD u; v;wð Þ ¼ 3

2

ð1

0

dt
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ uð Þ tþ vð Þ tþ wð Þ3

q ð6:30Þ

where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2

p
; x, y, z � 0. An algorithm for fast numerical evaluation

of RD(u, v,w) is discussed in [7]. The function Ψ (x, y, z) is chosen such that it

depends on the ratios of its variables but not on r. It is symmetric with respect

to the variables y and z, and is normalized such that Ψ (0, 1, 1)¼ 1. The energy

conservation yields: Ψ 1; 0; 1ð Þ ¼ Ψ 1; 1; 0ð Þ ¼ � 1
2

and Ψ (x, y, z) +Ψ (y, z, x) +

Ψ (z, x, y)¼ 0. And in a thermal equilibrium, Ψ (1, 1, 1)¼ 0. In a case of two equal
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temperatures, the temperature relaxation rate given by (6.28) is identical to that

given in [8] and can be expressed in terms of elementary functions:

Ψ x; y; yð Þ ¼
ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ 2y2

p

πy2
F x2; y2
� �

y2 þ 2x2
� � 2x

� �
, ð6:31Þ

where

F u; vð Þ ¼

1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v� uð Þ3

q vacos

ffiffiffi
u

v

s
0

@

1

A� ffiffiffi
u

p ffiffiffiffiffiffiffiffiffiffiffi
v� u

p
0

@

1

A, u < v,

2

3
ffiffiffi
v

p , u ¼ v,

� 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u� vð Þ3

q vacosh

ffiffiffi
u

v

s
0

@

1

A� ffiffiffi
u

p ffiffiffiffiffiffiffiffiffiffiffi
u� v

p
0

@

1

A, u > v:

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

ð6:32Þ

Figure 6.1 shows the function Ψ (x, 1, 1) for x from 0 to 10. If one of the

temperatures is zero, a very useful approximation (with a ~0.5 % accuracy) was

obtained in [9]:

Ψ 0; x; yð Þ � 1þ
ffiffiffi
2

p

π
ln

x2 þ y2

2xy

� �

� 0:055
x2 � y2

x2 þ y2

� �2

: ð6:33Þ

Note that Eq. (6.28) is not self-consistent; i.e., it implies that the distribution

function remains Gaussian; however, the diffusion and the friction due to multiple

scattering does not allow for the beam distribution to remain Gaussian during the

process of temperature exchange until it reaches the thermal equilibrium and the

distribution becomes Maxwellian. Additionally, the single large-angle scattering

(not considered in this section) creates non-Gaussian tails. However deviations

from the Gaussian distribution are comparatively small and Eq. (6.28) represents a

good approximation in most practical cases. In particular, it describes well the

temperature relaxation in the course of electron beam transport on the case of

non-magnetized electron cooling.

0 2 4 6 8 102-

1-

0

1

Ψ (x,1,1)  

x

Fig. 6.1 The function

Ψ (x, 1, 1) for two equal

temperatures
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Multiple Scattering (IBS) in Accelerators

Although the beam focusing and dispersion effects in accelerators significantly

complicate computation of IBS, they do not change the essence of the process.

However, the time-dependent nature of transverse focusing results in a continuous

growth of the 6-D beam emittance [2, 3]. In difference to plasma where the energy

is conserved the binary collisions do not conserve energy in the beam frame

resulting in unlimited emittance growth supported by energy transfer from the

longitudinal beam motion (with nearly infinite reservoir of energy) to the internal

particle motion in the beam frame (BF). The calculations of the IBS rates in

accelerators will proceed in the following manner. First, one can verify that for

the typical parameters at the Tevatron complex, the beam velocity spread in the BF

is far from being relativistic2 and the particle collision time, ρmax/v, is much smaller

than the period of betatron oscillations in the BF. This implies that the results of the

previous section can be used in each location and then averaged over the entire

length of the accelerator to obtain the overall IBS rates. Second, we will make an

assumption that at each location of the accelerator the distribution function, f(v, r, t),
in the BF, is Gaussian in the 6D phase space. Third, we will calculate the growth

rates in the BF using Eq. (6.28). And finally, we will convert these rates into the

laboratory frame (LF) emittance growth rates.

Generalizing the Landau kinetic equation [see Eq. (6.23)] for a spatially

non-homogeneous distribution function in the BF one obtains:

df

dt
¼ �2πNr20c

4Lc
∂
∂vi

ð
f
∂f

0

∂v
0
j

� f
0 ∂f
∂vj

 !

ωijd
3v

0
d3r

0
δ r

! � r
!0� �

, ð6:34Þ

where N is the number of particles per bunch, the distribution function is normal-

ized to 1

ð
f v; r; tð Þd3vd3r ¼ 1, ð6:35Þ

and we assume that in the absence of collisions the beam is in the equilibrium state,

i.e., ∂f/∂t¼ 0. The same as above we choose the initial distribution being Gaussian:

f v; rð Þ ¼
ffiffiffiffiffiffi
Ξj jp

8π3
exp �XTΞX
� �

, ð6:36Þ

where XT¼ (x, vx, y, vy, z, vz), and Ξ is a symmetric positively defined 6� 6 matrix

determined by ring Twiss parameters and mode emittances of the beam

2Actually this condition is satisfied for all circular accelerators build to this time with exception of

LEP presenting a weakly relativistic case.
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(see Chap. 2). By definition its determinant is the squared product of inversed mode

emittances, |Ξ|� det(|Ξ|)¼ 1/(ε1ε2ε3)
2.

Let us define the second moments of the distribution function (6.36) in the BF:

Σij ¼
ð
f v; rð Þvivjd3vd3r,

Kij ¼
ð
f v; rð Þrivjd3vd3r,

Λij ¼
ð
f v; rð Þrirjd3vd3r:

ð6:37Þ

Similar to Eq. (6.27) let us find the rate of change of these moments by using the

Landau kinetic equation (6.34) for the distribution function (6.36). Simple integra-

tion immediately yields3

dK

dt
¼ dΛ

dt
¼ 0: ð6:38Þ

To calculate the rate for elements of matrix Σ we will introduce the rotation

matrix T, reducing Σ to its diagonal form

TTΣT ¼
σ21 0 0

0 σ22 0

0 0 σ23

0

@

1

A, ð6:39Þ

and the matrix function ΨIBS(T
TΣT) such that

ΨIBS TTΣT
� � ¼

Ψ σ1; σ2; σ3ð Þ 0 0

0 Ψ σ2; σ3; σ1ð Þ 0

0 0 Ψ σ3; σ1; σ2ð Þ

0

@

1

A, ð6:40Þ

with Ψ (x, y, z) given by Eq. (6.29).

Similar to Eq. (6.28) one can now calculate the rate for matrix Σ due to the IBS

in the beam frame in the absence of betatron and synchrotron oscillations:

dΣ
dt

¼ Nr0
2c4Lc

4
ffiffiffi
2

p
a1a2a3

ffiffiffiffiffiffiffiffiffiffiffiffi
Tr Σð Þp TΨIBS TTΣT

� �
TT, ð6:41Þ

where a1a2 and a3 are the rms sizes of 3D bunch ellipsoid (principle rms beam

dimensions). We will now convert this rate to the laboratory frame and calculate the

3Note that at this point we consider only variations of f related to the scattering. Effects of betatron
motion will be accounted at the next stage of calculations.
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emittance growth rates. For accelerators with linear optics, the bunch distribution

(6.36) is defined in the LF as:

F r; θð Þ ¼ 1

2πð Þ3ε1ε2ε3
exp � I1

ε1
� I2
ε2

� I3
ε3

� �

, ð6:42Þ

where r and θ are the LF canonical coordinates and momenta, Ik are the particle’s
action variables, and εk are the mode emittances of the beam. The mode emittances

are defined such that:

εk ¼
ð
IkF r; θð Þd3θd3r: ð6:43Þ

For a given particle the action variables are bi-linear forms of coordinates and

momenta:

Ik ¼ Bk
ijθiθj þ Ck

ijθirj þ Qk
ijrirj, ð6:44Þ

where B, C, and Q are real 3� 3 matrices, defined by the accelerator lattice at each

location, and summation on the repeated subscripts is implied. It is obvious that

(6.36) implies,

�ln Fð Þ ¼
X

k

Ik
εk

¼ 1

2
Θijθiθj þ 1

2
Hijθirj þ 1

2
Mijrirj, ð6:45Þ

where Θ, Η, and M are real 3� 3 matrices, uniquely defined by the lattice at each

accelerator location and related to BF matrices (6.37). We can now calculate the

emittance growth rates as

dεk
dt

¼
ð
Ik
dF

dt
d3θd3r

� �

s

, ð6:46Þ

where his implies averaging over the accelerator circumference. Using (6.40) and

(6.41) we obtain

dεk
dt

¼ Nr20c
2

4
ffiffiffi
2

p
β2γ4

Lc
X3

i, j¼1

Bk
ijRij

a1a2a3
ffiffiffiffiffiffiffiffiffiffiffiffi
Tr Σð Þp

* +

s

, ð6:47Þ

where β and γ are the usual relativistic Lorentz factors of the bunch in the lab frame,

ai are the principle rms bunch sizes in the laboratory frame, and the 3� 3 matrix

R is given by the following expression:

R ¼ G�1
� �T

TΨIBS TTΣT
� �

TTG�1: ð6:48Þ
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The BF matrix Σ is related to the LF matrix Θ as follows:

Σ ¼ βγcð Þ2GTΘ�1G, ð6:49Þ

whereG¼ diag(1, 1, 1/γ). Equation (6.47) is the most general IBS emittance growth

rate for an arbitrary Gaussian 6D distribution function in a linear accelerator lattice.

Let us now discuss several specific cases. As a first example consider an

accelerator lattice with uncoupled x� y betatron motion. However we will account

that both dispersions can be nonzero. Then,

Θ ¼
βx=εx 0 �βxΦx=εx
0 βy=εy �βyΦy=εy

�βxΦx=εx �βyΦy=εy Θ33

0

@

1

A, ð6:50Þ

where Θ33 ¼ σp�2 þ Ax

εx
þ Ay

εy
, Φx ¼ D

0
x þ αxDx

βx
, Φy ¼ D

0
y þ αyDy

βy
,

Ax ¼ 1
βx

Dx
2 þ βxΦxð Þ2


 �
, Ay ¼ 1

βy
Dy

2 þ βyΦy

� �2
 �
; FD ¼ 1þ Dx

2σp2

εxβx
þ Dy

2σp2

εyβy
;

βx, βy, αx, and αy, are the beta-functions and their negative half derivatives; Dx,

Dy, D
0
x, and D

0
y are the dispersions and their derivatives; εx, εy and εz¼ σzσp are the

non-normalized transverse and longitudinal rms beam emittances; σz is the rms

bunch length and σp is the relative rms momentum spread. In this case the Eq. (6.47)

becomes:

dεk
dt

¼ Nr0
2c2

4
ffiffiffi
2

p
σzβ

2γ4
ffiffiffiffiffiffiffiffi
εxεy

p
Lc
X3

i, j¼1

B k
ijRij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βxβyFDTr Σð Þ

q

* +

s

, ð6:51Þ

with

Bx ¼
βx 0 �Φxβx
0 0 0

�Φxβx 0 Ax

0

B
@

1

C
A,By ¼

0 0 0

0 βy �Φyβy
0 �Φyβy Ay

0

B
@

1

C
A,

Bz ¼
0 0 0

0 0 0

0 0 βz

0

B
@

1

C
A,

ð6:52Þ

where βz¼ σz/σp. The Coulomb logarithm is computed similar to the plasma case

with the following correction affecting the value of maximum impact parameter in

Eq. (6.21):

ρmax ¼ min σmin, γ σz,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tr Σð Þ
4πnr0c2

s !

, ð6:53Þ
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where 2σmin
2 ¼ σx2 þ σy2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σx2 � σy2
� �2 þ 4Dx

2Dy
2σp4

q
, σx

2¼ εxβx +Dx
2σp

2,

and σy
2¼ εyβy +Dy

2σp
2. If one of the dispersions is equal to zero, then

σmin¼min(σx, σy).
The above equations can be used for a coasting beam with following substitu-

tions: σz ! L= 2
ffiffiffi
π

pð Þ, Bz¼ diag(0, 0, 2) implying that dε3=dt ! dσp2=dt. Note that
the factor of 2 in matrix Bz reflects the absence of the synchrotron motion, taken

into account in Eq. (6.51).

In many practical applications the longitudinal temperature in the BF is

much smaller than the transverse one (θ||/γ� θ⊥) and the vertical dispersion

can be neglected. The Eq. (6.51) (bunched beam) then can be reduced to the

following:

d

dt

εx
εy
σp2

0

@

1

A ¼ Nr0
2c

4
ffiffiffi
2

p
β3γ3σz

Lc
σxσyθ⊥

Ψ x θx; θy
� �

Ψ y θx; θy
� �

Ψ 0; θx; θy
� �

0

@

1

A

* +

s

, ð6:54Þ

where Ψ y(θy, θx)¼Ψ (θy, θx, 0)βy/γ
2, Ψ x(θx, θy)¼Ψ (0, θx, θy)Ax +Ψ (θx, θy, 0)βx/γ

2,

θ⊥ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
θx

2 þ θy
2

q
, θx

2¼ εx/βx(1 + σp
2(Φxβx)

2/σx
2), θy

2¼ εy/βy. For an ultra-

relativistic machine, γ�Qx, the terms with βx,y/γ
2 are small and can be neglected.

Similar to the suppression of IBS in an electron beam by magnetic field the

multiple IBS is suppressed if σp becomes so small that the collision time becomes

comparable to the betatron frequency [10]. Such conditions can be achieved in the

case of deep beam cooling.

6.1.3 Single and Multiple Scattering at the Residual Gas

It was already mentioned in the previous section that the Coulomb scattering

creates non-Gaussian tails. In this section we will consider how Coulomb scattering

can be treated so that both single and multiple scattering are correctly accounted.

The diffusion coefficient for particle scattering in the medium is well known. For

scattering in a ring it can be expressed in the following form:

D ¼ 4πcβ
r0

γβ2

� �2X

i

Zi Zi þ 1ð ÞLi
c

þ
ni sð Þβx sð Þ ds

L
, ð6:55Þ

where the summing is performed over partial densities of residual gas, Zi is their
charges, and the integration over ring circumference averages the gas density, ni(s),
weighted by the horizontal beta-function, βx(s). For simplicity of equation we are

considering an evolution of particle distribution in the horizontal plane. The same

expressions are applicable to the vertical plane. For the high energy scattering

(β> αFSZi, αFS� 1/137) the Coulomb logarithm is:
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Li
c ¼ ln

θ i
max

θ i
min

� �

, θ i
min � αFSZi

1=3 mec

p
, θ i

max � min
274

Ai
1=3

mec

p
, θb

� �

, ð6:56Þ

where p is the particles momentum and the minimum and maximum angles are

determined by the field screening due to atomic electrons and by the diffraction on

nuclei.

The solutions of Eq. (6.5) with diffusion of Eq. (6.55) are commonly used to

describe the emittance growth in particle accelerators due to various random

diffusion processes, including multiple elastic Coulomb scattering. This equa-

tion describes the core of the beam distribution well, but completely fails to

describe its tails in the case of Coulomb scattering. Far-away tails can be

sufficiently well estimated using a single scattering approximation, but in

many applications a prediction of tails behavior in the vicinity of the core is

required. It is possible to computer-model the distribution function by Monte

Carlo methods. However, we found it beneficial to advance the analytical

treatment of the Coulomb scattering process to a point, where, for a given

residual gas pressure, the distribution function can be obtained by solving an

integro-differential equation, proposed below. In what follows we consider

Coulomb scattering on the residual gas, but the theory can be easily adapted to

other Coulomb scattering phenomena.

To simplify formulas we omit the summation over different gas species below.

Neglecting the nuclear form-factor, one can write the differential elastic small angle

cross section in the following form [11]:

dσ

dΩ
� 4Z Z þ 1ð Þ r0

γβ2

� �2
1

θ2x þ θ2y þ θ2min


 �2 , ð6:57Þ

After integrating this over θy one obtains the one-dimensional cross section

dσ

dθx
� 2πZ Z þ 1ð Þ r0

γβ2

� �2
1

θ2x þ θ2min

� �3=2 ð6:58Þ

and the total cross section

σtot � 4πZ2

θ2min

r0

γβ2

� �2

: ð6:59Þ

For a combined treatment of both the small- and large-angle elastic scattering

let us write the right-hand side of Eq. (6.5) in a general form of the collision

integral [3]:
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∂f
∂t

� λ
∂ Ifð Þ
∂I

¼
ð1

�1

dσ

dθx

	
	
	
	
	
	

θ�θ
0ð Þ
� σtotδ θ � θ

0

 �

0

B
@

1

C
Anvo f δ x� x

0
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dθ
0
dx

0
* +

ψ , s

¼
ð1

�1
2πZ Z þ 1ð Þ r0

γβ2

0

@

1

A

2

1

θx � θx
0� �þ θ2min

� �3=2 � σtot; δ θ � θ
0


 �
0

B
@

1

C
A

*

nvof δ x� x
0
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dθ

0
dx

0
�

ψ , s

, ð6:60Þ

where δ(. . .) is the Dirac delta-function, and averaging is performed over the

betatron phase, ψ , and machine circumference. Expressing particle angles and

coordinates through the action-phase variables, (I, ψ), one obtains

∂f
∂t

� λ
∂
∂I

Ifð Þ ¼
ðIb

0

W I; I
0


 �
f I

0
; t


 �
dI

0
, I < Ib, ð6:61Þ

where Ib is the ring acceptance, and we introduced a scattering kernel, W(I, I ’),

W I; I
0


 �
¼ nvo

ð1

�1

dσ

dθx

	
	
	
	

θ�θ
0ð Þ
� σtotδ θ � θ

0

 �

 !

δ x� x
0


 �
dφ

0 dφ

2π

* +

s

: ð6:62Þ

Neglecting θmin in the cross section (6.58), denoting

B ¼ 4πv0
rp

γ0β
2
0

 !2

Z Z þ 1ð Þ
þ
n sð Þβ sð Þ ds

L
, ð6:63Þ

and temporally omitting the term with σtotδ(θ� θ0) one obtains

W I; I
0


 �
¼ B

16π

ð2π

0

dφ

ð2π

0

dφ
0 δ

ffiffi
I

p
cosφ�

ffiffiffi
I
0p
cosφ

0

 �

ffiffi
I

p
sinφ�

ffiffiffi
I
0p
sinφ0

	
	
	

	
	
	
3

: ð6:64Þ

A lengthy integration yields4

4Method of the integration can be found below in the computation of similar integral for intra-

beam scattering [see details further down Eq. (6.80)]. Note also that the Kernel (6.66) can be used

without δ-function [like in Eq. (6.65)] in alternative form of integro-differential equation:

∂f=∂t� λ∂ Ifð Þ=∂I ¼
ðIb

0

W I; I
0


 �
f I

0
; t


 �
� f I; tð Þ


 �
dI

0
.
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W I; I
0


 �
¼ B

4

I þ I
0

I � I
0	

	
	
	3

: ð6:65Þ

Neglecting θmin in our transition from Eq. (6.60) to Eq. (6.64) causes divergence

of the integral (6.65) at I� I0, when the scattering angle is small. Instead of

performing the exact integration using Eq. (6.58) (which is already an approxima-

tion), one can eliminate this divergence by modifying the kernel of Eq. (6.65)

similar to the method used to limit the divergence in Eq. (6.57). Combining

Eqs. (6.60) and (6.65) one obtains the kernel:

W I; I
0


 �
¼ B

4

I þ I
0 þ Imin=2

I � I
0� �2 þ I þ I

0� �
Imin þ I2min=4


 �3=2 �
2

Imin

δ I � I
0


 �
0

B
@

1

C
A,

ð6:66Þ

where to find the coefficient in front of δ-function we used the law of particle

conservation which requires that

ð1

0

W I; I
0


 �
dI

0 ¼ 0: ð6:67Þ

The divergence in Eq. (6.65) was eliminated artificially by adding terms

containing Imin in a manner similar to θmin in Eq. (6.57). Thus, although the new

kernel (6.66) is not exact, it, however, has the correct asymptotic. It is symmetric

with respect to I and I ’ as it can be seen from its definition (6.64). At small

scattering angles it has the accuracy similar to Eq. (6.5) but it correctly accounts

for single and multiple scatterings. Note that the form of the kernel, W(I, I ’),
assumes that the range of beam particle angles is smaller than the maximum

scattering angle θmax, which is well justified in most practical cases. Otherwise

θmax has to be explicitly taken into account in Eq. (6.57).

The accelerator aperture is always finite. Therefore, the upper limit in the

integral of Eq. (6.65) should be replaced with the boundary action value, Ib. This
also yields the boundary condition for the distribution function, f(Ib, t)¼ 0.

It is now quite trivial to obtain a Fokker–Planck equation from Eq. (6.61) by

expanding the function f in series at I ’¼ I, f I
0
; t

� � � f I; tð Þ þ f
0
I; tð Þ I

0 � I
� �

þ 1
2
f
00
I; tð Þ I

0 � I
� �2

, and integrating to Ib ¼ βθ2max, where β is the average ring

beta-function. The integration yields:

∂f
∂t

� λ
∂
∂I

Ifð Þ � B

4
ln

Imax

Imin

� �
∂
∂I

I
∂f
∂I

� �

: ð6:68Þ

Recalling that ln(Imax/Imin)¼ 2Lc we arrive to Eq. (6.5) with diffusion of

Eq. (6.55).
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Normally the difference between the maximum and minimum impact parame-

ters is many orders of magnitude. It makes it impossible to solve Eq. (6.61) directly.

However considered above diffusion model allows one to create an effective

numerical algorithm which solves for the distribution function evolution under

single and multiple scattering. For a numerical solution we split the total range of

the action variable, [0, Ib], into N equal size cells,ΔI¼ Ib/N. Then, Eq. (6.61) can be
rewritten as

δf n ¼
δt

ΔI
λ
f nþ1Inþ1 � f n�1In�1

2
þ
XN�1

m¼0

eW n;mð Þf m
 !

, In ¼ nΔI: ð6:69Þ

Taking into account that the cell size is much larger than the minimum action,

Imin, we can write the probability of a particle exchange for two distant cells

eW n;mð Þ ¼ B

4

nþ m

n� mj j3 , n 6¼ m, m	 1: ð6:70Þ

To find the probability of the particle exchange for nearby cells we use diffusion

equation. It yields:

eW n, n	 1ð Þ ¼ BLc
2

n	 1

2

� �

: ð6:71Þ

The probability eW n; nð Þ is determined by the particle conservation so that

X1

m¼0

eW n;mð Þ ¼ 0 : ð6:72Þ

The index m in this sum is running to infinity. It takes into account that a particle

can be scattered outside of the accelerator aperture. Consequently, the particle

number is not conserved in a finite aperture of a ring.

6.1.4 Single and Multiple Scattering for Longitudinal Degree
of Freedom in Hadron Colliders

The single IBS scattering becomes important when there is a large difference

between rms velocities of different degrees of freedom in the BF. In this case a

single scattering can result in a momentum transfer significantly exceeding the rms

value of the coldest degree of freedom thus creating non-Gaussian tails and particle

loss. In ultra-relativistic colliders and storage rings the longitudinal momentum

spread in the beam frame, Δp0
jj ¼Δp||/γ, is much smaller than the transverse one.
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In this case a single scattering with large momentum transfer can result in that both

particles scatter out of longitudinal machine acceptance. For the case when the

longitudinal temperature is much smaller than the transverse one it is called the

Touschek effect. It was first investigated in electron storage rings for a flat beam

and non-relativistic energies in the BF [12, 13]. The radiation damping in electron

synchrotrons typically results in the rms momentum spread being much smaller

than the RF bucket height. That allows one to consider single and multiple scatter-

ing separately resulting in a simple treatment of the single IBS developed in

[13]. However this approximation is usually not valid in hadron colliders where

initially the beam is usually well inside of the RF bucket and the beam loss is

dominated by single scattering; but shortly later, the multiple scattering results in

the beam distribution reaching the RF bucket boundary leading to domination of

multiple scattering in the particle loss.

As it was already pointed out the considered above model of IBS assumes that the

beam stays Gaussian in the course of its distribution evolution and the focusing is

linear. These conditions are satisfied sufficiently well for transverse degrees of free-

dom. However such approximation is quite coarse for the longitudinal degree of

freedom if the bunch length is comparable to the RF bucket length. In further consid-

eration we assume that the longitudinal momentum spread in the BF is much smaller

than the transverse one (σp/γ� θ⊥); that the transverse distributions are Gaussian and
do not depend on the longitudinal action; and we also take into account that the

longitudinal motion is nonlinear and is described by dimensionless Hamiltonian:

H ¼ p̂ 2

2
þ U ϕð Þ �������!

Single

harmonic RF p̂ 2

2
þ 2Ωs

2 sin
ϕ

2

� �2

, ð6:73Þ

where Ωs is the small amplitude synchrotron frequency.

In the case when multiple scattering is only accounted the evolution of longitu-

dinal distribution and the particle loss from the RF bucket can be described by

Eq. (6.2) with λ¼ 0:

∂f
∂t

¼ 1

2

∂
∂I

D		
	
	 Ið Þ

ω Ið Þ I
∂f
∂I

0

@

1

A: ð6:74Þ

Here in comparison to Eq. (6.2) we redefined diffusion coefficient so thatD||(ω)¼ω
(0)D(ω). It simplifies formulas and looks more natural for description of diffusion

in the longitudinal motion. To find D||(ω) we will follow the following procedure.

As one can see from Eq. (6.73) a momentum change δp̂ results in an energy change:

δH ¼ p̂ δp̂ . Taking into account that dH¼ω(I) dI we obtain:

d

dt
δI2 ¼ p̂ 2

ω Ið Þ2
d

dt
δp̂ 2

* +

ψ

, ð6:75Þ
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where h . . . iψ denotes averaging over synchrotron phase. On the other hand,

multiplying Eq. (6.74) by (I0 � I)2 and integrating it with f(I)¼ δ(I0 � I) one obtains

d

dt
δI2 ¼ 1

2

ð
I
0 � I


 �2 ∂

∂I
0

D		
	
	 I

0� �

ω I
0� � I

0 ∂f

∂I
0

0

@

1

AdI
0 ¼

ð D		
	
	 I

0� �

ω I
0� � I

0 þ I
0 � I


 � d

dI
0

D		
	
	 I

0� �

ω I
0� � I

0

0

@

1

A

0

@

1

Af I
0� �
dI

0 �������!f I
0ð Þ¼δ I

0�Ið Þ D		
	
	 Ið Þ

ω Ið Þ I:

ð6:76Þ

Comparing Eqs. (6.75) and (6.76) one obtains

D		
	
	 Ið Þ ¼ p̂ 2

Iω Ið Þ
d

dt
δp̂ 2

� �

ψ

: ð6:77Þ

Using cross section of Eq. (6.57) and performing averaging one finally obtains5:

D		
	
	 Ið Þ ¼

eALc
2πIω Ið Þ

þ
p̂ 2n ϕð Þdψ , ð6:78Þ

where we took into account that the local diffusion is proportional to the beam

linear density n ϕð Þ ¼
ð
f I ϕ; p̂ð Þð Þdp̂ normalized so that at the process beginning

Ð
π
� πn(ϕ)dϕ¼ 1, the choice of parameter

eA ¼ 4π3
ffiffiffiffiffi
2π

p Nr0
2f RF

3η2

β4γ3
Ψ 0; θx; θy
� �

σxσy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
θx

2 þ θy
2

q

* +

s

, ð6:79Þ

will be clarified later in this section, fRF is the RF frequency, η is the ring slip factor,
and N is the initial particle number in the bunch. Substituting diffusion (6.78) into

Eq. (6.6) (for λ¼ 0) and performing integration with linear RF and Gaussian

distribution yield the momentum growth rate of Eq. (6.54).

5 For rectangular distribution with total bunch length ϕtot (n(ϕ)¼ 1/ϕtot within bunch) and linear

RF one obtains

þ
p̂ 2n ϕð Þdψ ¼ 2πωI=ϕtot, and, consequently, D

	
	
	
	 Ið Þ ¼ eALc=ϕtot.
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To take into account the single scattering one needs to replace the Fokker–

Planck equation (6.74) by integro-differential equation6 [14]:

∂f I; tð Þ
∂t

¼
ðab

0

W I; I
0


 �
f I

0
; t


 �
� f I; tð Þ


 �
dI

0
, ð6:80Þ

where ab is the longitudinal acceptance determined by a finite value of the maxi-

mum momentum deviation or by RF bucket size. Further we will assume that the

upper limit of the integral is equal to infinity but the boundary condition determines

that f(a)¼ 0 for a> ab. To proceed further we need to take into account that even

strong single scattering which instantly moves a particle to the longitudinal bucket

boundary implies a small angle scattering (in the BF) which differential cross

section is proportional to 1/q3, where q̂ ¼ p̂ � p̂0
is the longitudinal momentum

transfer. Integrating over longitudinal distribution and averaging over betatron

motion one obtains:

∂f I; tð Þ
∂t

¼
eA
8π

ð1

0

n ϕð Þ f I
0
; t

� �� f I; tð Þ
p̂ � p̂ 0j j3 δ ϕ� ϕ

0

 �

dψdψ
0
dI

0
: ð6:81Þ

In difference to Eq. (6.60) the local diffusion (scattering) is position dependent,

i.e., is proportional to the local density, n(ϕ). For now we also neglect the diver-

gence in the integral at p̂ ¼ p̂
0
. This deficiency will be addressed later in a manner

similar to the one used in the derivation of integro-differential equation (6.61)

describing scattering on the residual gas. The parameter eA used in Eq. (6.81) should

be determined by averaging over transverse distributions and the ring circumfer-

ence. As will be shown below that it is determined by Eq. (6.79). Comparing

Eqs. (6.80) and (6.81) one can write for the kernel in the integral:

W I; I
0� � ¼

eA
8π

ð π

�π

ð π

�π
n ϕð Þ δ ϕ� ϕ

0� �

p̂ � p̂ 0j j3 dψdψ
0 ¼

eAωω
0

8π

þ þ
n ϕð Þ δ ϕ� ϕ

0� �

p̂ � p̂ 0j j3
dϕdϕ

0

p̂ p̂ 0

¼ eA
ωω

0

4π

ðmin b Ið Þ,b I
0ð Þð Þ

max a Ið Þ,a I
0ð Þð Þ

n ϕð Þ 1

p̂ � p̂ 0j j3 þ
1

p̂ � p̂ 0j j3

0

@

1

A dϕ

p̂ p̂ 0 :

ð6:82Þ

where b(I) and a(I) determine the range of motion (ϕ ∈ [a(I), b(I)]), and we used

that dψ ¼ ωdϕ=p̂ . This equality can be obtained by making a ratio of two

6Here we choose alternative form of Eq. (6.61).
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straightforward equations: dψ ¼ω dt and dϕ ¼ p̂ dt. Substituting

p̂ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2H Ið Þ � U ϕð Þp

and performing integration one obtains for I0 � I:

W I; I
0


 �
¼

eAωω
0

8π H I
0� ��H Ið Þ� �3 H I

0

 �

�H Ið Þ

 �ðb Ið Þ

a Ið Þ
n ϕð Þdϕ

p̂
þ 2

ðb Ið Þ

a Ið Þ
n ϕð Þp̂ dϕ

" #

,

I0 � I:

ð6:83Þ

Taking into account that the kernel is a symmetric function, W(I, I0)¼W(I0, I),
one obtains the kernel for I� I0. To remove divergence at I¼ I0 we follow the recipe

of Eq. (6.66). That yields:

W I; I
0


 �
¼ eAωω

0
H I

0� �� H Ið Þ� �ðb Ið Þ

a Ið Þ
n ϕð Þ dϕ

p̂
þ 2

ðb Ið Þ

a Ið Þ
n ϕð Þp̂ dϕ

8π H I
0� �� H Ið Þ� �2 þ H I

0� �� H Ið Þ� �
ΔEmin þ ΔEmin

2=4

 �3=2 ,

I0 � I:

ð6:84Þ

To verify that the parameters eA used in Eqs. (6.78) and (6.80) are equal we obtain

the diffusion equation (6.74) from integro-differential (6.80). Expending distribu-

tion function into Tailor series one obtains:

∂f I; tð Þ
∂t

�
ðImax

Imin

 

W I, I þ I
0


 �
f
0
Ið ÞI0 þ f

00
Ið Þ I

02

2

 !

þW I � I
0
, I


 �
�f

0
Ið ÞΔI þ f

00
Ið Þ I

02

2

 !!

dI
0
,

ð6:85Þ

where the term with f(I ) is equal to zero and was omitted due to particle conserva-

tion [see Eq. (6.67)]. Changing the integration variable to H¼ Iω, introducing
functions

B Hð Þ ¼ 1

2

ðb Hð Þ

a Hð Þ
n ϕð Þ dϕ

p̂
¼ 1

4ω

þ
n ϕð Þdψ and C Hð Þ ¼ 1

2

ðb Hð Þ

a Hð Þ
n ϕð Þp̂ dϕ

¼ 1

4ω

þ
n ϕð Þp̂ 2dψ ,
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and expending the kernel to Tailor series we obtain:

∂f
∂t

�
eAω
4π

ðHmax

Hmin

hB Hð Þ þ C Hð Þð Þ f
0
H Hð Þhþ f

00
H Hð Þ h

2

2

0

@

1

A

0

@

þ h B Hð Þ � B
0
H Hð Þh� �þ C Hð Þ � C

0
Hh

� � �f
0
H Hð Þhþ f

00
H Hð Þ h

2

2

0

@

1

A

1

A dh

h3

�
eAω
2π

ðHmax

Hmin

f
0
H Hð ÞC0

H þ f
00
H Hð ÞC Hð Þ


 � dh
h

¼
eAω
2π

f
0
H Hð ÞC0

H þ f
00
H Hð ÞC Hð Þ


 �

ln
Hmax

Hmin

0

@

1

A, ð6:86Þ

where h¼H(I0)�H(I) and in the final two equalities we left only logarithmic

terms. After simple transformations taking into account that ln(Hmax/Hmin)¼ 2Lc
we obtain Eq. (6.74) with diffusion of Eq. (6.78).

In conclusion we note that to find an evolution of bunch population and rms

emittances, Eq. (6.80) with kernel (6.84) has to be solved together with the

equations describing the evolution of transverse emittances. For numerical solution

one can adopt an algorithm considered above in Sect. 6.1.3.

6.2 Diffusion due to RF Noise

Another important mechanism instigating longitudinal emittance growth is related

to noise in the RF system of a storage ring. In the absence of longitudinal cooling

(which is normally the case for hadron colliders) this effect has to be accounted in

computations of particle distribution evolution and all means have to be applied to

minimize it to an acceptable level. In this section we generalize the theory which

was initially developed in [15] and which describes an effect of RF system noise on

the evolution of longitudinal particle distribution.

6.2.1 Noise Induced Diffusion for Nonlinear Oscillator

A particle motion in the field of nonlinear oscillator perturbed by noise can be

described by a HamiltonianH ϕ; p̂; tð Þ consisting of the main unperturbed part and a

perturbation driven by a small random value α(t):
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H ϕ; p̂; tð Þ ¼ H0 ϕ; p̂ð Þ þ α tð ÞV̂ ϕ; p̂ð Þ: ð6:87Þ

Let us apply a canonical transformation to the action and phase variables I, ψ of

the unperturbed Hamiltonian: H0 ϕ; p̂ð Þ ¼ H0 Ið Þ, leading to the oscillation fre-

quency ω(I)¼ dH0/dI.
Perturbation changes the action I so that:

dI

dt
¼ �α tð Þ∂V̂

∂ψ
¼ � α tð Þ

ω

dV̂

dt
� � α tð Þ

ω
W ϕ; p̂ð Þ, ð6:88Þ

where W ¼ �dV̂ =dt is a power function of the perturbation. The noise α(t) is
conventionally described by its correlator K(τ):

α tð Þh i ¼ 0, α tð Þα t� τð Þh i ¼ K τð Þ: ð6:89Þ

LetΔt be a time interval, large compared with the noise correlation time, but still

so small, that action changes only a little for that time.7 Thus, at lowest order over

the small parameter α, the action changes according to

ΔI2
� � ¼ 1

ω2

ðtþΔt

t

ðtþΔt

t

α t1ð ÞW t1ð Þα t2ð ÞW t2ð Þdt1dt2
� �

¼ Δt
ω2

ð1

�1
K τð Þc τð Þdτ, ð6:90Þ

where c(τ)�hW(t)W(t� τ)it and hit denotes time averaging over a period of the

nonlinear oscillations T¼ 2π/ω.
Ensemble of these oscillators can be described by a distribution function f (I, t).

Its evolution is induced by the noise and satisfies the Fokker–Planck equation (FPE)

of (6.74). Taking initial distribution being localized at small interval of actions near

I, or f(I0)¼ δ(I0 � I), a change of action is determined by Eq. (6.76). Comparing

Eqs. (6.90) and (6.76), one obtains the diffusion coefficient:

D		
	
	 Ið Þ ¼ 1

Iω

ð1

�1
K τð Þc τð Þdτ: ð6:91Þ

To express the diffusion through the noise spectral density we expend the

periodic function c(t) into the Fourier series:

7 It implies that the emittance growth rate is sufficiently small which is true in hadron colliders and

storage rings.
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c τð Þ ¼
X1

n¼�1
cnexp inωτð Þ,

cn ¼ 1

T

þ
exp �inωτð Þc τð Þdτ ¼ 1

T2

þ þ
dV

dt0
dV

dt00
exp �inω t

0 � t
00


 �
 �
dt

0
dt

00

¼ Wnj j2 ¼ n2ω2 Vnj j2,

ð6:92Þ

where the Fourier amplitudes are given by

Vn ¼ 1

T

þ
V̂ ϕ tð Þ, p̂ tð Þð Þexp �inωtð Þdt: ð6:93Þ

Usually, the unperturbed Hamiltonian is presented as a sum of kinetic and

potential energies: H0 ϕ; p̂ð Þ ¼ p̂ 2=2þ U ϕð Þ. In this case, it can be more conve-

nient to perform a calculation of the Fourier images (6.93) transforming them to

integrals over the coordinate:

Wn ¼ 1

T

þ
W exp �inωtð Þdt ¼ 1

T

þ
W exp �inωt ϕð Þð Þ dϕ

p̂ ϕð Þ , ð6:94Þ

where t(ϕ) is a function inverse to ϕ(t). Note that the functions p(ϕ) and t(ϕ) are not
single-valued; they require separate analytic equations for every trajectory interval

between the turning points in the unperturbed potential U(ϕ). In a simplest case

when U(ϕ) is an even function with a single local minimum at ϕ¼ 0 there are only

two turning points, ϕ¼	α(I), and

t ϕð Þ ¼ t0 ϕð Þ �
ð x

0

dϕ
0
= p̂ ϕ

0

 �	

	
	

	
	
	, for thehalf cyclewith p̂ > 0,

T0=2þ t0 �ϕð Þ, otherwise:

8
<

:
ð6:95Þ

These expressions can be further simplified when the perturbing potential V̂ tð Þ
¼ V̂ ϕ tð Þ, p̂ tð Þð Þ has a definite parity. If it is odd V̂ tþ T=2ð Þ ¼ �V̂ tð Þ� �

, all even

harmonics of Eq. (94) are zeroed, and the result can be presented as:

Wnj j ¼
4

T

ð a

0

dϕ

p̂
W sin nωt0 ϕð Þð Þ

	
	
	
	
	
	

	
	
	
	
	
	
, forodd n

0 , otherwise

8
>><

>>:
, forodd V̂ ,W: ð6:96Þ

In opposite case

Wnj j ¼
4

T

ð a

0

dϕ

p̂
W cos nωt0 ϕð Þð Þ

	
	
	
	
	
	

	
	
	
	
	
	
, for even n 6¼ 0

0 , otherwise

8
>><

>>:
, foreven V̂ ,W:

ð6:97Þ
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The diffusion coefficient of Eq. (6.91) can be expressed as a Fourier series of the

noise power at harmonics nω:

D Ið Þ ¼ 4π

Iω

X1

n¼1

Wnj j
2

P nωð Þ, ð6:98Þ

where

P ωð Þ ¼ 1

2π

ð1

�1
K τð Þe�iωτdτ ð6:99Þ

is the noise spectral power at n-th harmonic of oscillations, so that K(τ)¼ Ð 1
�1P(ω)

eiωτdω.
The diffusion is driven by the noise power at resonance harmonics. If the noise is

white, P(nω)¼P and K(τ)¼ 2πPδ(τ), the diffusion comes out as

D Ið Þ ¼ 2πP W2
� �

Iω
¼ P

I

þ
W2dt: ð6:100Þ

The above equations solve a general problem of nonlinear oscillator affected by

noise. The distribution function of such oscillators is described by the FPE (6.74),

and the diffusion coefficient is calculated by one or another method described

above.

6.2.2 Linear Oscillator

A simplest application of the suggested approach is a linear oscillator driven by

noise. Then H0 ¼ p̂ 2=2þ U ϕð Þ,

U ϕð Þ ¼ Ωs
2ϕ2=2, ϕ ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2I=Ωs

p
sinψ , p̂ ¼

ffiffiffiffiffiffiffiffiffiffi
2IΩs

p
cosψ : ð6:101Þ

In the case of phase noise the perturbation is described by V̂ ϕð Þ ¼ Ωs
2ϕ and

α tð Þ � eϕ tð Þ, where eϕ tð Þ is the function describing RF phase fluctuations with

corresponding spectral density of Pϕ(ω). That yields a constant diffusion deter-

mined by the noise spectral density at the synchrotron frequency:

D ¼ 2πΩs
4Pϕ Ωsð Þ, d

dt
ϕ2 ¼ πΩs

2Pϕ Ωsð Þ, d

dt
I ¼ πΩs

3Pϕ Ωsð Þ: ð6:102Þ

In the case of amplitude noise the perturbation is described by V̂ ϕð Þ ¼ Ωs
2ϕ2=2

and α tð Þ ¼ eV tð Þ=V0, where α(t) is the relative RF voltage fluctuations with
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corresponding spectral density of Pu(ω). That yields a constant diffusion linearly

growing with action determined by the noise spectral density at the double syn-

chrotron frequency:

D ¼ πΩs
3IPu 2Ωsð Þ, d

dt
ϕ2 ¼ πΩs

2ϕ2Pu 2Ωsð Þ,
d

dt
I ¼ πΩs

2IPu 2Ωsð Þ:
ð6:103Þ

6.2.3 Phase and Amplitude Noise in Storage Rings
with Single Harmonic RF

Now let us apply a general theory developed above to an analysis of the bunch

widening due to noise in a single harmonic RF system. Then the unperturbed

longitudinal motion is described by the Hamiltonian:

H ϕ; pð Þ ¼ p̂ 2

2
þΩs

2 1� cosϕð Þ, ð6:104Þ

where Ωs ¼ ω0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eV0hη= 2πmc2γβ2

� �q
is the synchrotron frequency, η is the ring

slip-factor, ω0 is the angular frequency of particle revolution, and h is the harmonic

number. The canonical momentum p̂ is associated with the energy offset as

p̂ ¼ ηhω0 δp=p. A noise in the amplitude eV tð Þ and phase eϕ tð Þ of RF voltage is

accounted by substitution,

V0 ! V0 þ eV tð Þ, ϕ ! ϕþ eϕ tð Þ,

leads to the Hamiltonian similar to (6.87):

H ϕ; p̂ð Þ ¼ p̂ 2

2
þΩs

2 1� cos ϕð Þð Þ �Ωs
2eu tð Þ cosϕþΩs

2eϕ tð Þ sinϕ

¼ H0 þ eu tð ÞVu þ eϕ tð ÞVϕ: ð6:105Þ

where eu tð Þ ¼ eV tð Þ=V0, and we assume that γ> γt.
The solution for unperturbed motion is well known. The turning point phase, the

action and frequency are:

ϕmax ¼ 2a sin
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H= 2Ωsð Þp� �

,

I ¼ 1

2π

þ
p̂ dx ¼ 8Ωs

π
E κð Þ � 1� κ2

� �
K κð Þ� � 
 8Ωs

π
,

ω ¼ 2π

þ
dx
p̂

 !�1

¼ πΩs

2K kð Þ 
 Ωs,

ð6:106Þ
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where κ ¼ sin ϕmax=2ð Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H= 2Ωsð Þp

, and a substitution

sin ϕ=2ð Þ ¼ sin ϕmax=2ð Þ sinψ � κ sinψ ð6:107Þ

was used to reduce the integrals to the elliptic functions:

E kð Þ ¼
ðπ=2

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2 sin 2 ϕ=2ð Þ

q
dϕ and K kð Þ ¼

ðπ=2

0

dϕ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2 sin 2 ϕ=2ð Þ

q
.

To find the diffusion for the white noise we use (6.100), where we take into

account that the correlation functions for phase and amplitude noises are Kϕ(τ)¼
2πPϕδ(τ) and Ku(τ)¼ 2πPuδ(τ), and Pϕ and Pu are the spectral powers of the phase

and amplitude noise eϕ tð Þ and eu tð Þ. Simple calculations yield both diffusion

coefficients:

Dϕ¼8PϕΩs
5

I

ðϕmax

0

cos2ϕ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2�sin2 ϕ=2ð Þ

p
dϕ¼8PϕΩs

5

I
2E κð Þ�2 1�κ2

� �
K κð Þ�R κð Þ� �

,

Du¼8PuΩs
5

I

ðϕmax

0

sin2ϕ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2�sin2 ϕ=2ð Þ

p
dϕ¼8PuΩs

5

I
R κð Þ,

ð6:108Þ

where

R κð Þ ¼ 8

15
2 1� κ2 þ κ4
� �

E κð Þ � 2� 3κ2 þ κ4
� �

K κð Þ� 
: ð6:109Þ

The curves marked as C1 in Fig. 6.2 present dependencies of these diffusions on

the action in a dimensionless form. For small amplitude oscillations these functions

coincide with the results for linear approximation of Eqs. (6.102) and (6.103).

For colored noise using Fourier amplitudes of Eq. (6.93) one obtains:

Fig. 6.2 Dimensionless diffusions for the phase (left) and amplitude (right) RF noise
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Dϕ ¼
X1

n¼1

Pϕ nωð ÞCϕn Ið Þ, Cϕn

�
I
� ¼ ωΩs

4

πI

þ
dϕ cosϕ exp inωt ϕð Þð Þ

	
	
	
	

	
	
	
	

2

,

Du ¼
X1

n¼1

Pu nωð ÞCun Ið Þ, Cun

�
I
� ¼ ωΩs

4

πI

þ
dϕ
2π sinϕ exp inωt ϕð Þð Þ

	
	
	
	

	
	
	
	

2

:

ð6:110Þ

Due to symmetry function Cϕn(I)¼ 0 for even n, and Cun(I)¼ 0 for odd. The first

few nonzero functions are presented in Fig. 6.3. In the case of white noise the

spectral density is the same at all harmonics. Consequently, it can be moved out of

sums in Eq. (6.110). Then the coefficients

Cϕ1 ¼
X1

n¼1

Cϕn, Cu1 ¼
X1

n¼1

C2n, ð6:111Þ

describe the diffusion due to white noise so that Dϕ¼PCϕ1 and Du¼PCu1. These

equations are identical to Eq. (6.108).

The integrals in Eq. (6.110) can be calculated using properties of the Jacobian

elliptic functions appearing after the substitution (6.107) and leading to:

θ ¼ am ϑ; κð Þ, sin ϕ=2ð Þ ¼ κsn ϑ; κð Þ, p ¼ 2Ωscn ϑ; κð Þ with

ϑ ¼ 2K κð Þψ=π: ð6:112Þ

From here (see [16], p. 911, [17], pp. 292, 295),
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Fig. 6.3 The calculated

longitudinal IBS diffusion

rate as a function of the rms

beam momentum spread in
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Vϕ,n ¼Ωs
2

þ
dψ

2π
sinϕexp inψð Þ ¼�ω

þ
dψ

2π
ϕexp inψð Þ dp

dψ

¼
2inω2

cosh nvð Þ , for odd n

0, otherwise n

8
<

:
Vu,n ¼Ωs

2

þ
dψ

2π
cosϕexp inψð Þ

¼�2ωs
2κ2
þ
dψ

2π
sn2 ϑ;κð Þexp inψð Þ ¼

2inω2

sinh nvð Þ , for even n

0, otherwise n

8
<

:
ð6:113Þ

where v¼πK0(κ)/(2K(κ)).
In conclusion we need to note that in the case when the bandwidth of RF noise is

larger than the revolution frequency (like for the LHC RF system) the summing in

Eq. (6.110) should also include the revolution frequency harmonics:∑1
n¼ 1CnP

(nωs)!∑1
n;m¼ 1CnP(nωs +mω0).

6.3 Experimental Studies of Single and Multiple Scattering

6.3.1 IBS in the Fermilab Recycler Ring

The Fermilab Recycler is a 3.3-km 8.9-GeV/c fixed momentum storage ring located

in the Fermilab Main Injector tunnel. Table 6.1 presents relevant Recycler param-

eters. On the Run II, the Recycler played a key role as the repository of large stacks

of antiprotons (6� 1012) with the appropriate phase space characteristics to be used

in collider stores. Small-angle multiple IBS is the dominant heating mechanism,

which determines the equilibrium emittance achievable in the Recycler.

The longitudinal IBS heating has been of concern because of a small longitudi-

nal emittance required for Tevatron collisions. Figure 6.3 shows the calculated

longitudinal IBS diffusion rate. The IBS theory, described above, has been used to

make these calculations. Also, the measured Recycler lattice functions have been

used. One can see in Fig. 6.3 (solid line) that the longitudinal heating vanishes for a

certain rms momentum spread, δpo, and becomes cooling above this momentum

spread. For comparison, also shown in Fig. 6.3 is the heating (cooling) rate

calculated in a smooth, round-beam, zero-dispersion approximation using the

value of the average β-function, βave from Table 6.1. One can exploit this feature

of the longitudinal diffusion rate to minimize the longitudinal emittance growth by

compressing the bunch length, and thus increasing the momentum spread, until the

diffusion rate vanishes. In the Recycler ring this is accomplished by employing a

barrier-bucket RF system. For a typical 95 % transverse emittance of 5–7 mm mrad

the point of vanishing longitudinal heating cannot be reached without losing the

“tail” particles at the momentum aperture. A practical solution has been to maintain

the momentum spread as high as possible (around 4 MeV/c), while preserving the
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beam lifetime. Figure 6.4 shows the value of the rms momentum spread, δpo, for
which the diffusion rate vanishes, as a function of the transverse beam emittance.

Below, we describe an experiment in which we created a beam distribution with

the momentum spread less than δpo for a given emittance and observed longitudinal

heating, and an experiment in which we created a beam distribution with the momen-

tum spread greater than δpo for a given emittance and observed longitudinal cooling.

To verify the Recycler IBS model we first created a beam distribution with a

large transverse emittance and a small rms momentum spread. According to the IBS

model this would correspond to longitudinal heating and small transverse cooling.

The vacuum-related transverse heating rate was measured in a separate experiment

by recording emittances of a coasting beam with very low current (1� 1010) to

avoid the IBS contribution. This vacuum-related growth rate was measured to be

0.60 mm mrad/h. Figure 6.5 shows the transverse emittance evolution for a costing

beam of 100� 1010 protons.

One can observe from Fig. 6.5 that the emittance growth rate is in fact smaller

than that for a zero beam current. We attribute the difference to IBS-related

transverse cooling, which, according to our model, is �0.15 mm mrad/h.

The longitudinal degree of freedom allows us to observe the effect of IBS

directly because it is the dominant effect. All other heating mechanisms are

negligible for high beam currents. Figure 6.6 shows the evolution of the rms

momentum spread for the same beam as in Fig. 6.5. The IBS model uses the

transverse emittance growth rate as an input parameter.

The second experiment was to demonstrate the longitudinal IBS cooling. The

measurements were conducted with a bunched antiproton beam of 25� 1010,

which was initially cooled transversely to a very small emittance (<2 mm mrad).

Table 6.1 Recycler ring

parameters
Parameter Value Units

Average β-function, βave 30 m

Max. dispersion 2 m

Transition, γt 20.7

Typ. transverse beam emittances (n, 95 %), εn 3–7 mm mrad

Number of antiprotons 
6 1012
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The rms momentum spread was increased to over 4.5 MeV/c by compressing the

beam longitudinally. Figures 6.7 and 6.8 show the measured transverse emittance

and longitudinal rms momentum spread evolutions. Also shown is the IBS model.

The only adjustable parameter in this model is the vacuum-related emittance

growth rate. The best fit corresponds to this rate being 0.55 mm mrad/h—consistent

with our previous measurements.

In conclusion, we would like to note that the developed IBS model for the

Recycler has been verified with beam measurements made during storage and

Fig. 6.5 The transverse emittance (horizontal and vertical) evolution for a coasting beam of

100� 1010 protons in the Recycler. The linear fit yields a growth rate of 0.44 μm/h
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Fig. 6.6 A comparison of the measured rms momentum spread (MeV/c) and the IBS model as a

function of time for a coasting beam of 100� 1010 protons
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cooling of the antiprotons before extraction to the Tevatron. We separately verified

longitudinal IBS heating and cooling effects by adjusting the beam parameters to

demonstrate these effects. Furthermore, the good agreement observed between

model and measurement increased our confidence in the beam diagnostics.
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Fig. 6.7 The measured transverse emittance evolution for a bunched antiproton beam (25� 1010).

Also shown is the IBS model (solid line)
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Fig. 6.8 The longitudinal rms momentum spread (MeV/c) as a function of time (hours). The IBS
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6.3.2 Single and Multiple Gas Scattering in Tevatron

The luminosity evolution model described below required separation of different

mechanisms affecting the particle loss and emittance growth. In particular we

needed to separate the contributions of the gas scattering and the emittance growth

driven by external noises, e.g., magnetic field fluctuations, vibrations, etc. Both

mechanisms create transverse diffusion but in difference to the magnetic noise the

gas scattering creates non-Gaussian tails. This difference was utilized to separate

these contributions in the below described experiment [18] carried out in 2002.

First, using the beam scraping it was verified that the particle distribution of a

150 GeV proton beam, injected into Tevatron, is very close to a Gaussian one.

Second, a new beam was injected. It was unbunched to exclude the beam heating by

the RF noise and the IBS. The beam intensity was sufficiently small tomake sure that

the coherent effects did not affect the beam dynamics. Third, the beam was scraped

horizontally and vertically. The scraping time of a few minutes is much shorter than

a characteristic time of the beam evolution. The fraction of particles removed by the

vertical scraping (~25 %) allowed us to predict the initial vertical particle distribu-

tion with sufficient accuracy. Fourth, the beam scrapers were removed and the beam

was left untouched for 1 h. Then, we moved the vertical scraper in, while recording

the beam intensity as a function of the scraper position. The vertical scraper was

chosen so that the beam momentum spread would not affect the measurements.

The results of the measurements and the comparison with numeric simulations are

shown in Fig. 6.9. Taking into account that only one fitting parameter, the unknown

average Tevatron beampipe vacuum pressure, is used there is a good agreement

between the theory and the measurements. Note that although the Coulomb logarithm

is not a well-determined value and depends on Z its uncertainty does not exceed 10–

20 %. The experimentally determined value, Lc, coincides with the theoretical one

within 5 % for Z¼ 7. The measured 0.8 mm mrad/h emittance growth rate (rms

normalized) corresponds to an average Tevatron vacuum of 4� 10�9 Torr (room-

temperature N2 equivalent). Note that high accuracy of the beam current measure-

ments allowed us to measure tiny tails of the distribution function, which could not be

seen by regular beam profile monitors. If the large angle scattering is switched off in

the simulations, so that particle scattering is described by diffusion only, there is large

difference between calculations and measurements as presented in Fig. 6.10.

A good agreement between the observed and the predicted distribution function

tails yields an important practical conclusion that the emittance growth at the

injection energy is largely due to gas scattering. However the accuracy of the

experiments does not exclude an emittance growth rate excited by noise in magnets

at the level of about 20 %, i.e., about 0.16 mm mrad/h. Vacuum improvements

carried out in 2003–2006 further reduced the emittance growth rate and the beam

loss due to scattering on the residual gas by a factor of 5–10. Indirect measurements

point out that the emittance growth rate does not exceed 0.1 mmmrad/h at injection.

The normalized emittance growth due to gas scattering is inversely proportional to

the beam energy and is about 6.5 times smaller at the collision energy. We have
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limited knowledge about the magnetic field fluctuations in the Tevatron magnets but

have reasons to believe that their contribution to the normalized emittance growth rate

at the top energy is bigger than the one due to the vacuum (see next section).

6.3.3 Emittance Growth Mechanisms in the Tevatron Beams

The luminosity in the head-on collisions can be obtained from a well-known

formula

L ¼ γf B
NaNp

4πβ�ε
H σs=β

�ð Þ, ð6:114Þ

where ε is the average rms normalized emittances of two round beams (εa+ εp)/2,
H(x) is the “hourglass factor” which depends on the ratio of the RMS bunch length

σs and beta-function at IPs β*, γ is the relativistic factor, and fB is the frequency of
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bunch collisions. Evolution of the Tevatron luminosity over the course of colliding

store can be well approximated by a simple empirical fit [19]:

L tð Þ ¼ L0
1þ t=τL

, ð6:115Þ

with only two parameters are used: the initial luminosity L0 and the initial lumi-

nosity lifetime τL. The luminosity integral I¼ Ð Ldt is the most critical parameter

for collider experiments. It depends on the product of peak luminosity and the

luminosity lifetime, e.g., for a single store with initial luminosity L0 and duration T,
the integral is I� L0τLln(1+T/τL). From Eq. (6.114), one obtains:

τ�1
L ¼ dL tð Þ

L tð Þdt ¼
	
	τ�1

ε

	
	þ τ�1

Na
þ τ�1

Np
þ τ�1

H : ð6:116Þ

The luminosity lifetime has four major contributions coming from the growth

rates of beam emittances, the beam intensity decay rates, and the hourglass factor
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decay rate. For the end of the Collider Run II operation with range of initial

luminosities between 3.0� 1032 cm�2 s�1 to 4.0� 1032, the largest contribution

to the luminosity lifetime of about τL¼ 5.2–5.7 h came from the beam emittance

growth with a typical time of τε ~ 10–13 h. The growth was dominated by IBS in

the proton and antiprotons bunches, with small contributions coming from the

beam gas scattering and external noises. The beam–beam effects can lead to fast

emittance blowups and significant losses (see discussion in Chap. 8) but those

were routinely corrected or compensated. The hourglass factor decays with

τH ~ 70–100 h due to longitudinal IBS heating and a smaller contribution coming

from the RF system noises.

Several beam experiments have been conducted to separate contributions of

different phenomena to the emittance growth. In one of them [20], 15 proton

bunches with various intensities were accelerated to 980 GeV, positioned to the

proton helix with the low-beta optics (see Fig. 6.11). The bunches had very different

emittances ε varied from 2.3 to 3.6 π mm mrad and rms bunch lengths σz in the

range from 1.71 to 2.10 ns. The bunches were left in the machine for 3.1 h and their

emittances, bunch lengths, and intensities were regularly measured by the Flying

Wires system and the SBD system, correspondingly (see details on the Tevatron

beam instrumentation in Chap. 9).

The transverse velocity spread is much larger than the longitudinal one for the

Tevatron bunches. Then, neglecting the dispersion contribution to the beam size

and further simplifying Eq. (6.54) one obtains estimates for the growth rates:

dεT
dt

� γ3=4NpCT

εT1:5ε0:5L

,
dσ2z
dt

� NpCL

γ1=4εT1:5ε0:5L

, ð6:117Þ

where CL and CT are the constants determined by machine parameters, and both

vertical and horizontal emittances are assumed equal, εx� εy� εT. Equation

(6.117) suggests that the IBS-driven emittance growth has to be proportional to

the factor FIBS¼Np/(εT
1.5σs). Note that in the described below analysis we used the

vertical emittance only because its systematic error and uncertainty for the Tevatron

Flying Wires system are much smaller than for the horizontal emittance.

Fig. 6.11 Proton bunch

populations at the beginning

of the experimental studies

store [20]
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Such choice is justified by the presence of strong x� y coupling which is addition-

ally amplified by operation close to the coupling resonance. That results in an

equalization of emittances so that they are quite close and are proportional to each

other. The experience accumulated in the course of Run II also verifies such choice.

Since the bunch emittances are evolving in time, then FIBS is a function of time, too.

The observed growth rates for the emittance and the rms bunch length are plotted

versus FIBS for all the bunches are presented in Fig. 6.12.

The observed growth rates can be approximated by linear fits:

dεV
dt

πmmmrad=h½ � ¼ �0:072	 0:02
�þ �0:0079	 0:0015

�  FIBS,

dσ2s
dt

ns2=h
�  ¼ �0:0063	 0:0193

�þ �0:0173	 0:0013
�  FIBS:

ð6:118Þ

The intercept in the transverse emittance growth of 0.072 πmmmrad/h yields an

upper estimate on the growth rate due to intensity independent effects such as

scattering on the residual gas and diffusion driven by external noises. The emittance

growth due to the gas scattering is equal to

dεx,y
dt

¼ 2πcrp2

γβ2
X

i

niZi Zi þ 1ð ÞLCi

 !

βx,y , ð6:119Þ

where βx,y ¼
ð
βx,yds=C � 70 m. It yields that the observed zero-intensity emit-

tance growth rate corresponds to an equivalent average room-temperature

N2 (Zi¼ 7) vacuum pressure of (2.4	 0.7)� 10�9 Torr, which, consequently,

yields the beam intensity lifetime due to nuclear beam-gas interaction of about

140	 40 h. It contradicts to the measured beam lifetime of about τH ~ 800	 500 h

(confirmed in many other similar measurements), i.e., less than 20 % of the

observed low intensity beam emittance growth rate is due to the gas scattering.

Fig. 6.12 Vertical emittance growth rates (rms, norm.) of proton bunches vs the IBS factor FIBS

(left); the rms bunch length growth rates vs the IBS factor FIBS (right) [20]
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Consequently, the corresponding equivalent average pressure of room-temperature

N2 is less than P� 0.5� 10�9 Torr; and that most of the growth rate

(�0.06 π mm mrad/h) is related to other mechanism. The most probable reason is

the emittance growth related to the transverse beam shaking at the lowest betatron

sideband exited by noise in magnets. Note that the large angle electromagnetic

scattering on the residual gas and the Touschek scattering give rise to the lifetimes

of about 30,000 and 7,000 h, respectively, and, thus, produce negligible contribu-

tions to beam loss.

Indirect confirmation of the noise effect comes from the observed ambient beam

betatron motion amplitude of some 110 nm in one of the high-beta (900 m) BPMs

during collisions (corresponding to Aβ� 10-25 nm at the arcs, see Chap. 2,

Sect. 2.4). That exceeds the Schottky noise by more than an order of magnitude.

If that motion is due to the external noise, then corresponding emittance growth rate

can be estimated as:

dεT
dt

� γf 0
A2
β

2βNdec

, ð6:120Þ

where Ndec the decoherence time expressed in the number of turns. That yields the

growth rate of about 0.01–0.05 π mm mrad/h in high luminosity stores. Here we

assumed that Ndec is mostly determined by nonlinearity of the beam–beam forces

and is estimated to be about 50–100 turns for protons with beam-beam parameter of

ξ ~ 0.02.
The intercept in the bunch length growth is proportional to lengthening due to

RF noise. Assuming that the phase noise dominates one obtains a spectral density of

phase noise at the synchrotron frequency8 5 · 10�11 rad2/Hz. It coincides with the

direct phase noise measurements within measurement accuracy.

6.4 Tevatron Run II Beam Halo Collimation System

and Collimation Studies

Even in good operational conditions, a finite fraction of the beam will leave the

stable central area of accelerator because of beam–gas interactions, IBS, proton–

antiproton interactions in the IPs, RF noise, ground motion, and resonances excited

by the accelerator elements imperfection. These particles form a beam halo. As a

result of halo interactions with limiting apertures, hadronic and electromagnetic

showers are induced in accelerator and detector components causing numerous

deleterious effects ranging from minor to severe. The most critical for colliders are

beam losses in superconducting magnets and accelerator related backgrounds in the

8Note that by definition the spectral density used in measurements is 4π larger than the spectral

density used in Sect. 6.2.3.
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collider detectors. Only with a very efficient beam collimation system can one

reduce uncontrolled beam losses in the machine to an allowable level. Beam

collimation is mandatory at any superconducting hadron collider to protect com-

ponents against excessive irradiation, minimize backgrounds in the experiments,

maintain operational reliability over machine life, and reduce the impact of radia-

tion on the environment [21].

During the Collider Run I (1994–1996) the Tevatron halo removal system expe-

rienced limitations that prompted a design of a new system for the Collider Run

II. The new design specified that the entire halo removal process needed to be more

efficient and putting the collimators in after the beam acceleration has to be much

faster with the target time of about 5 min. This implied that the halo removal process

would have to be based on a two-stage collimation and setting the collimation up

have to be automated. A new collimation system [22] has been designed for the

Tevatron Run II to localize most of the losses in the straight sections D17, D49, EØ,

F17, F48, F49, and AØ. It incorporated four primary collimators (targets) and eight

newly built 1.5-m long secondary collimators. New motion control hardware capable

of fast processing of data from beam loss beam intensity monitors was installed. That

allowed us to build a computer controlled feedback allowing us to achieve a 2 in.

collimator displacement (full travel) within 15 s. A central control software system

was also developed to coordinate the global sequence of motion for all 12 collimators

while incorporating the halo removal system into the Tevatron Collider sequencer

software. At the design stage, a multi-turn particle tracking and beam halo interac-

tions with the collimators were performed with the STRUCT code [23]. Using the

STRUCT calculated beam loss distributions and the MARS code [24] we carried out

the Monte Carlo hadronic and electromagnetic shower simulation, and the secondary

particle transport in the accelerator and detector components, including shielding

calculations with real materials and magnetic fields. The Collider Run II halo removal

system was installed, commissioned, and became operational since June 2001.

The system was upgraded several times following operational needs. For exam-

ple, in 2002, the Tevatron Electron Lenses (TEL) have been set up to remove

undesirable uncaptured particles from the abort beam gaps and, thus, reduce the risk

of damage of high-energy physics particle detectors CDF and D0 during beam

aborts. In 2003, following several instances of unsynchronized abort kicker

pre-fires in the Tevatron, an additional tertiary collimator was installed at the

A48 location to protect the CDF detector components [25]. In 2005 the beam

scraping procedures were optimized for faster operation and highly efficient

repeated scraping (double scraping) of the beams. Also, in 2010 a collimation

during the portion of the low-beta squeeze was added in order to reduce losses at

CDF and D0 that were causing frequent quenches. Quenching the low-beta quad-

rupoles during the squeeze became more of a problem once the antiproton intensity

and beam brightness became larger. Sensitive steps in the low-beta squeeze, where

the beam separation between the proton and antiproton is small, create losses at

large beta locations, mainly the cryogenic low-beta quadrupoles. A single collima-

tor at E0 was placed at 5σ to create a limiting aperture moving the loss point of

sensitive steps away from CDF and D0 IPs to a region that has robust quench limits.
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This additional collimator has worked well, allowing an increase in number of

antiprotons while basically excluding quenches in the low-beta squeeze. Novel

ideas to improve the beam collimation efficiency—namely, a bent crystal collima-

tion and hollow electron beam collimation— have been extensively and success-

fully studied at the end of Run II.

6.4.1 Collimation System Design

The principles of a two-stage collimation system are described in [21]. The system

consists of horizontal and vertical primary collimators and a set of secondary

collimators placed at an optimal phase advance, to intercept most of the particles

out-scattered from the primary collimators during the first turn after beam halo

interaction with primary collimators. An impact parameter of multi-GeV and TeV

protons on the primary collimators is ~1 μm [26]. The design studies [22] show that

in the Tevatron, a 5-mm thick tungsten primary collimator positioned at 5σ (of rms

beam size) from the beam axis in both vertical and horizontal planes would function

optimally, reducing the beam loss rates as much as a factor of 4–10 compared to the

system without such a scatterer. Secondary collimators located at the appropriate

phase advances are a 1.5-m long L-shaped steel jaws positioned at 6σ from the

beam axis in the horizontal and vertical planes. They are aligned parallel to the

envelope of the circulating beam. Figure 6.13 schematically depicts placement of

the collimators in such a system.

In the course of Run II the halo removal system consist of 12 collimators. Four of

them are primary collimators and eight are secondary collimators. The collimators

are arranged in four sets: two proton and two antiproton sets. They are installed

around the Tevatron ring as shown in Fig. 6.14. Placement of collimators in the

Tevatron is limited to a few locations since there is limited warm space and the

proton and antiproton beams are on helical orbits.
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A proton primary collimator is placed at the beginning of the D17 straight

section outward and up of the closed orbit (Fig. 6.14). It intercepts the large

amplitude protons and a positive off-momentum beam. Protons scattered from

Fig. 6.14 Tevatron Collider Run II Halo Removal Collimator Layout. CDF and D0 detectors are

located at B0 and D0, respectively [27]
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this collimator are presented by a vertical line in the transverse phase diagram

(Fig. 6.14). Protons with a positive angle are intercepted by a D17(3) secondary

collimator at the end of the D17 straight section. An A0 secondary proton collima-

tor positioned outward and up of the circulating beam is intended to intercept the

negative angle protons emitted from the primary collimator. A primary collimator

D49 and secondary collimators E0(1) and F17(2) are used to deal with the protons

with negative momentum deviations. Antiproton beam cleaning consists of primary

collimators F49, F17(3) and secondary collimators D17(2), F48, F17(1) and E0(2).

Detailed STRUCT/MARS simulations assumed that halo particles first hit the

primary collimator with a 1 to 3 μm impact parameter. On the next turns, the impact

parameter—as a result of scattering—increases to about 0.3 mm. After the first

interaction with a primary collimator, high amplitude particles are intercepted by

the secondary collimators, but a large number of particles survive. Some fraction of

the halo is not intercepted by a primary/secondary collimator pair and will interact

with a primary collimator on the next turns. On average, halo protons interact with

the primary collimator 2.2 times. Particles with the amplitudes less than 6σ are not

intercepted by the secondary collimators and do survive for several tens of turns

until they increase amplitude in the next interactions with the primary collimator.

The tail of halo is extended above 6σ (Fig. 6.15). Large-amplitude particles, which

escape from the cleaning system at the first turn, are able to circulate in the

machine, before being captured by the collimators on the later turns. This defines

the machine geometric aperture.

The calculations [22] have shown and later measurements confirmed that the

inefficiency of the Tevatron collimation system defined as a leakage of halo protons

from its components is ~10�3. At the same time, the most critical function of the

system in Run II has been identified as reduction of background rates in the collider

Fig. 6.15 Proton beam halo on a secondary collimator [27]
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experiments. Beam loss in the B0 and D0 depends strongly on the secondary

collimator offset with respect to the primary collimators. It has been shown in

[28] that a part of the accelerator-related backgrounds in the D0 and CDF detectors

is originated from the beam halo loss in the inner triplet region. The studies [29]

have revealed that it is mainly due to beam-gas elastic scattering in the regions

between the nearest to the IP secondary collimator and the corresponding inner

triplet. This process will obviously increase the background rates. In addition to the

optically small aperture at βmax location, the aperture restrictions in this area are the

D0 forward detector’s Roman pots placed at 8σ and the B0 Roman pots placed at

10σ at the entrance and exit of the beam separators. Note that the Roman pot

systems had been removed in the middle of the Collider Run II. Thus, for the

collider detectors, the above-defined inefficiency is not the whole story. The more

appropriate definition of collimation inefficiency would be a ratio of backgrounds

in the detectors with collimation to that without collimation. For the Tevatron Run

II it is calculated as 6.7� 10�3, or a factor of 150 reduction of losses. The

corresponding measurements are described below.

6.4.2 Collimation System Operation

The collimator hardware consists of a Motorola VME 162 processor and Advanced

Controls System Corp. Step/Pac stepping motor drivers that interface to the VME

processor [30]. LVDT’s (linear voltage differential transformers) are used to read

collimator positions. Figure 6.16 is the block diagram for the hardware controls for

a single collimator.

The Collider II collimator halo removal system was designed with the capability

of incorporating feedback into the motion of a collimator. The system uses two

sources for feedback. The first source is feedback from a local beam loss monitor.

Four standard Tevatron beam loss monitors and amplifiers are interfaced to the

VME processor to provide loss monitor feedback. Two of these loss monitors are

used to detect losses in the proton direction and two in the antiproton direction. Two

loss monitors for each particle type are used to provide redundant loss monitor

signals in case of failure during collimator movement. The second source of

feedback comes from a beam intensity signal. A Fast Bunch Integrator system

(see Chap. 9) is used to provide beam intensity signals for both proton and

antiproton beams at a 360 Hz update rate. Feedback is accomplished by encoding

proton and antiproton intensity signals onto the global machine data link (MDAT).

The MDAT signal is decoded by each of the VME processors at a 720 Hz rate.

Processing the feedback internal to the VME is accomplished by sampling the

loss monitor and/or beam intensity signal periodically while the collimator is

moving. The smallest step the collimator can make is 25 μm. This minimum step

takes 20 ms to complete. A wait step occurs after the move step to provide more

flexibility to timing movements. During this step, loss monitor signals and/or beam

intensity signals are sampled every 4 ms and are compared to a loss limit value or
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beam intensity percentage allowed to be removed to decide if the collimator is to be

halted for the next step. Each collimator VME frontend has 17 parameters that the

user can change to specify details about feedback processing.

The halo removal system also utilizes software that allows global coordination

of all 12 local collimator VME front ends. This global coordination software is

called an open access client (OAC). An OAC is a central process that runs on a

VAX (LINUX after control system change) and has controls hooks into the main

Tevatron sequencer software [30]. The OAC employs a finite state machine that is

configurable by the user to preprogram one or many collimators to complete a task

on a transition of a state. For example, on the state “Goto injection positions” all

collimator front ends are preprogrammed with local parameters that define their out

of beam positions. The OAC owns a configurable matrix of states of the collimators

and the user specifies which collimators are to move when the state is transitioned.

Once the state is transitioned, all collimators will be moved back to their injection

positions. There were 11 defined collimator states with names like: “Go to injection

positions”, “Begin halo removal scraping”, and “Retract proton collimators”. There

is one special collimator state which is “Global Collimator Abort”. A transition to
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this state stops all 12 collimators immediately. Figure 6.16 is a block diagram of

the OAC.

The halo removal process is conducted in the Tevatron at the flattop energy of

980 GeV after the proton and antiproton beams have been brought into collisions.

This process is initiated by the Tevatron sequencer software. There are four

sub-sequence operations that are necessary in order to complete the halo removal.

(1) Move Collimators to Initial Positions—this sub-sequence moves all the colli-

mators at 1.25 mm/s speed into the beam to the “half way” point to the beam. The

motivation of this sub-sequence is to speed up the process. (2) Intermediate Halo
Removal—here each set (proton and antiproton) of collimators and targets are

moved together under beam loss monitor feedback until a small loss is detected

and all collimators are stopped. This sub-sequence is also preformed in order to

reduce the total amount of time the halo removal process takes. (3) Perform Halo
Removal—each secondary collimator and target is moved serially into the beam.

Secondary collimators are moved under loss monitor feedback with a step size of

0.025 mm until they reach the edge of the beam to shadow the losses by the primary

collimator. After all secondary collimators are placed next to the beam, each target

is moved under loss monitor and beam intensity feedback until 0.4 % of each beam

(proton and antiproton) is removed. (4) Retract Collimators for Store—after targets

and secondary collimators have reached their final assignment, they are retracted

approximately 1 mm. This is the position they remain at for the duration of the

store. This roughly leaves the targets and secondary collimators at the 5 and 6σ
points as specified by the system design. The halo removal system is a necessary

and integral part of Tevatron Collider operations. The halo removal system is

completely automated and benefits operations with ease of use. The entire process

takes as fast as 7 min. Figure 6.17 presents loss rates during the process of beam

collimation early in store #8709 (May 2011).

A zero time in Fig. 6.17 corresponds to the moment when two 980-GeV beams

are brought to collisions. Over the next six and a half minutes collimators sequen-

tially approach the beams and scrape them. Horizontal position of one of the

collimators (D49H) is shown in the bottom plot. One can see that the collimator

moved very close to the beam twice—that is intentionally done to repeat the

scraping procedure and guarantee lower loss rates afterward. The proton beam

intensity on the upper plot shows a number of small drops due to the scraping. The

bottom plot shows proton halo loss rate as measured by CDF detector and the

antiproton loss rate measured by D0 detector. After the scraping is over—at about

7 min—the CDF detector luminosity monitor starts operation and reports maximum

luminosity of about 430� 1030 cm�2 s�1. Note that compared to the first moments

after the collisions are initiated, during the luminosity operation the proton halo loss

rate drops by factor of 100 from 2–3 MHz to 20–30 kHz, while antiproton rate is

down by a factor of 4–5 (from some 8–10 to 2 kHz).

The merit of halo removal efficiency is to simply record the proton and antipro-

ton halo losses at CDF and D0 IPs before halo removal, and, then, to divide it by the

same losses recorded at the completion of halo removal. Table 6.2 presents statistics

of the reduction in the losses averaged over 100 stores in January–May 2011.
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One can see that the biggest reduction is seen in the CDF proton rate (over a factor

of 100). The reduction in the D0 proton halo loss is relatively small, that can be

attributed to the fact that for the proton direction the CDF Interaction Point acts as

an additional collimator and, thus, reduces the proton halo losses at D0.

6.4.3 Abort Gap Beam Removal

Particles not captured by the Tevatron RF system, and, therefore, not synchronized

with it, pose a threat since they can quench the superconducting magnets during

acceleration or at beam abort [31]. The mechanisms of such uncaptured beam

Fig. 6.17 Collimation process early in store #8709 (May 2011). Upper plot shows proton beam

intensity and CDF luminosity. Bottom plot shows proton halo loss rate as measured by CDF

detector, D0 antiproton loss rate and horizontal position of one of the collimators (D49H). Zero

time corresponds to the moment when two beams are brought to collisions [27]

Table 6.2 Merit of halo removal efficiency (2010–2011)

Halo loss counter at CDF or D0 IP Factor of reduction of halo losses after halo removal

CDF proton halo loss 112

CDF antiproton halo loss 80

D0 proton halo loss 13

D0 antiproton halo loss 19
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generation are somewhat different at the injection (150 GeV) and top (980 GeV)

energies. Coalescing in the Main Injector typically leaves a few percent of the

150 GeV beam particles outside RF buckets. These particles are transferred

together with the main bunches to the Tevatron. In addition, the single IBS (the

Touschek effect), diffusion due to multiple IBS, and phase and amplitude noise of

the RF voltage, drive particles out of the RF buckets. This is exacerbated by the fact

that after coalescing and injection, 95 % of the particles cover almost the entire RF

bucket area. The uncaptured beam is lost at the very beginning of the Tevatron

energy ramp. These particles are out-of-sync with the Tevatron RF accelerating

system, so they do not gain energy and quickly (<1 s) spiral radially into the closest

horizontal aperture. If the number of particles in the uncaptured beam is too large,

the corresponding energy deposition results in a quench (loss of superconductivity)

of the superconducting (SC) magnets and, consequently, terminates the high-energy

physics store. At the injection energy, an instant loss of uncaptured beam equal to

3–7 % of the total intensity can lead to a quench depending on the spatial distribu-

tion of the losses around the machine circumference.

At the top energy, uncaptured beam generation is mostly due to the IBS and RF

noise while infrequent occurrences of the longitudinal instabilities or trips of the RF

power amplifiers can contribute large spills of particles to the uncaptured beam.

Uncaptured beam particles are outside of the RF buckets, and therefore move

longitudinally relative to the main bunches. Contrary to the situation at the injection

energy of 150 GeV, when synchrotron radiation (SR) losses are practically negli-

gible, 980 GeV protons and antiprotons lose about 9 eV/turn due to SR. For

uncaptured beam particles, this energy loss is not being replenished by the RF

system, so they slowly spiral radially inward and die on the collimators, which

determine the tightest aperture in the Tevatron during collisions. The typical time

for an uncaptured particle to reach the collimator is about 20 min.

The presence of the uncaptured beam is very dangerous not only for the collider

elements but also for the high-energy physics particle detectors CDF and D0 as the

abort gap particles generate unwanted background and can be kicked onto the

detectors’ components by the beam abort kickers. A number of ideas have been

proposed for elimination of the uncaptured beam in the Tevatron. The TEL has

been found to be the most effective. The advantages of the TELs are twofold: (1) an

electron beam is in close proximity to the proton or antiproton orbits and generates

a quite strong transverse kick; (2) the TELs possess short rise and fall times

(~100 ns), so they can be easily adjusted to operate in a variety of different pulsing

schemes. Another uncaptured beam removal method tested during machine studies

was a transverse strip line kicker operating with a narrow noise bandwidth. The

kicker signal was timed into the abort gap to diffuse uncaptured beam particles

transversely. With the noise power limited by a 300 W amplifier, that method was

found significantly less effective than using the TELs.

The TEL #1 and #2 were installed in the Tevatron in 2001 and 2006, respec-

tively, for compensation of beam–beam effects (see Chap. 8, Sect. 8.3). In early

2002, it was found that TEL-1 can effectively remove uncaptured protons if timed

into the abort gap and operated in a resonant excitation regime [31]. TEL-2 is also
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able to function as an abort gap cleaner. For that, the electron beam pulse is

synchronized to the abort gap and positioned near the proton beam orbit. Electric

and magnetic forces due to the electron space charge produce a radial kick on high-

energy protons depending on the separation d:

Δθ ¼ � 1	 βe
βe

 2JeLerp
e  c  γp



d

a
, d < a,

a

d
, d > a,

8
>>><

>>>:

ð6:121Þ

where the sign reflects repulsion for antiprotons and attraction for protons, βe¼ ve/c
is the electron beam velocity, Je and Le are the electron beam current and the

interaction length, a is the electron beam radius, rp is the classical proton radius, and
γp¼ 1,044 is the relativistic Lorentz factor for 980 GeV (anti)protons. The factor

1	 βe reflects the fact that the contribution of the magnetic force is βe times the

electric force contribution and depends on the relative direction of the electron and

proton velocities.

For 5 kV electrons with typical peak current of about 0.6 A and 5 mm away from

the protons, the estimated kick is about 0.07 μrad. When the pulsing frequency of

the TEL is near the proton beam resonant frequency, this beam–beam kick reso-

nantly excites the betatron oscillations of the beam particles.

In the uncaptured beam removal operation, the TEL electron beam is placed

2–3 mm away from the proton beam orbit horizontally and about 1 mm down

vertically as depicted in Fig. 6.18. For normal Tevatron operation, the fractional

part of the tunes are Qx¼ 0.583 and Qy¼ 0.579 for horizontal and vertical planes

respectively. These tunes are placed between the strong resonances at 4/7� 0.5714

and 3/5¼ 0.6. When an uncaptured particle loses energy due to synchrotron radi-

ation, its horizontal orbit is changed proportionally to the lattice dispersion,

Fig. 6.18 The relative positions of the proton, antiproton, and electron beam during uncaptured

beam removal [31]
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x¼Dx(δP/P), and its betatron tunes are changed due to the lattice chromaticity

Q0
x,y¼ dQx,y/(dP/P) so that

Qx,y ¼ Q0
x,y þ Q

0
x,y

dp

p0

� �

þ ΔQx,y x2
� �

, ð6:122Þ

where the third term accounts for slight tune changes due to nonlinear magnetic

fields. Typical operational chromaticities of the Tevatron at 980 GeV are set to

Q0
x,y� +(6–10), so the tune decreases with the energy loss. As the tune, driven by

the TEL, approaches one of the resonant lines, the amplitude of the particle betatron

oscillations grows, eventually exceeding a few millimeters until the particle is

intercepted by the collimators. Figure 6.19 presents one set of the simulation results

of the particle amplitude driven by the TEL in the vicinity of the 4/7th resonance.

The maximum amplitude is determined by the nonlinearity of the force due to the

electron beam and the nonlinearity of the machine. Note that without the TEL, a

particle would still be intercepted by a horizontal collimator after its orbit moved

about 3 mm inward due to SR. The TEL simply drives it more quickly, preventing

the accumulation of uncaptured beam.

The electron beam pulsing scheme is demonstrated in Fig. 6.20, where the green

oscilloscope trace is the signal from the TEL Beam Position Monitor (BPM) pickup

electrode and the blue trace is the total electron current. In the BPM signal, one can

see three negative pulses representing the electron beam pulses in the 3 abort gaps

whereas the 36 positive pulses are the proton bunch signals with the small negative

adjacent antiproton bunch signals. The intensity of the antiproton bunches was ten

times less than that of the proton bunches at the end of that particular store, so they

appear only as very small spikes near the large proton bunches. During a typical

HEP store, the train of three electron pulses is generated every seventh turn for the

purpose of excitation of the 4/7 resonance for the most effective removal of the

Fig. 6.19 Betatron

oscillation amplitude of the

particles driven by the TEL

in vicinity of the Q¼ 4/7th

resonance line (simulations)

[31]
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uncaptured proton beam particles. The electron pulse width is about 1 μs and the

peak amplitude is about 250 mA.

The uncaptured beam removal process was demonstrated in an experiment in

which the TEL was turned off for about 40 min and then turned on again as shown

in Fig. 6.21. The blue trace is the total bunched proton beam intensity measured by

the Fast Bunch Integrator (see Chap. 9); the red trace is the average electron current

measured at the TEL electron collector; the green trace is the total number of

particles in the Tevatron as measured by DCCT; and the cyan trace is the abort gap

proton beam loss rate measured by the CDF detector counters. After the TEL was

Fig. 6.20 Scope traces of

the electron beam pulses

(blue) and the TEL BPM

signal showing electron,

proton, and antiproton

bunches (green). One
division of the horizontal

axis is 2 μs. About one
Tevatron revolution period

is shown

Fig. 6.21 Uncaptured

beam accumulation and

removal by TEL: the

electron current was turned

off and turned back on

40 min later again
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turned off, the abort gap loss rate was reduced by about 20 % but then started to

grow. After about 20 min, the first spikes in the losses started to appear and grow

higher. Notably, the bunched beam intensity loss rate (blue line) did not change, so

the rate of particles escaping from the RF buckets was about constant. As soon as

the TEL was turned on, a large increase in the abort gap losses and reduction of the

total uncaptured beam intensity could be seen in Fig. 6.21. About 15� 109 particles

of the uncaptured beam in the abort gaps were removed by the TEL in about

τTEL¼ 3 min and the abort gap loss rate went back to a smooth equilibrium

baseline.

The calibration of the abort gap monitor (AGM—see details in Chap. 9) has been

performed using the TEL as presented in Fig. 6.22. The TEL was turned off during a

store (average electron current is shown in black) at about t¼ 20 min. Accumula-

tion of the uncaptured beam started immediately and can be measured as an excess

of the total uncaptured beam current with respect to its usual decay. The blue line in

Fig. 6.22 shows the excess measured by the Tevatron DCCT, δNDCCT(t)¼
NTEL on(t)�Ndecay fit TEL off(t). The abort gap uncaptured beam intensity measured

by the AGM (red line) and the DCCT excess grow for about 30 min before reaching

saturation at intensity of about 16� 109 protons. Then the TEL was turned on

resulting in the quick removal of the accumulated uncaptured beam from the abort

gaps. This method of calibration of the AGM with respect to DCCT interferes with

the collider operation resulting in higher losses (see Fig. 6.21 above and discus-

sion), so this operation is performed only when required. The AGM is used for the

routine monitoring of the uncaptured beam. The typical rms error of the uncaptured

beam intensity measurement is about 0.01� 109 protons for the AGM, and some

0.3� 109 protons for the DCCT.

The amount of the uncaptured beam is determined by the rate of its generation

and the removal time τ:

NDC ¼ dNbunched

dt

� �

� τ: ð6:123Þ

Fig. 6.22 Uncaptured

beam accumulation and

removal by the TEL. The

black line represents the
average electron current of

the TEL; the red line is the
uncaptured beam estimated

from the DCCT

measurement; the blue line
is uncaptured beam in the

abort gap measured by the

AGM [29]
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The characteristic time needed for a 980 GeV particle to lose enough energy due

to SR is about τSR¼ 20 min, so the TEL reduces the uncaptured beam population by

about one order of magnitude.

At injection energy, the synchrotron radiation of protons is negligible, so the

TEL is the only means to control uncaptured beam. As noted above, one of the

TELs is used routinely in the Tevatron operation for the purpose of uncaptured

beam removal at 150 and 980 GeV. In 2007, the typical antiproton intensity

increased to about a third of the proton intensity, and therefore the antiproton

uncaptured beam accumulation started to pose an operational threat. An antiproton

AGM, similar to the proton one, has been built and installed. By proper placement

of the TEL electron beam between the proton beam and the antiproton beam

(illustrated in Fig. 6.18), we are able to remove effectively both uncaptured protons

and uncaptured antiprotons. In addition, we have explored the effectiveness of the

uncaptured beam removal at several resonant excitation frequencies. For that, we

have pulsed the TEL every 2nd, 3rd, 4th, 5th, 6th, and 7th turn. Reduction of the

uncaptured beam intensity was observed at all of them, though usually the most

effective was the every 7th turn pulsing when the Tevatron betatron tunes were

close (slightly above) to Qx,y¼ 4/7¼ 0.571 or every 6th turn pulsing when tunes

were closer to Qx,y¼ 7/12¼ 0.583.

6.4.4 Beam Halo Collimation by Bent Crystals

Since the original suggestion of bent crystal channeling [32] there has been interest

in exploiting the technique for accelerator extraction [33] and, later, collimation

[34]. Luminosity-driven channeling extraction was observed for the first time in a

900 GeV study at the Fermilab Tevatron during Collider Run I [35]. The experi-

ment, Fermilab E853, demonstrated that useful TeV-level beams can be extracted

from a superconducting accelerator during high luminosity collider operations

without unduly affecting the background at the collider detectors. Multipass extrac-

tion was found to increase the efficiency of the process significantly. The beam

extraction efficiency was about 25 %. Studies of time-dependent effects found that

the turn-to-turn structure was governed mainly by accelerator beam dynamics.

Based on the results of the E853 experiment, it was concluded that it is feasible

to construct a parasitic 5–10 MHz proton beam from the Tevatron collider [36].

An efficient beam collimation system is mandatory for any collider or high-

power accelerator. The Tevatron Run II approach has been to use a two-stage

collimation system in which a primary collimator is employed to increase the

betatron oscillation amplitudes of the halo particles, thereby increasing their impact

parameters on secondary collimators (see preceding section). A bent crystal can

coherently direct channeled halo particles deeper into a nearby secondary absorber.

This approach has the potential of reducing beam losses in critical locations and,

consequently, to reduce the radiation load to the downstream superconducting

magnets.
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There are several processes which can take place during the passage of protons

through the crystals: (a) amorphous scattering of the primary beam; (b) channeling;

(c) dechanneling due to scattering in the bulk of the crystal; (d) “volume reflection”

off the bent planes; and (e) “volume capture” of initially unchanneled particles into

the channeling regime after scattering inside the crystal. The particle can be

captured in the channeling regime, oscillating between two neighboring planes if

it enters within crystal’s angular acceptance of:

θ < θc ¼
ffiffiffiffiffiffiffiffi
2U0

pc

s

, ð6:124Þ

where p is the particle momentum and U0 is the crystal’s planar potential well

depth. The critical angle θc is about 7 μrad for 980 GeV/c protons in the (110)

silicon crystal orientation. When the crystal is bent, particles still can be channeled

(and thus deflected) if the bend radius R is greater than a critical value Rc¼ pv/eEm,

where Em is the maximum strength of the electric field in the channel, about 6 GV/

cm for the (110) silicon crystal orientation. That yields Rc� 1.6 m for 980 GeV/c

protons. Bending of the crystal decreases the critical channeling angle, the capture

probability of particles into the channeling regime and the dechanneling length

[33]. If the particle momentum is not within the critical angle but has a tangency

point with the bent planes within the crystal volume, almost all particles are

deflected to the opposite direction with respect to the crystal bending. The effect

is called the volume reflection (VR) [33] and it has very wide angular acceptance

equal to the crystal bend angle (of the order of hundreds of microradians compared

to several microradians of the channeling acceptance). The drawback of the volume

reflection regime is that the deflection angle is small, approximately (1.5–2)� θc.
However, this can be overcome by using a sequence of several precisely aligned

bent crystals, so that the total deflection angle is proportionally larger.

In the Tevatron beam crystal collimation experiment T980 [37–39] both single

crystals (for vertical and horizontal deflection) and multi-strip crystal assemblies (for

vertical multiple VR) have been used. Collimation of circulating beams is very

different from bent crystal experiments with extracted beams [40] because of smaller

initial “impact parameters” and the possibility of interplay of different effects. In an

accelerator such as the Tevatron several phenomena determine the impact parameter

(the depth of the particle penetration at the first interaction with the crystal). These

include four diffusion and two orbit processes. The first two diffusion processes are

scattering on the residual gas and noise in magnetic field. They produce the amplitude

growth of about 4 nm/√turn. The RF noise results in the diffusion rate of ~12 nm/√turn
(hor.) and ~1 nm/√turn (vert.). The beam diffusion due to beam–beam or other

nonlinear effects can produce up to ~10–40 nm/√turn; and, important only for the

uncaptured DC beam particles located in the abort gaps, the diffusion due to the

excitation by the TEL results in ~7 μm/turn. For interaction with amorphous targets,

the diffusion rates are ~200 μm/√turn for a 5 mm length of amorphous silicon, and

about ~1,200 μm/√turn for a 5 mm tungsten primary target. The two orbit processes
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are: transverse orbit oscillations with amplitude of ~20 μm and frequencies of ~15 Hz

(i.e., with period equal to some 3,000 revolutions in the Tevatron—see Chap. 2, Sect.

2.4) and synchrotron motion of particles near the boundary of the RF bucket with

amplitudes of ~1 mm (hor) and ~70 μm (vert) at ~35 Hz (1,300 turns). The orbit

motion due to synchrotron oscillations occurs at nonzero dispersion locations, e.g., at

the E03 location of the T980 experiment crystals where the dispersion is about

Dx¼ 2 m horizontally and 18 cm vertically. The resulting impact parameters are

estimated to be of the order of 0.2–1 μm for transverse halo particles and

~10–30 μm for the particles in the abort gaps which have leaked out of the RF buckets.

All that makes the properties of the surface of the crystal (rather than the bulk of the

crystal) pivotal for collimation (contrary to the extracted beam studies)—e.g., it’s

roughness or the miscut angle [40]. These processes are very hard to predict and

simulate; hence, the T-980 experimental studies are of great importance for under-

standing the beam physics aspects and determining feasibility of the method for high

energy colliders like the LHC and a Muon Collider.

Figure 6.23a shows a schematic of the T-980 experimental layout. During

normal Tevatron operations, a 5-mm tungsten target scatters the proton beam

halo into a 1.5-m long stainless steel secondary collimator E03, 50 m downstream

of the target. For the bent crystal experiments, a goniometer containing single or

multi-strip bent crystals is installed 23.7 m upstream of the E03 collimator. Scin-

tillation counter telescopes detect secondary particles from protons interacting with

the target and E03 collimator. An ionization chamber (beam loss monitor LE033)

also detects secondary particles scattered from E03. A PIN diode telescope detects

the secondaries scattered from the bent crystal. Under the above configuration,

channeled beam is signaled by a reduction of the rate in the PIN telescope (channel

LE033C) with attendant increases in the rates of the LE033 and E1 counters.

A modified BNL goniometer assembly [41] and an O-shaped 5-mm silicon crystal

with a bending angle of 0.44 mrad were originally installed in the Tevatron down-

stream of the horizontal primary collimator in the fall of 2004. The crystal was set at

5.5σb� 2.5 mm from the beam center and aligned in the halo by varying the crystal

angle in steps of several μrad. The interaction probability in the 5 mm long crystal was

monitored by the PIN diode and plotted as a function of the crystal angle as shown in

Fig. 6.23 (a) (Left) General layout of the T980 experiment at E0, the straight section used for the

crystal collimation test; (b) (right) “O”-shape crystal prepared by Petersburg Nuclear Phusics

Institute and used at RHIC and Tevatron. The length along the beam is 5 mm
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Fig. 6.24. A channeling dip is present at zero angle to the crystal’s planewith awidth of

22	 4 μrad (rms). The width of the channeling dip is a convolution of the beam

divergence, the channeling critical angle, multipass channeling effects, and possible

crystal distortions. It is difficult to do a deconvolution of the crystal angular scan to get

the critical angle. However, the distribution is consistent with the beam divergence and

7 μrad channeling critical angle at 980 GeV. At the bottom of the dip the LE033C

signal is 22 % of the signal at a random angular setting. This depth is a measure of the

channeling efficiency and gives a channeling efficiency of ηc¼ 78	 12 % including

the effects of multiple passes. A shoulder extends 460	 20 μrad to the right of the

channeling dip. This shoulder width is close to the expected magnitude of the crystal

bend. The shoulder is a coherent crystal effect acting over the whole arc of the crystal

bend due to volume reflection. Like channeling, the volume reflection diminishes

nuclear interactions and thereby decreases the LE033 rate. The whole-arc efficiency,

ηr, was 52	 12 %. The larger red dots and associated curve show the results of

Biryukov’s CATCH simulation [42] for the conditions in the Tevatron. Note that

there are no free parameters in this simulation except average counting rate. Most

impressive effect of using the bent crystal at the channeling angle instead of a tungsten

primary collimator is the reduction of the CDF beam losses at the opposite side of the

ring by a factor of two, in a good agreement with predictions [37].

In 2009 the 0.44-mrad bend O-shaped crystal in the horizontal goniometer was

replaced with the new 0.36-mrad O-shaped one with negative 0.12-mrad miscut

angle built by IHEP (Protvino), and a new vertical “push–pull”-type goniometer

was installed 4-m upstream, housing two crystals—the multiple (eight) strip crystal

from IHEP and the old 0.44 mrad O-shaped crystal, so that there were crystals for

collimation in both vertical and horizontal planes. Since then crystal collimation

has been routinely employed during many collider stores. Additional beam instru-

mentation was added. Fast automatic insertion of the crystals has been

implemented. A vertical multi-strip crystal system has been successfully tested

and both multiple-VR beam at the E03 collimator and channeled beam at the F17

Fig. 6.24 Crystal

angle (see text)
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collimator some 1 km downstream of the E03 have been observed. A reduction of

ring wide losses was reproducibly obtained along with local loss effects on the

collimator due to crystal channeling and VR. The first ever study of two plane

crystal collimation was also conducted.

To measure the deflection of the channeled (or VR) particles once the crystal

angle is set to the channeling (or VR) peak the position of an appropriate collimator

can be slowly scanned, starting from a completely retracted position and moving

toward the beam edge. An example of such a scan is shown in Fig. 6.25a for

horizontally deflected channeled protons at the E03H collimator. The curves show

the total measured loss rate (red dots) as well as the counting rate synchronized to

the abort gaps only (black dots). There are three distinct regions: (a) a region of

negligible losses, where the collimator does not intercept any beam; (b) a steep

increase in the losses, where the collimator intercepts the channeled beam; (c) a

region where the losses increase slowly: the collimator is additionally intercepting

Fig. 6.25 Collimator scan

with crystal set at: (a) (top)
the channeling angle; (b)

(bottom) Collimator scan

with 8-strip vertical crystal

set at the VR angle. Solid
lines are for “erf” fits of the
data [27]
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de-channeled and amorphous scattered particles. Both abort gap and total loss

signals show a small deflection angle of (3.6–3.8)mm/24 m¼ 150–160 μrad instead
of the expected 360 μrad. Such a difference can either be attributed to the effect of

the “miscut angle” [38] or be due to non-ideal crystal surface that becomes

important at the very small impact parameters. The angular spread in the channeled

beam is about of 0.4 mm/24 m¼ 17 μrad rms that is larger than the channeling

acceptance of 2� θc¼ 13.4 μrad. A similar scan of the VR beam made with the E03

vertical collimator presented in Fig. 6.25b shows the beam at 1.76 mm/

28 m¼ 63 μrad, i.e., approximately where it is supposed to be, and about 40 μrad
rms wide [39].

6.4.5 Hollow Electron Beam Collimator

The hollow electron beam collimator (HEBC) is a novel concept of controlled halo

removal for intense high-energy hadron beams in storage rings and colliders

[43, 44]. It is based on the interaction of the circulating beam with a 5-keV,

magnetically confined, pulsed hollow electron beam in a 2-m-long section of the

ring. The electrons enclose the circulating beam, kicking halo particles transversely

and leaving the beam core unperturbed (Fig. 6.26a, b). By acting as a tunable

Fig. 6.26 Hollow electron beam collimator: (a) transverse beam layout; (b) top view of the beams

in the Tevatron; (c) measured current profile; (d) measured charge density ρ and calculated radial

electric field Er; (e) photograph of the electron gun [27]
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diffusion enhancer but not as a hard aperture limitation, the HEBC extends con-

ventional collimation systems beyond the intensity limits imposed by tolerable

losses. The concept was tested experimentally at the Tevatron between October

2010 and September 2011. It represents a promising option for scraping high-power

beams in the Large Hadron Collider.

In high-power hadron machines, conventional two-stage collimation systems

offer robust shielding of sensitive components and are very efficient in reducing

beam-related backgrounds at the experiments. However, they have limitations. The

minimum distance between the collimator and the beam axis is limited by instan-

taneous loss rates (especially as jaws are moved inward), radiation damage, and by

the electromagnetic impedance of the device. Moreover, beam jitter, caused by

ground motion and other vibrations and only partially mitigated by active orbit

feedback, can cause periodic bursts of losses at aperture restrictions. The HEBC

addresses these limitations, emerging as a viable complement to conventional

systems.

In the TEL, the electron beam is generated by a pulsed 5-kV electron gun and

transported with strong axial magnetic fields. Its size in the interaction region is

controlled by varying the ratio between the magnetic fields in the main solenoid and

in the gun solenoid. Halo particles experience nonlinear transverse kicks and are

driven towards the collimators. If the hollow current distribution is axially sym-

metric, there are no electric or magnetic fields inside and the beam core is

unperturbed. A magnetically confined electron beam is stiff, and experiments

with electron lenses showed that it can be placed very close to and even overlap

with the circulating beam. Another advantage is that, contrary to conventional

systems, no nuclear breakup is generated in the case of ion collimation. In a setup

similar to that of the TEL, with a peak current of 1 A, an overlap length of 2 m, and

a hole radius of 3 mm, the corresponding radial kick is 0.3 μrad for 980-GeV

antiprotons. The intensity of the transverse kicks is small and tunable: the device

acts more like a soft scraper or a diffusion enhancer, rather than a hard aperture

limitation. Because the kicks are not random in space or time, resonant excitation is

possible if faster removal is desired.

Analytical expressions for the current distribution were used to estimate the

effectiveness of the HEBC on a proton beam. They were included in tracking codes

such as STRUCT [23], Lifetrac [45], and SixTrack [46] to follow core and halo

particles as they propagate in the machine lattice. These codes are complementary

in their treatment of apertures, field nonlinearities, and beam–beam interactions.

Preliminary simulations suggested that effects would be observable and that

measurements are compatible with normal collider operations [47, 48].

A 15-mm-diameter hollow electron gun was designed and built (Fig. 6.26c–e)

[49, 50]. It is based on a tungsten dispenser cathode with a 9-mm-diameter hole

bored through the axis of its convex surface. The peak current delivered by this gun

is 1.1 A at 5 kV. The current density profile was measured on a test stand by

recording the current through a pinhole in the collector while changing the position

of the beam in small steps. The gun was installed in one of the TEL-2 in
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August 2010. The pulsed electron beam could be synchronized with practically any

bunch or group of bunches.

The behavior of the device and the response of the circulating beams were

measured for different beam currents, relative alignments, hole sizes, pulsing

patterns, and collimator system configurations. Preliminary results were presented

in [51, 52]. Here, we discuss a few representative experiments illustrating the main

effects of the electron beam acting on antiproton bunches. Antiprotons were chosen

for two main reasons: their smaller transverse emittances (achieved by stochastic

and electron cooling in the Antiproton Source accelerators) made it possible to

probe a wider range of confining fields and hole sizes; and the betatron phase

advance between the electron lens and the absorbers was more favorable for

antiproton collimation.

The particle removal rate was measured by comparing bunches affected by the

electron lens with other control bunches. In the experiment described in Fig. 6.27,

the electron lens was aligned and synchronized with the second antiproton bunch

train, and then turned on and off several times at the end of a collider store. The

electron beam current was about 0.4 A and the radius of the hole was varied

between 6σy and 3.5σy, with σy¼ 0.57 mm being the vertical rms beam size. The

black trace is the electron-lens current. One can clearly see the smooth scraping

effect. The corresponding removal rates are of a few percent per hour.

There is a concern related to adverse effects of hollow beam on the core of the

circulating beam, because an asymmetry in the gun emission results in that the

Fig. 6.27 Scraping effect of the hollow electron beam acting on one antiproton bunch train

(magenta) at the end of a collider store. The intensities of the two control trains are shown in

cyan and blue. The electron beam current (black trace) was turned on and off several times with

different values of the hole radius, from 6σy to 3.5σy [27]
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beam in the overlap region is not a perfect hollow cylinder. The asymmetry is

amplified by evolution of electron beam distribution under space its charge, and by

the bends in the transport system. The problem was approached from several points

of view. First, one can see in Fig. 6.27 that no decrease in intensity was observed

with large hole sizes, when the hollow beam was shadowed by the primary

collimators. This implies that the circulating beam was not significantly affected

by the hollow electron beam surrounding it, and that the effect on the beam intensity

of residual fields near the axis was negligible. Second, we observed no difference in

the emittance growth for the affected bunches. If there was an emittance growth

produced by the electron beam, it was much smaller than that driven by other two

main factors, namely IBS and beam–beam interactions. The effect of halo removal

can also be observed by comparing beam scraping with the corresponding decrease

in luminosity. The luminosity is proportional to the product of antiproton and

proton bunch populations, and inversely proportional to the overlap area. If anti-

protons are removed uniformly and the other factors are unchanged, luminosity

should decrease by the same relative amount. If the hollow beam causes emittance

growth or proton loss, luminosity should decrease even more. A smaller relative

change in luminosity was observed, which is a clear indication of halo scraping.

Also, the ratio between luminosity decay rates and intensity decay rates increased

with decreasing hole size. Finally, one can attempt to directly measure the particle

removal rate as a function of amplitude. This was done with collimator scans.

A primary antiproton collimator was moved vertically in 50-μm steps towards the

beam axis. All other collimators were retracted. The corresponding beam losses and

decay rates were recorded. Particles were removed from the affected bunch train,

but as soon as the primary collimator shadowed the electron beam, eliminating the

halo at those amplitudes, the relative intensity decay rate of the affected bunch train

went back to the value it had when the lens was off. Even with a hole size of 3.5σy,
the effects of residual fields on the core appeared to be negligible. The time

evolution of losses during a collimator scan was also used to measure changes in

diffusion rate as a function of amplitude, using an extended version of the technique

presented in [26, 53].

Another observation was that the hollow electron lens mitigated the effects of

beam jitter. In the Tevatron, beams oscillate coherently at low frequencies (from

sub-Hz to a few Hz) with amplitudes of a few tens of microns, due to mechanical

vibrations and ground motion. This causes periodic bursts of losses at aperture

restrictions, with peaks exceeding a few times the average loss rate. When the

collimators are moved inward, these loss spikes can cause quenches in the

superconducting magnets or damage electronic components. In March 2011, to

measure the loss spikes and the effects of the hollow electron beam, scintillator

paddles were installed downstream of one of the antiproton secondary collimators

(F48). These loss monitors could be gated to individual bunch trains. It was

observed that losses from the two control trains were completely correlated, and

that their frequency spectra showed strong peaks at 0.39 Hz and its harmonics

(corresponding to the acceleration cycle of the Main Injector) and at 4.6 Hz

(mechanical vibrations from the Central Helium Liquefier). The electron lens
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suppressed these peaks and eliminated correlations with the other trains. This can

be interpreted as a reduction in the population of the beam tails. Note that it

adversely affects the beam stability reducing the Landau damping for the affected

bunches.

Losses generated by the electron lens were mostly deposited in the collimators,

with small changes in the loss observed by the experiments. Alignment of the

beams was done manually, with a setup time of about 15 min. Alignment is crucial

for HEBC operation, and the procedures based on the electron-lens beam-position

monitors were found to be reliable in spite of the different time structure of the

electron and (anti)proton pulses. No instabilities or emittance growth were observed

over the course of several hours at nominal antiproton intensities (1011 particles/

bunch) and electron beam currents up to 1 A in confining fields above 1 T in the

main solenoid. Most of the studies were done parasitically during regular collider

stores.

Experiments at the Tevatron showed that the HEBC is a viable option for

scraping high-power beams in storage rings and colliders. Its applicability to the

LHC is under study. To make the device more versatile, larger cathodes and higher

electron beam currents appear to be feasible, and experimental tests in this direction

are planned.

6.5 Luminosity Evolution Model

6.5.1 Longitudinal Dynamics and Particle Loss from RF
Bucket

While colliding at the top energy, the Tevatron proton and antiproton bunches lose

their intensities as particles escape stable RF buckets. That occurs mostly due to the

IBS and RF noise while infrequent occurrences of the longitudinal instabilities or

trips of the RF power amplifiers can contribute large spills of particles to the

uncaptured beam. Uncaptured beam particles are outside of the RF buckets, and

therefore, move longitudinally relative to the main bunches, lose about 9 eV/turn

due to the synchrotron radiation (SR), slowly spiral radially inward and die on the

collimators, which determine the tightest aperture in the Tevatron during collisions.

The typical time for a particle between its escape from the RF bucket and its reach

of a collimator is about 20 min. The TEL operating in the abort cleaning regime (see

Sect. 6.4.3) reduces the removal time of uncaptured beam from 20 min to about

2 min, thereby significantly reducing the particle population in the abort gap. That

resulted in complete elimination of the quenches related to the uncaptured

beam [31].

In the case of single harmonic RF, a particle phase trajectory in the longitudinal

phase space (see Fig. 6.28) is described by the following equation [54]:
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Δp
p0

� �2

¼ 2Q2
s

η2h2
cosφ� cosφm þ φ� ϕmð Þ sinϕ0ð Þ, ð6:125Þ

whereΔp/p0 is the relative particle momentum deviation, η is the slip factor, h is the
harmonic number, Qs is the synchrotron tune, ϕ is the RF phase, φ0 is the

accelerating phase, and φm determines the boundary of phase space trajectory. In

the stationary state φ0 is determined by particle energy loss due to synchrotron

radiation eVSR: sinφ0¼VSR/VRF. The SR radiation damping is neglected in

Eq. (6.125) since the damping time is much longer than the store duration.

The outermost orbit, called the separatrix, determines the boundary of the RF

bucket:

Δp
p0

� �2

¼ 2Q2
s

η2h2
cosφþ cosφ0 þ φ� π þ φ0ð Þ sinϕ0ð Þ: ð6:126Þ

If the equilibrium phase ϕ0 is small, φ0� 1, the separatrix boundaries in the RF

phase are:

φ1 � �π þ ffiffiffiffiffiffiffiffiffiffi
4πφ0

p � φ0,

φ2 ¼ π � φ0:
ð6:127Þ

As an example Fig. 6.28 presents the phase space trajectories for φ0¼ 0.15. The

accelerating phase is much smaller for Tevatron at collisions: φ0� 10�11,

φ1��πþ 10�5 and φ2� π� 10�11. Thus, the Tevatron RF buckets are separated

by a gap of ~10�5 rad. A particle with initial momentum above the RF bucket

boundary is decelerated by energy loss due to SR and eventually passes through a

gap between buckets to the lower momentum side where it is decelerated to the

nearest apertures limiting the beam energy spread.
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Fig. 6.28 Upper half of

phase space trajectories in

the vicinity of the separatrix

(red line) for φ0¼ 0.15.

Momentum spread (vertical
axis) is presented in units of

(ηh/Qs) Δp/p0
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6.5.2 Longitudinal Diffusion and Particle Loss

There are three major mechanisms creating the uncaptured beam. They are the

diffusion due to amplitude and phase RF noises (see, e.g., [55]), multiple IBS and

single IBS (Touschek effect) [56]. The RF bucket size at injection is 4.4 eV.

Measurement showed that it is completely filled at the injection. The bucket size

grows in the course of acceleration while the longitudinal emittance remains the

same. At the acceleration end the bucket size reaches 11 eV s. Acceleration is

sufficiently fast and therefore immediately after acceleration the bunch tails are

negligible and the bunch occupies the same phase space as at injection. In the

absence of tails the single IBS is the only mechanism for longitudinal particle loss.

Shortly after acceleration the diffusion due to IBS and RF noise creates tails in the

distribution function and results in additional beam loss, which significantly

exceeds the loss due to single IBS (see, e.g., [57]). Therefore, in the following

analysis we neglect the single IBS.

Figure 6.29 presents a numerical solution of diffusion equation (6.74) assuming

(1) constant diffusion, D(I )¼D0, as a zero-order approximation, (2) the initial

distribution being a δ-function, f0(I)¼ δ(I ), and (3) the boundary condition f(Ib)¼
0 at the RF bucket boundary with Ib¼ 8Ωs/π. Figure 6.30 presents the

corresponding beam intensity, rms momentum spread, and rms bunch length.
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Fig. 6.29 Dependence of

the distribution function on

time for Dt/Ωs
2¼ 0, 0.125,

0.25, 0.5, 1 and asymptotic

at t!1
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Initially, the bunch length and the momentum spread grow proportionally to
ffiffi
t

p
and

the distribution function is close to the Gaussian distribution, f(I, t)/ (Ωs/Dt)exp
(�IΩs/Dt). However when the bunch length becomes comparable to the bucket

length, the non-quadratic behavior of the potential results in the bunch-length

growing faster than the momentum spread. Finally, the distribution function and,

consequently, the bunch length and momentum spread approach their asymptotic

values, and the intensity decays exponentially as ~ exp(�0.741 Dt/Ωs
2).

The results of simulations yield the following approximate relationships

between the bunch parameters:

Fig. 6.30 Time

dependence of beam

intensity (top) and rms

bunch length and

momentum spread (bottom)
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where ΔP/P|sep is the height of the RF bucket. The top equation accounts nonlinear

dependence between the bunch length σs and the momentum spread σΔp/p in the

single harmonic RF bucket. The second and third equations account for appearing

the particle loss from the bucket and the reduction in the momentum spread growth

rate which occur when the bunch distribution achieves the bucket boundary.

6.5.3 Longitudinal Evolution Model

Numerous factors affect the Tevatron collider luminosity and its evolution in time.

Each store is different and because of finite instrumentation accuracy it is practi-

cally impossible to state what was different or what came wrong for every particular

store. Nevertheless the luminosity evolution is very similar for most of the stores. It

is driven by some basic processes, which are not very sensitive to the details of

distribution functions, and therefore the luminosity evolution can be described by

comparatively simple parametric model [58] presented below. The model takes into

account the major beam heating and particle loss mechanisms. They are (1) the

emittance growth and the particle loss due to scattering on the residual gas, (2) the

particle loss and the emittance growth due to scattering in IPs, (3) the transverse and

longitudinal emittance growth due to IBS, (4) the bunch lengthening due to RF

noise, and (5) the particle loss from the bucket due to heating of longitudinal degree

of freedom. If the collider tunes are correctly chosen, the beam intensity is not too

high, and the beams are well formed, then the beam–beam effects are not very

important and the model describes the observed dynamics of beam parameters and

the luminosity comparatively well. Detailed discussion of how the beam–beam

effects and lattice nonlinearities interact with diffusion and how they can be

incorporated into the model can be found in Chap. 8.

If aperture limitations are sufficiently large in comparison with the beam size

(Ax,y� 5σx,y), then the multiple and single scattering on the residual gas atoms can

be considered separately. In this case the single scattering causes the particle loss,

while the multiple scattering causes the emittance growth.

The beam lifetime due to single scattering is described by the well-known

formula [59]
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τscat
�1 ¼¼ 2πcrp2

γ2β3
X

i

Zi Zi þ 1ð Þ βxni
εmx

þ βyni
εmy

 ! !

þ
X

i

niσicβ, ð6:129Þ

whereβx,yni ¼
ð
βx,ynids=C are the average gas density weighted by beta-functions,

εmx,my are the horizontal and vertical acceptances, rp is the proton classical radius,

γ and β are the relativistic factors, the summing is performed over all residual gas

species, and the averaging is performed over ring circumference. The first addend is

related to the electromagnetic scattering and the second one to the strong interac-

tion. Taking into account that the scattering angle due to strong interactions

(θ ~mπc/p� 140 μrad) significantly exceeds rms angles in the beam (~7 μrad) σi
can be considered to be the total nuclear cross section with sufficiently good

accuracy. At the collision energy of 980 GeV the beam lifetime is dominated by

the strong interaction.

The emittance growth rate due to multiple scattering is closely related to the

electromagnetic part of the single scattering lifetime and is determined by the

following formula:

dεx,y
dt

¼ 2πcrp2

γ2β3
X

i

βx,yniZi Zi þ 1ð ÞLc
 !

, ð6:130Þ

where Lc is the Coulomb logarithm (Lc� 9). Table 6.3 presents the gas composition

used in the model. Overall pressure was scaled to fit the measurement results.

Similar to the gas scattering the scattering in the interaction point (IP) can be

separated into the single scattering due to strong interaction and the emittance

growth due to electromagnetic scattering. The total pp cross section consists of two
parts: the inelastic cross section of 60 mbarn and the elastic cross section of

15 mbarn at 1 TeV energy. All particles scattered inelastically are lost immediately,

while as shown in [59] about 40 % of elastically scattered particles remain in the

beam (within 3σ). That happens because the beta-functions in the IP are small and,

consequently, particle angles are large; so that the scattering angles are comparable

to the particle angles (~100 μrad). The total cross section of particle loss obtained

by fitting of the observations to the model is equal to 69 mbarn which coincides well

with expectations.

The emittance growth due to electromagnetic scattering in one IP is equal to:

Table 6.3 Gas composition

used in the simulations
Gas H2 CO N2 C2H2 CH4 CO2 Ar

Pressure [nTorr] 1.05 0.18 0.09 0.075 0.015 0.09 0.15
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dεx,y
dt

¼ 4rp
2NLbb f 0

γ2β3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εpx þ εpy
� �

εax þ εay
� �q : ð6:131Þ

Here εpx, εpy, εax, and εay are the emittances for proton and antiproton beams, f0 is
the revolution frequency, Lbb is the Coulomb logarithm (Lbb� 20), and N is the

number of particles in the counter-rotating bunch. For two IPs and present Tevatron

parameters it yields the antiproton emittance growth rate of about

0.0015 mm mrad/h. Although emittance growth rate is almost negligible in com-

parison with gas scattering the nuclear absorption in the IP is the main mechanism

for antiproton loss during collisions.

Another important diffusion mechanism is determined by IBS. For the Tevatron

collider parameters the longitudinal energy spread in the beam frame is signifi-

cantly smaller than the transverse ones (e.g., the ratio of longitudinal to transverse

particle velocities in the beam frame is about v||/v⊥� 0.02 at collision energy, and

v||/v⊥� 0.15 at injection energy). In this case comparatively simple IBS formulas

presented in Eq. (6.54) can be used. Tevatron has sufficiently smooth lattice and

therefore IBS can be described with good accuracy in the smooth approximation. In

this case Eq. (6.54) can be rewritten as follows [58]:

dσΔp=p
2=dt

dεx=dt
dεy=dt

2

4

3

5 ¼ rp
2cNLcΞjj θx; θy

� �

4
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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2 þ θy
2

q
1

Ax 1� κð Þ
Axκ

2

4

3

5, ð6:132Þ

where

σx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εxβy þ Dx

2
σΔp=p2

q
, σy ¼

ffiffiffiffiffiffiffiffiffi
εyβy

q
,

θx ¼
ffiffiffiffiffiffiffiffiffiffiffi
εx=βx

q
, θy ¼

ffiffiffiffiffiffiffiffiffiffiffi
εy=βy

q
:

ð6:133Þ

For Tevatron the averaged beta-functions, the dispersion and the horizontal motion

invariant are:βx ¼ R=νx¼ 49m,βy ¼ R=νy¼ 49m,Dx ¼
ð
Dxds=2πR¼ 2.84m, and

Ax ¼
ð
Axds=2πR ¼ 0.2 m. To obtain Eq. (6.132) we neglected in variations of

Ψ (0, θx, θy) along the lattice in Eq. (6.54) and assumed that Ψ (0, θx, θy)¼ 1 and Ψ x,

y(θx, θy)¼ 1 (their accounting makes quite small correction), and we additionally

introduced the coupling parameter κ which takes into account the redistribution of

heating between horizontal and vertical degrees of freedom. An experimental value

for κ is about 0.4. It is quite large and due to the strong coupling in Tevatron which

additionally is amplified by the beam–beam interaction. To verify accuracy of the

smooth approximation we performed averaging of Eq. (6.54) with Tevatron lattice

parameters for the rms bunch length of 62 cm, zero coupling (κ¼ 0) and 1.6� 1011

protons/bunch. It yielded the horizontal and longitudinal emittance growth lifetimes of
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22.5 and 28.5 h, correspondingly. The use of smooth approximation yields 18.9 and

26.9 h. As one can see the difference is sufficiently small and therefore the smooth

approximation has been used in the described below parametric model.

For Gaussian beams the luminosity of the collider is determined by the well-

known formula:

L ¼ f 0NbNpNa

2πβ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εpx þ εax
� �

εpy þ εay
� �q H

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σsp2 þ σsp2

p

ffiffiffi
2

p
β�

 !

, ð6:134Þ

where Nb is the number of bunches, Np and Na are the number of protons and

antiprotons per bunch, β* is the beta-function in the interaction point (IP), and εpx,
εpy, εax, and εay are the horizontal and vertical emittances for proton and antiproton

beams. The hourglass factor H(x) takes into account the finite value of the longi-

tudinal bunch size. It is equal to:

H xð Þ ¼ 2
ffiffiffi
π

p
ð1

0

e�y2

1þ x2y2
dy !x
3 � 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1:3x23

p : ð6:135Þ

To describe the evolution of the luminosity we write a system of differential

equations, which bounds up all basic parameters of the proton and antiproton

beams:

d

dt

εpx
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Here indices “p” and “a” denote protons and antiprotons, the derivatives dε/dt|BB
are the emittance growth rates due to scattering in the IP determined by Eq. (6.131)

(factor of 2 takes into account 2 IPs), the derivatives dε/dt|IBS are the emittance

growth rates due to IBS determined by Eq. (6.132), the derivatives dε/dt|gas are the
emittance growth rates due to multiple scattering on the residual gas determined by

Eq. (6.130), the derivatives dσ2/dt|total are the momentum spread growth rates

determined by Eq. (6.128), the derivatives dN/dt|L are the particle loss rate from

bucket determined by Eq. (6.128), and the addends 2Lσpp=nb determines particle

loss in two collision points due to luminosity. We also took into account that the

momentum spread growth rates used in Eq. (6.128) include contributions from the

IBS and RF noise.
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It is worth noting one more time that this model was able to predict evolution of

the beam parameters in the case of weak beam–beam effects. When these effects

are not small, it provides a reference for evaluation of their strength. We used that

analysis on a store-by-store basis to monitor the machine performance in real time

[60] because such calculations were very fast compared to a full numerical beam–

beam simulation.

Figure 6.31 presents an example comparison of the evolution of beam parame-

ters in an actual high luminosity store to the calculations. Note that there is no

transverse emittance blow up in both beams, and the emittance growth is dominated

by processes other than beam–beam interaction. The same is true for antiproton

intensity and bunch length. The most pronounced difference between the observa-

tion and the model is seen in the proton intensity evolution. Beam–beam effects

caused the proton lifetime degradation during the initial 2–3 h of the store until the

proton beam–beam tune shift drops from 0.02 to 0.015. The corresponding loss of

the luminosity integral was about 5 %.

The IBS model allows us to calculate the longitudinal beam loss rate in a typical

Tevatron store (Fig. 6.32). The initial longitudinal loss rate is not equal to zero

because of the Touschek effect. Later in the store, when more particles move closer

to the boundaries of the RF buckets through diffusion processes, multiple IBS

scattering starts to dominate over the single scattering effect. Note that for antipro-

tons, luminosity burning is the main loss contribution and the longitudinal loss due

to IBS is much smaller than its total intensity loss rate. Normally about 40 % of

antiprotons are “burnt” in the collisions due to elastic and inelastic interactions with

protons.

Fig. 6.31 Observed beam parameters in store 6683 compared to store analysis calculation (model).

L0¼ 3.5� 1032 cm�2 s�1. (a) Single bunch luminosity and luminosity integral. (b) Intensity of

proton bunch no. 6 and of antiproton bunch colliding with it (no. 13). (c) proton and antiproton rms

bunch lengths. (d) proton and antiproton horizontal 95 % normalized bunch emittances
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The calculated loss rate is in good qualitative agreement with the Tevatron

observations. For example, Fig. 6.33 shows the evolution of the total proton

bunched beam intensity, proton loss rate, proton rms bunch length, and the abort

gap beam intensity during HEP store #5157. Bunch length and bunch intensity are

reported from a wall current monitor (known as the “Sampled Bunch Display”,

described in Chap. 9). The loss rate is measured by gated scintillation counters on

the CDF detector, which integrate over the time intervals corresponding to the abort

gaps between the three proton bunch trains, while the simulation yields losses for

the whole Tevatron storage ring.

Fig. 6.32 Calculated

longitudinal beam loss rate

in unit of particles per

second for a typical store

using the IBS model, the red
curve is for the proton
bunch and the blue dashed
line is for the antiproton
bunch

Fig. 6.33 Decay of proton

bunch intensity (black
curve) and growth of its

length (blue) as well as
abort gap loss rate at CDF

detector (green) and proton

abort gap intensity (red) in a
typical HEP store (#5157,

the TEL was on)
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Chapter 7

Antiproton Production and Cooling

V. Lebedev, R. Pasquinelli, L. Prost, and A. Shemyakin

The progress in the antiproton production and cooling has been absolutely essential

for the success of the Collider Run II. Improvements of the Tevatron optics and

operation resulted in a gradual increase in the fraction of antiprotons lost in the

proton–antiproton collisions in the interaction points. However, by the middle of

2004, it achieved its maximum of about 30–40 % (see Fig. 7.1) determined mainly

by the intra-beam scattering (IBS) and the beam–beam effects (see Chap. 8). Since

that time, it stayed basically unchanged through the end of the Run II. Further

progress in the luminosity could not be achieved without an increase in the

antiproton production. Figure 7.2 presents the weekly antiproton production in

the course of Run II. One can see that starting from the beginning of 2005, the

rate of antiproton production grew significantly reflecting an increased priority for

antiproton production.

The major improvements came from an increase of number of protons on the

antiproton production target from 5� 1012 to 8� 1012/pulse (2004–2006), an

increase of Debuncher acceptance from 20 to 35 mm mrad (2006), improvements

of stochastic cooling in the Debuncher and Accumulator (2005–2008), commis-

sioning of the Recycler as a third antiproton storage ring in the complex (2004),

introducing electron cooling into Recycler operation (2005), and reducing time and

improving efficiency for Accumulator-to-Recycler transfers (2006–2008). All this

work resulted in a peak stacking rate of about 30� 1010/h with the best weekly

averaged stacking rate of 24.5� 1010/h.

In this chapter, we consider all stages of the antiproton production and cooling

and major limitations of the stacking rate. If it is not pointed out explicitly, all beam

and machine parameters used in this section are referred to the Run II end.
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7.1 Production and Collections of Antiprotons

Antiprotons are produced by directing the 120 GeV proton beam to the antiproton

production target every 2.2 s. The beam usually consists of 81 bunches with total

intensity of about 8� 1012. Before extraction from the Main Injector, the bunches

are shortened with bunch rotation performed by a voltage jump of the main RF

system operating at 53.1 MHz. This process narrows the bunches in time at the

expense of increasing the momentum spread (Δp/p). The Δp/p of the antiprotons is
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Fig. 7.1 Percentage of antiprotons lost in the proton–antiproton collisions in two interaction

points to the store end; the cross section of the loss of 69 mb was determined from the luminosity

evolution model

Fig. 7.2 Weekly antiproton production in the course of Run II
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minimally affected by the Δp/p of the protons hitting the target. By narrowing the

bunches prior to extracting them from the Main Injector, the longitudinal phase

space density of the antiprotons is increased, resulting in a smaller Δp/p after a

bunch rotation performed in the Debuncher. Bunch rotation reduces the antiproton

momentum spread so that the antiprotons would be within the stochastic cooling

momentum acceptance. To increase the transverse phase density of antiprotons, the

proton beam is also focused into a tight spot with rms size of about 200 μm.

Figure 7.3 presents a schematic of the target. The target, surrounded by air, is

attached to the bottom of a shield/motion control module. There were a few

modifications of the target design. In its latest incarnation, the target consists of

an Inconel 600 cylinder, 11.43 cm in diameter and 12.7 cm in height with an

internal, cylindrical, air-cooled, copper heat exchanger. There are several motion

control systems connected to the target. The target length can be adjusted by

moving the target in the x direction. To reduce the average energy deposition and

the peak temperature, the target is rotated with a period of 45 s. The principal target

damage mechanism is surface oxidation due to high-temperature beam entry/exit

points. Target rotation reduces the peak surface temperature, and a beryllium cover

6 mm thick used in the latest design excludes air from the target cylinder surface.

The second damage mechanism is related to disruption of the crystalline structure

leading to swelling of the target cylinder and eventual reduction of thermal con-

ductivity between the air-cooled copper heat exchanger and the Inconel cylinder.

With the loss of cooling, the beryllium cover breaks due to excessive hoop stress.

The resulting damage is due to the snowballing effect of air contact with the

cylinder, drastically reduced heat removal capability, high cylinder surface tem-

perature, and finally rapid oxidation. The target was moved vertically by about

1 mm after each 2e17 protons, or about once per day during steady operations, in

order to minimize localized swelling effects. At least several passes through the

75 mm operating range was possible extending the expected target lifetime to 6–12

months.

Fig. 7.3 The schematic of the antiproton production target and lithium lens
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The angular spread of antiprotons coming out of the target is reduced by the

lithium lens. Due to its short focusing length (~30 cm), the chromaticity of focusing

is minimal resulting in high efficiency of beam transport to the Debuncher for

antiprotons with large momentum spread (��2.5 %). Achieving the same transport

efficiency with usual quadrupoles would not be possible. The lens has been

designed to operate in conditions of extremely high radiation. Figure 7.4 presents

the target vault layout.

After the lithium lens the proton and antiproton beams are separated by a 3�

bending dipole, a single-turn, radiation-hard pulsed magnet, operating in extremely

high radiation environment and bending antiprotons by about 3�. A collimator

positioned upstream of the pulsed magnet intercepts the shower of secondary

particles coming from the target and collection lens/transformer assembly. The

protons are directed to the beam dump and the antiprotons to the transport line

called AP-2. The line begins with a quadrupole triplet (actually built from four

quads) and a downstream bending magnet. The triplet together with the dipoles

makes this part of beam transport achromatic and matches the target beta-functions

to the values of downstream line. The transport line with total length of about 290 m

brings the antiproton beam to the Debuncher. An achromatic bend of 36.5� located
in its middle determines the central momentum and momentum spread of antipro-

tons to be injected to the Debuncher. The momentum spread can be reduced by

collimators located in the bend center where the dispersion achieves its maximum

value.

The total proton beam power is about 70 kW. Only about 1 kW of it is deposited

in the target. The remainder of the beam power is distributed among the collection

concrete wall

Side View

Top View

concrete shielding blocks

AP0 floor level

AP2
Transport

AP1
Pre–Valult

beam dump

beam dump

6 feet

M:TOR 109
target collimator

pulsed
magnet

lithium
lenstarget SEMupstream

sweep magnets

Steel modules

AP2

Fig. 7.4 The target vault layout; SEM stands for the secondary emission monitor; AP1 and AP2

are the names of transport lines from the Main Injector to the target and from target to the

Debuncher, consequently
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lens/transformer assembly (6 kW), the pulsed magnet collimator (7 kW), the pulsed

magnet (7 kW), and the beam dump (25 kW). The remaining beam power is

absorbed by the surrounding steel modules and beam dump shielding steel. Com-

paratively small power deposited in the target allows using air-cooling instead of

water-cooling. That significantly simplifies its design and installation in a high

radiation environment. The target, lithium lens, and 3� dipole are located at

atmospheric pressure. Beryllium windows are used at the end of the AP1 line and

at the beginning of the AP2 line to let the proton beam out of the vacuum chamber

and to let the antiproton beam back into the vacuum chamber.

Antiprotons coming out of the target are accompanied by other negatively

charged particles having the same momentum. Through the AP-2 line pions are

the dominant species of the beam. Although about half of them decay in the beam

line, they are still more populous than other species by about two orders of

magnitude. Mainly the beam injected to the Debuncher consists of pions, muons,

electrons, and antiprotons. Electrons and muons move faster than antiprotons, and

therefore their motion is weakly affected by the Debuncher RF system. As a result

the electrons are decelerated due to synchrotron radiation and hit the walls in less

than 15 turns. Muons experience negligible deceleration and stay on orbit, but they

decay with decay time of about 180 turns.

General layout of the Antiproton Source rings and transport beam lines is

presented in Fig. 7.5. The AP-2 line brings the antiprotons to the Debuncher.

After debunching and being stochastically cooled, they are sent to the Accumulator.

The Accumulator stacks and cools antiprotons for ~40 min and then sends them to

the Recycler via AP3 line.

The main Debuncher parameters are shown in Table 7.1. The Debuncher 2.2 s

cycle begins from the injection of 81 antiproton bunches which inherit the longi-

tudinal structure of MI protons. The Debuncher RF operates at 90th harmonic and is

phase-locked to the MI injector RF signal at the time of injection. The RF system

has its maximum voltage of 5 MV at the injection time. In about 50 μs, the RF drive

signal is reversed to rapidly decrease the RF voltage at the end of bunch rotation

which altogether takes about 100 μs. At the end of bunch rotation, the voltage is

about 100 kV, and, then, it is lowered over about 12 ms to debunch bunches

adiabatically. At the end of this process, about 95 % of antiprotons are within

AP3-line (Accumulator-to-Main injector)

AP2-line (Target-to-Debuncher)

D-to-A line

Debuncher

Accumulator Target

From (to) Main Injector

Fig. 7.5 Layout of Antiproton Source rings and transport lines
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�0.5 % momentum spread—the acceptance of the longitudinal stochastic cooling.

Then, the stochastic cooling in three degrees of freedom is switched on. At the end

of the cooling, all antiprotons are assembled in one long bunch created by the

barrier bucket RF which is on all the time but has little effect before the bunch is

cooled. It creates a 200 ns gap for the extraction of antiprotons to the Accumulator.

The main Accumulator parameters are shown in Table 7.2. Every 2.2 s the

Accumulator receives precooled antiprotons from the Debuncher. The injection

kicker is located at high-dispersion region where stored and injected beams are

separated. The beam arrives at the injection orbit at an energy that is approximately

140 MeV higher than that of the circulating core beam. During 100 ms after

injection, the injected beam is adiabatically bunched and RF displaced by

53.1 MHz RF system (84th harmonic) to the deposition orbit where it is adiabat-

ically debunched. This orbit is located approximately at the center of aperture.

From this point, the beam falls under the action of the stochastic cooling force of the

stacktail system which pushes it toward the main core beam located 60 MeV below

the central orbit energy. A three-plane cooling of the main core beam is performed

by core stochastic cooling systems. At the end of stacking cycle, the central part of

the core is RF displaced to the injection/extraction orbit and, then, extracted to the

Recycler. Normally the fourth harmonic system is used for this RF displacement.

Consequently, four bunches are extracted. Usually the extraction consists of two or

three consecutive extraction cycles to limit the longitudinal emittance of the

extracted beam.

It was not clear at the Run II beginning what should be the optimal path for

upgrades of the already existing infrastructure; in particular, how much stronger the

lithium lens should be, does it have an optimal length, and how does the stacking

rate depend on the Debuncher acceptance? There was a belief that a development of

the liquid lithium lens [1] with much higher focusing strength was the most

promising avenue. However, the study showed that only modest increase of the

Table 7.1 Main parameters

of the Debuncher
Circumference (m) 505.3

Kinetic energy (GeV) 8

Betatron tune, νx/νy 9.77/9.78

Momentum compaction 0.017

Acceptance, εx/εy (mm mrad) 35.3/34.6

Maximum relative momentum spread �0.03

Peak RF voltage for bunch rotation (MV) 5

Harmonic number 90

Table 7.2 Main parameters

of the Accumulator
Circumference (m) 474.1

Kinetic energy (GeV) 8

Betatron tune, νx/νy 6.684/8.680

Momentum compaction 0.0248

Acceptance, εx/εy (mm mrad) 9/9

Maximum momentum acceptance �0.0125
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lens strength is required, but the machine acceptance increase is crucial for the

stacking rate increase. The following sections describe the work which was carried

out to answer these questions as well as what had to be done to increase the

acceptances of the Antiproton Source rings and transfer lines and to increase the

efficiency of stochastic cooling systems.

7.1.1 Estimate of the Antiproton Yield and Choice of Target
Material

Figure 7.6 presents the dependence of antiproton production invariant cross section

at zero angle, (γ/σI)d
3σ/dp3|θ¼ 0, on the kinetic energy of antiprotons for a thin

nickel target bombarded by 120 GeV proton beam, where γ is the relativistic factor

of antiproton and σI is the cross section of inelastic nuclear interaction. With this

definition, the cross section weakly depends on the target material, and therefore

Fig. 7.6 presents a good approximation for other materials as well. The distribution

over transverse momentum has a weak dependence on the longitudinal momentum

and is close to the Gaussian distribution with the rms transverse momentum of

p⊥a � 0:9
ffiffiffiffiffiffiffiffiffiffiffi
mπmp

p
.

In the first approximation, the optimal target length is determined by balancing

of antiproton production and absorption and is close to the nuclear interaction

length. The acceptance of Antiproton Source is smaller than the rms emittance of

the antiprotons coming out of the target. In this case, a rough estimate of the

antiproton yield into the momentum spread �Δp/p is

κa � Na

Np
� 1

σI

d3σ

dp3

� �

θ¼0

2πp⊥a
2Δp

e
!γ�1 γ

σI

d3σ

dp3

� �

θ¼0

2πmcp⊥a
2

e

Δp
p

, ð7:1Þ

where we took into account that maximum yield is achieved at the target length

equal to the absorption length (here e¼ 2.71. . .). The maximum transverse momen-

tum of antiprotons, p⊥ a, is determined by the strength of the lithium lens. In the first

approximation, it is proportional to the product of lens’s length and its surface

magnetic field. Both parameters do not depend on the beam energy. Consequently,

p⊥ a does not depend on the energy, and the number of antiprotons is proportional to

the invariant cross section of Fig. 7.6. As one can see, the optimal energy for

antiproton collection is close to 8 GeV—the energy chosen for the Antiproton

Source operation.

The antiproton emittance is proportional to the target length, ε� Lθmax
2/2.

Consequently, high-Z targets having smaller nuclear interaction length are prefer-

able. However, the energy deposition per unit volume grows fast with Z, and at the

Run II beam power, it exceeds the critical power density beyond which the target is

destroyed. After a number of trials, nickel has been chosen as the best material for

the target because it can sustain an unusually large energy deposition of up to
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1,000 J/g. Later it was found that a nickel alloy, Inconel 600, is an even better

choice.

7.1.2 Optimization of Production and Collection
of Antiprotons

The simulations of antiproton production in a nickel target were performed with

MARS code [2] which takes into account all details of particles production and their

interaction in the material. Figure 7.7 presents the simulations of total yield of

antiprotons produced by 120 GeV proton beam into momentum acceptance of

�2.25 % around 8 GeV kinetic energy as function of the target length. One can

see that the total yield continues to grow to the target length equal to the inelastic

scattering length of 15 cm (for nickel), but, as will be seen later, the phase density

achieves its maximum at a smaller target length.

Figure 7.8 shows coordinates of antiprotons in the phase space produced by the

proton beam with rms beam size of 100 μm in the 8 cm-long target. Particle x-
coordinates were translated to the longitudinal coordinate at which the second-order

moment hxθxi is equal to zero. In the absence of antiproton scattering in the target,

this coordinate (waist position) would be in the center of the target. Scattering shifts

it downstream. For 8 cm target, this shift is equal to ~2.1 mm. Scattering leaves

transverse distribution approximately Gaussian but increases the antiproton angular

spread. For 8 cm target, an increase is ~20 %. The ellipse on the plot presents the
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sI

d3s
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Fig. 7.6 Dependence of the invariant antiproton production cross section at zero angle on the

kinetic energy of antiprotons for thin nickel target bombarded by 120 GeV beam (courtesy of

S. Striganov)
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boundary of phase space with acceptance ε¼ 35 mm mrad and beta-function

β*¼ 1.5 cm. The butterfly shape of the Fig. 7.8 distribution reflects the phase

space transformation in the course of antiproton motion from a position s to the

target center located at s0¼ 2.1 mm x; θxð Þs ! xþ θx s� s0ð Þ,θxð Þs¼s0

� �
.

An optimal target-to-Debuncher beam transport should deliver the maximum

number of antiprotons to the limited Debuncher acceptance and momentum spread.

Finding an optimal beta-function at the waist position, β*, is the first step in the

optics design. Figure 7.9 shows the antiproton yield as the function of β* for

different machine acceptances. The horizontal and vertical acceptances are consid-

ered to be equal; and the momentum acceptance is equal1�2.25 %. Thus, the phase

space of the accepted antiprotons is determined by the following equations:

0 5 10 15
Target length [cm]

0

1 .10 4

2 .10 4

3 .10 4

A
nt

ip
pr

ot
on

 y
ie

ld

Fig. 7.7 Dependence of

total antiproton yield

(simulated with MARS) on

the length of nickel target

for proton beam of

120 GeV; momentum

acceptance is �2.25 %

Fig. 7.8 Projections of

coordinates of antiprotons

to the x�θx-phase space
simulated with MARS code

for 120 GeV proton beam

with rms beam size of

100 μm. The target length is

8 cm and the mean kinetic

energy of antiprotons is

8 GeV. The circle inscribes

phase space with

ε¼ 35 mm mrad and

β*¼ 1.5 cm

1 This value takes into account the finite value of beam betatron size and therefore is smaller than

�2.5 % quoted above (Sect. 7.1) and representing the momentum acceptance of particles with zero

betatron amplitudes.
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For target lengths in the range of 5–12 cm, the maximum yield is achieved at the

optimal beta-function. Its value practically does not depend on the acceptance and

is equal to about 1/6 of the target length. Figure 7.10 shows a dependence of the

antiproton yield on the ring acceptance. The yield weakly depends on the target

length in the range of 6–10 cm and is proportional to the ring acceptance for

acceptances below 50 mm mrad. However, longer target lengths are preferable

because they require larger β* and, consequently, weaker lithium lens focusing.

Thus, to achieve a large antiproton yield, one needs to have quite small beta-

functions in the target center and to capture large momentum spread and accep-

tance. That requires a short distance focusing immediately after the target. Actually,

a dependence of near target focusing on the momentum, ΔF/F¼Δp/p, excites the
chromaticity of beam envelopes so that

Δβ
β

�
�
�
�
max

� βL
F

Δp
p

�������!βL�F2=β	 F

β	
Δp
p

, ð7:2Þ

where βL� Lf
2/β* is the average beta-function at the lens and Lf�F is the distance

between the target center and the lens center. For β*¼ 2 cm and Δp/p¼ 0.02, a

requirement to have (Δβ/β)max< 0.5 yields F< 50 cm. This focusing distance
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Fig. 7.9 Simulated dependence of antiproton yield into �2.25 % momentum spread on β* for the
beam acceptances of 15, 20, 25, 30, and 35 mm mrad (corresponding curves follow from low to

high values); other parameters are the same as in Fig. 7.8

268 V. Lebedev et al.



cannot be achieved with normal quadrupoles for the required acceptance. That

leaves the lithium lens as the only practical choice for the first focusing element in

the antiproton transport.

Unlike quadrupoles, the lithium lens has a material on the beam pass which

results in additional scattering and absorption of antiprotons which reduce the yield.

The effect of scattering is amplified by large value of beta-function in the lens

(~3 m). The percentage of antiprotons which do not experience strong interactions

with lens material and survive is about κlens¼ exp(�sLi/LLi� sBe/LBe)� 0.82,

where sLi¼ 15.5 cm and sBe¼ 1.2 cm are the total lengths of lithium and beryllium

crossed by the beam and LLi¼ 97.7 cm and LBe¼ 29.9 cm are the nuclear collision

lengths for lithium and beryllium, correspondingly. Multiple scattering in the lens

can be estimated as
ffiffiffiffiffiffiffi
δθ2

p
¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sLi=XLi þ LBe=XBe

p
13:6MeVð Þ=βPc ¼ 0:635mrad,

where XLi¼ 155 cm and XBe¼ 35.3 cm are the radiation lengths for lithium and

beryllium. For
ffiffiffiffiffiffiffi
δθ2

p
�

ffiffiffiffiffi
θ2

p
the scattering in the lens causes the relative emittance

growth equal toΔε=ε � δθ2= 2θ2
� �

. For the Debuncher acceptance of 35 mmmrad,

the multiple scattering yields Δε/ε� 0.016 and is less significant than the direct

particle loss due to nuclear interaction.

Figure 7.11 presents the dependence of antiproton yield on the lithium lens

strength. For every lens gradient, the distance between the lens and the target was

adjusted to achieve the maximum yield. At the Run II beginning, the Debuncher

acceptance was close to 20 mm mrad and the lens gradient was about 55 kG/cm. As

one can see from Fig. 7.11, an increase of the lithium lens focusing would not result

in a significant yield increase without an increase of the acceptance. Therefore, the

acceptance increase was considered as a high-priority item in the plan of Antiproton

Source upgrade. Simulations also verified that the length and radius of the lens were

close to the optimal values. A correction of Debuncher orbit and optics in January

of 2006 resulted in the Debuncher acceptance of about 35 mm mrad. An improved

lens design yielded a lens gradient increase from 55 to 67 kG/cm. These and a few
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Fig. 7.10 Simulated

dependence of the antiproton

yield on the acceptance for

9.45 cm inconel target,

β*¼ 1.6 cm, ε¼ εx¼ εy,
Δp/pmax ¼�0.0225. Note

that for unlimited transverse

acceptance, the yield of

antiprotons is equal to

2.3� 10�4; vertical line
marks the Debuncher

acceptance of 35 mm mrad
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other less important improvements resulted in the antiproton yield2 of about

3� 10�5. Detailed simulations of antiproton production which include their trans-

port to the Debuncher and the tracking in Debuncher with realistic apertures

resulted in the antiproton yield of 3.1� 10�5 in a good agreement with experimen-

tally measured yield. The rms proton beam size of 220 μm was used in the

simulations.

Figure 7.12 presents the dependence of antiproton yield on the rms proton beam

size for the different acceptances and the lens gradient of 75 kG/cm. One can see

that the antiproton yield begins to decrease for sizes above 100 μm and this decrease

is faster for smaller acceptances. The apertures and locations of target focusing

quadrupoles allowed reduction of the rms spot size down to about 120–150 μm.

However, for 8� 1012 protons per pulse, a reduction of beam size below ~200 μm
resulted in fast degradation of the target. It was driven by too large energy

deposition in the target, resulting in instant melting of irradiated material and

subsequent shock waves. A continuous operation with reduced beam size was

tested with the previous target design which did not have the protecting beryllium

cover. Such operation resulted in a horizontal “icicle” growing from the front face

of the lithium lens due to little droplets of target material knocked out at each pulse.

It resulted in a reduction of the antiproton yield due to additional scattering of

antiprotons on the “icicle.”
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Fig. 7.11 Simulated

dependence of antiproton

yield on the lithium lens

gradient; rms proton beam

size at the target is 130 μm,

and target length is 8 cm

2 This value of the yield was measured by DCCT (direct current transformer). Additional ~5 % loss

occurs in the course of beam debunching and stochastic cooling in Debuncher.
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7.1.3 Lithium Lens

The first lithium lens for the Antiproton Source was fabricated in Novosibirsk

Budker Institute of Nuclear Physics in 1983 [3, 4]. From the beginning of the

Antiproton Source, operation to the first years of the Collider Run II Fermilab

continued to build lenses using similar design and technology [5]. The work on lens

improvement was started at the Run II beginning and was carried out during most of

the Run II time. This work resulted in a new design based on the diffusion bonding

of lens elements. Figure 7.13 presents a cross section of this lens which inherited

major ideas and parameters of the original design but allowed ~20 % increase of

lens gradient. Similar to the original design, lithium is contained inside titanium

cylinder with beryllium endcaps. It is loaded under pressure to prevent its separa-

tion from walls of titanium cylinder due to magnetic pressure. The titanium cylinder

is cooled by water. The lens is inserted inside a high current 8:1 transformer to

match it to the pulsed power supply. Pulses are formed by a discharge of a 4.5 mF

capacitor charged to 2,300 V. The lens peak current of 437 kA creates effective lens

gradient of 67 kG/cm at the time of beam crossing. The lens lifetime strongly

depends on its gradient. At 67 kG/cm the lens lifetime is about 107 pulses (6–12

months). The maximum gradient for lens operation is 75.7 kG/cm with the capac-

itor charged to 2,600 V. Although it increased the number of antiprotons injected to

Debuncher, its effect on the stacking rate was insignificant (<1 %) due to limited

throughput of stacktail system (see details in the following sections). Therefore, at
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normal operations the lower gradient was used which significantly extended the

lifetime of the lens.

For the old lens design, one of the major limitations of the lens lifetime comes

from fatigue in the material of titanium cylinder created by magnetic pressure,

which stresses the cylinder longitudinally. For the new design, the major limitation

of the lens lifetime was determined by longevity of electrical insulators in the eight-

turn current transformer surrounding the lens. Several modifications to the lens

transformer improved longevity during the course of Run II. The need for nearly all

lens/transformer replacements came to be dominated by lens or transformer cooling

water leaks, which led to failed electrical insulators.

A major nonlinearity in the lithium lens focusing is related to the skin effect. The

lens current profile is close to a 350 μs-long half-period sinusoidal pulse (see

Fig. 7.14). The skin depth at the characteristic frequency 1/(2� 350� 10�6)�
1,400 Hz is 4.5 mm. That is twice smaller than the lens radius and implies that

there is a significant delay in the penetration of magnetic field into the lens.

Figure 7.15 shows results of calculations of magnetic field penetration into lithium

cylinder with 1 cm radius. It was obtained by expanding the pulse into Fourier

series, finding solution for harmonics, and performing inverse Fourier transform

numerically. One can see that the maximum gradient is achieved at RF phases

between 30 and 60�. Numerical comparison shows that for phases above 30�, the
exact solution presented in Fig. 7.15 is very close to the solution for a single RF

harmonic (I(t)¼ I0e
iωt):

B r; tð Þ ¼ 2I0
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, ð7:3Þ

where δ is the skin depth at frequency f¼ 1/(2 T), T is the pulse duration, I0 is the
current amplitude, r0 is the radius of lithium cylinder, and ber(x) and bei(x) are the
modified Bessel functions. Thus, Eq. (7.3) should be sufficient for most practical

applications. Maximum linearity of the gradient is achieved at the phase of about

Fig. 7.13 Lithium lens: 1, downstream window flange; 2, body spacer; 3, stud ceramic tube; 4,
upstream window flange; 5, ceramic washer; 6, stud washer; 7, spiralock round nut; 8, stud
insulated; 9, beryllium window; 10, window gasket; 11, lithium

272 V. Lebedev et al.



45�. At this time, the mean value of the gradient is ~80 % of the gradient calculated

without the skin effect taken into account. Note that ~2 % loss of focusing is due to

the current propagating in titanium cylinder holding lithium.

There are also other sources of lens nonlinearity. The first one is related to the

nonuniform current distribution at the ends, and the second one to the temperature

gradient resulting in a dependence of resistivity on radius. However, a contribution

of these effects to the nonlinearity is much smaller than the contribution of the skin

effect. Resistivity of titanium is 13 times the one of beryllium, and therefore it does

not contribute much into the magnetic field penetration rate.
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dependence of lens
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Fig. 7.14 Current

waveforms for the lithium

lens (cyan) and pulsed

magnet (magenta) during
antiproton stacking

operations. The disturbance

in the pulsed magnet

waveform is due to beam

crossing

7 Antiproton Production and Cooling 273



Simulations of the antiproton yield with lithium lens nonlinearity taken into

account did not exhibit any significant yield drop in comparison with the linear lens

simulations. Figure 7.16 shows that the yield is changing with change of the proton

beam arrival time. One can see that the shortening of the lens pulse from 360 to

200 μs reduced the yield by only about 2 %, while nonlinearity, B(r)/r, grew from

�7 % to (+10 to �50)%. The effect is even smaller for larger acceptances.

Figure 7.16 also demonstrates that due to stronger skin effect for shorter pulse,

one needs to change the arrival time from 40 to 75�. It also requires an increase of

the lens current by 1.4 times to compensate the gradient loss. Thus, a decrease of the

lens power consumption due to shorter pulse is overcompensated by increased lens

current, and the total power consumption is higher for shorter pulse. Similarly, the

power consumption would grow for a pulse longer than 360 μs because in this case
the lens current is not changed significantly and power grows proportionally to

pulse length. Thus, the choice of 360 μs pulse length looks well optimized.

7.1.4 Optics Correction for Antiproton Source Transport
Lines and Rings

The optics upgrades for Antiproton Source transfer lines and rings were aimed

to maximize their acceptances. To prevent the emittance growth at transfers, a

good optics match is required for the target-to-Debuncher and Debuncher-to-

Accumulator transfer lines, called AP-II and D-to-A lines, correspondingly. Both

transfer lines were measured with use of the differential orbits method (see

Chap. 2). Optics of AP-2 line was corrected to increase its acceptance and to reduce

chromaticity of its focusing. Figure 7.17 presents the beta-functions and dispersions

through the line. The antiproton yield is relatively insensitive to the optics mis-

matches in AP-2 line because the phase space of antiprotons coming out of the

Fig. 7.16 Dependence of the antiproton yield on the arrival time for the pulse lengths of 360 μs
(left) and 200 μs (right). Arrival time is expressed in the degrees of pulse RF phase. Acceptance is

20 mm mrad; the momentum spread is �2.25 %
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target significantly exceeds the line acceptance. Note that the quadrupoles, which

match the vertical dispersion at the line end, are very strong and introduce large

focusing chromaticity. However, it results in a little penalty for the stacking rate

because the AP-2 line has larger acceptance than the Debuncher. The optics of the

Debuncher-to- Accumulator beam line was found to be satisfactory and was left

unchanged.

To minimize cost, many quadrupoles have been connected serially to a single

power supply. When optics improvement work was started, we found that in many

cases these connections are not optimal. However, if a satisfactory solution without

a reconnection of quads could be found, it was preferred to the “perfect” solution.

7.1.5 Debuncher

The central step of the optics improvements in the Antiproton Source was maxi-

mizing the Debuncher acceptance, which necessitated detailed understanding of the

Debuncher optics and aperture limitations [6]. Initially, the Debuncher upgrade

plan anticipated an increase of physical aperture of eight stochastic cooling tanks

(pickups and kickers of the frequency bands 3 and 4) which were major aperture

limitation. After lattice measurements and their analysis, we found that a

Debuncher optics modification would be an easier way to achieve the required

acceptance. It also eliminated risks of deterioration of stochastic cooling systems.

The method of the response matrix described in Chap. 2 was used to determine

quadrupole errors and to build a model of machine optics. An estimate of the optics

model accuracy yields that the beta-functions are known to about 5 %. It is mainly

limited by the BPM resolution and the small number of steering elements in the

machine. Achieving high accuracy of the optics model was essential to maximizing

the Debuncher acceptance. Stochastic cooling tanks presented major aperture

limitations. A new optics design was based on balancing beam envelopes in

different stochastic cooling tanks. Figure 7.18 presents the beam envelopes for

the Debuncher straight sections where the pickups are located. One can see that the

beam size is minimized in pickups with small aperture that results in an envelope

increase in the pickups with large aperture. Similar adjustments were done for the

Fig. 7.17 Beta-functions and dispersions for AP-2 line
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straight section where the kickers are located. To remove the last remaining

aperture limitations, the injection region was rebuilt and the longitudinal Schottky

monitor was removed in 2005.

The original Debuncher optics design had three periods and mirror symmetry in

each of three sectors. The beta-functions in straight sections were periodic. The

above-described adjustments broke perfect periodicity; however, it did not deteri-

orate the ring dynamic aperture. It was verified by both the multi-turn tracking and

direct measurements of the Debuncher acceptance. The beta-functions and disper-

sions for a half of one of three Debuncher super periods are shown in Fig. 7.19. The

optics of all three straight lines is slightly different. In addition to maximizing the

machine acceptance, the betatron phase advance between pickups and kickers of

transverse stochastic cooling was also corrected to be equal to (90 + n� 180)�,
where n is an integer.

Fig. 7.18 Beam envelopes in the AP-10 straight section of the Debuncher for acceptances of 40.5

and 37.5 mm mrad for horizontal and vertical planes, correspondingly; red line, horizontal beam
envelope; green line, vertical beam envelope; and blue line, the contribution to beam size due to

relative momentum spread of 0.03. Rectangles present aperture limitations with color

corresponding to the curve of the same plane

Fig. 7.19 Beta-functions and dispersions for a half of Debuncher super period (sector 50)
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Natural chromaticity is compensated by two families of sextupoles bracketing

all arc quads. There is also a considerable nonlinearity introduced by the dipoles.

The magnetic measurements of the Antiproton Source dipoles were performed

early in the construction of the Antiproton Source and have not been totally reliable.

In order to include the nonlinearities into the optics model, we adjusted nonlinear

components of dipoles to match the model predictions to the measured tune

dependence on the momentum and found that the sextupole and decapole

components make major contributions (B2/B0¼�3.6� 10�5 cm�2, B4/B0¼
1.6� 10�5 cm�4). Figure 7.20 presents measured chromaticity and its comparison

with the model. Sextupole correction has been applied to minimize tune variation in

the central part of the aperture.

The free drift space in the straight sections is very tightly packed with stochastic

cooling devices. In order to accommodate them, some of the dipole correctors were

removed from the ring. There remain only ten horizontal and seven vertical

correctors in the entire Debuncher. Supports for 35 Debuncher quadrupoles were

made movable in the course of Run II (2003–2006). This solution was found to be

extremely helpful for orbit correction in the case when only handful of correctors is

present.

7.1.6 Accumulator

Similar to the Debuncher, the original Accumulator optics design had three periods

and mirror symmetry in each of three sectors. There have been many incarnations of

the ring optics in the course of Antiproton Source lifetime. The main objective for

the present optics was an adjustment of the ring momentum compaction so that to

obtain the slip factor optimal for the antiproton stacking [7]. As it will be shown

below, the stacking rate is proportional to the slip factor as long as the longitudinal

Schottky bands at the high-frequency end of the stacktail system band are not

overlapped. An optimal slip factor was found to be close to 0.015. This value

Fig. 7.20 Dependence of

tunes on momentum

computed using Debuncher

optics model (solid lines)
and measured (crosses)
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corresponds to momentum compaction of 0.026. In addition the correct phase

advances between pickups and kickers of transverse stochastic cooling have to be

maintained, and the aperture maximized for a known aperture limitations mainly

presented by the stochastic cooling tanks. The stacktail pickups are located in a

region with maximum dispersion. This dispersion was already optimized for the

stacktail system, and therefore the momentum compaction correction was done by

dispersion adjustments in the regions where the dispersion is negative. The results

of the optimization are presented in Fig. 7.21. One can see significant deviations

from the threefold symmetry. The same as for the Debuncher, the optics measure-

ments were performed with the response matrix method. The obtained model

predicts the beta-functions with accuracy of ~5 %. Special attention was paid to

zeroing the dispersion functions in the straight sections to prevent the core heating

by the stacktail system. The achieved dispersion leakage was less than 5 cm which

corresponds to less than 0.5 % of the peak dispersion value. The optics design was

based on the apertures of the elements taken from drawings. It resulted in the

expected ring acceptance to be about 14–15 mm�mrad. However, only about

8–10π mm mrad was obtained. It was sufficient to support reliable machine

operation. Due to the lack of available machine study time, this difference has

not been well understood.

Although the model predicts the momentum compaction and, consequently, the

slip factor with good accuracy, its independent measurement was important to build

an accurate stacktail model and, then, to optimize the stacktail cooling system. Two

independent methods were used. The first method was based on the direct mea-

surement of γ-transition from the extrapolation of measurement of revolution

frequency response to bend bus variations. In the second method, the slip factor

was computed from the dependence of synchrotron frequency on the RF voltage.

The measured slip factor at the central orbit was very close to the design value.

However, the measurements showed strong dependence of slip factor on the

momentum. The results are presented in Fig. 7.22. One can see that although the

optics model qualitatively yields the same behavior, there are clear differences at

the edges.
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Fig. 7.21 Beta-functions and dispersion for the Accumulator
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7.2 Stochastic Cooling of Antiprotons

Stochastic cooling technology at Fermilab has expanded considerably on the initial

systems developed at CERN [8]. Cooling systems are utilized for increasing the

phase space density of 8 GeV antiprotons in three Fermilab antiproton synchro-

trons: Accumulator, Debuncher, and Recycler. A total of 25 independent systems

are implemented, 21 in the Antiproton Source and 4 in the Recycler. The following

sections present an introduction to the stochastic cooling theory used for optimiza-

tion of the cooling systems, describe the technology choices for each segment of the

cooling systems, and present cooling systems performance.

7.2.1 Stochastic Cooling: Theory

Reference [9] gives a good introduction to the subject of stochastic cooling. The

model is based on ordinary differential equations allowing simple estimates of

cooling rates, but it does not represent an accurate quantitative description of

cooling process. More accurate approach based on partial differential equations

has been developed in [10]. In the following sections, we consider an extension of

this model for both transverse and longitudinal cooling. This model additionally
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Fig. 7.22 Dependence of slip factor for Accumulator on the beam revolution frequency which is

directly related to the relative momentum change
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takes into account the effect of Schottky band overlap and does not require a linear

relationship between momentum offset and revolution frequency—the properties

which were essential for modeling of some abovementioned systems. The results

obtained with this model were essential for the choice of upgrade path, analysis of

beam-based measurements, and the optimization of system performance. First, we

will derive expressions for the beam dielectric functions and, then, proceed to a

derivation of the Fokker–Planck equations describing the cooling process.

Beam Dielectric Function for Longitudinal Cooling

Usually, a calculation of the beam dielectric function is based on the azimuthal

harmonics. This approach does not work if bands are close to overlap because in

this case the amplitudes of the harmonics are changed within one revolution.

Consequently, one needs to track the distribution function evolution within each

turn. In this section, we limit ourselves to the case of a beam with sufficiently small

intensity (or large momentum spread) so that the beam interaction with the vacuum

chamber can be neglected. Then, the evolution of the longitudinal distribution

function can be described by the following equation:

f x; s2; tð Þ ¼ f x, s1, t� T12 xð Þð Þ, ð7:4Þ

where x¼ ( p� p0)/p0 is the relative momentum deviation and T12(x) is the time of

flight from point 1 to point 2. Equation (7.4) allows reducing the problem from one

of finding the entire ring distribution function to one of finding the local distribution

functions in the pickup and kicker. Figure 7.23 depicts the layout of a simplified

cooling system. f1(x, t) is the distribution function immediately downstream of the

kicker, f2(x, t) is the distribution function in the pickup, and f3(x, t) is the distribution
function just upstream of the kicker. Since the particle momentum is changed only

in the kicker and that the beam motion in the rest of the ring is described by

Eq. (7.4), one can write the equations that relate these functions to one another:

f 2 x; tð Þ ¼ f 1 x, t� T1 xð Þð Þ,
f 3 x; tð Þ ¼ f 2 x, t� T2 xð Þð Þ,
f 1 x; tð Þ ¼ f 3 x� δp tð Þ=p0, t

	� 	
,

ð7:5Þ

where δp(t) is the particle momentum change due to the kicker and T1(x), T2(x), and
T(x)¼ T1(x) + T2(x) are the kicker-to-pickup, pickup-to-kicker, and revolution

times for a particle with momentum offset x, respectively. They are equal to
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T1 xð Þ ¼ T10

1� η1 x� η 2ð Þ
1 x2 þ � � �

� T10 1þ η1 xð Þ,

T2 xð Þ ¼ T20

1� η2 x� η 2ð Þ
2 x2 þ � � �

� T20 1þ η2 xð Þ,

T xð Þ ¼ T0

1� ηx� η 2ð Þx2 þ � � � � T0 1þ ηxð Þ:

ð7:6Þ

Here T10, T20, and T0¼ T10 + T20 are the kicker-to-pickup, pickup-to-kicker, and

revolution times for the reference particle, respectively, η¼ α� 1/γ2 is the ring slip
factor, and η1 and η2 are the partial kicker-to-pickup and pickup-to-kicker slip

factors so that ηT0¼ η1T1 + η2T2. Expressing the distribution function as a sum of

equilibrium value and perturbation, f k x; tð Þ ¼ f 0 xð Þ þ ef k x; tð Þ, k¼ 1, . . ., 3 and

leaving only the first-order term in the Taylor expansion of the third equation in

Eq. (7.5), one obtains

ef 2 x; tð Þ ¼ ef 1 x, t� T1 xð Þð Þ,
ef 3 x; tð Þ ¼ ef 2 x, t� T2 xð Þð Þ,
ef 1 x; tð Þ ¼ ef 3 x; tð Þ � δp tð Þ

p0

df 0 xð Þ
dx

:
ð7:7Þ

We will look for a solution in the form ef k x; tð Þ ¼ ef kω xð Þeiωt and δp(t)¼ δpωe
iωt.

Substituting these equations into Eq. (7.5), one obtains

ef 2ω xð Þ ¼ ef 1ω xð Þexp �iωT1 xð Þð Þ,
ef 3ω xð Þ ¼ ef 2ω xð Þexp �iωT2 xð Þð Þ,
ef 1ω xð Þ ¼ ef 3ω xð Þ � df 0 xð Þ

dx

δpω
p0

:
ð7:8Þ

Eliminating ef 1ω xð Þ and ef 3ω xð Þ from the above equations, one obtains

ef 2ω xð Þ exp iωT1 xð Þð Þ ¼ ef 2ω xð Þ exp �iωT2 xð Þð Þ � df 0 xð Þ
dx

δpω
p0

: ð7:9Þ

f2(x,t)

f1(x,t)

f3(x,t)T2h2 

Uext

T1h1

Pickup

Kicker

K(w)

T0 , A(w) K=1

Fig. 7.23 Schematic of a

longitudinal cooling system
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Let the momentum kick be determined by the sum of the amplified pickup signal

and an external harmonic perturbation (see Fig. 7.24) so that

δpω=p0 ¼ Δpextω=p0 þ
ð
e�iωT20 1� A ωð Þe�iωT0


 �
G x;ωð Þef 2ω xð Þdx: ð7:10Þ

Here the term e�iωT20 accounts for the signal propagation delay from the pickup to

the kicker. It is equal to the pickup-to-kicker particle flight time for the reference

particle, ef 2 p, t� T20ð Þ ! ef 2ω pð Þe�iωT20 . The total system gain,

G x;ωð Þ 1� A ωð Þe�iωT0½ , is expressed in a general form so that it can describe

both Palmer and filter cooling. For Palmer cooling A(ω)¼ 0 and the pickup

momentum signal depends on the transverse displacement of the beam in a

pickup located in non-zero dispersion. For filter cooling, the pickup signal does

not depend on particle momentum, G(x,ω)!G(ω), and the cooling signal is

formed by a notch filter. Thus, for filter cooling A(ω)� 1, with a delay equal to

the revolution time for the reference particle, T0. Taking into account the distri-

bution function normalization,
Ð
f0(x) dx¼ 1, and introducing the impedances of

the pickup, Zp, and kicker, Zk, the pickup voltage is

Upickupω ¼ I0

ð
Zp x;ωð Þ f 2ω x;ωð Þdx, ð7:11Þ

and the energy gain in the kicker is

δEkickerω ¼ e
Zk ωð Þ
Zampl

Ukickerω : ð7:12Þ

The system gain is then given by

G x;ωð Þ ¼ eI0Zp x;ωð ÞZk ωð Þ
γβ2mc2Zampl

K ωð Þ: ð7:13Þ

Here I0 is the beam current, Zampl¼ 50 Ω is the impedance of the power amplifier,

K(ω) is the total electronic amplification of the cooling system, c is the speed of

h

h

x

x

n

n

q

q

q

w

Fig. 7.24 Schematic of a

transverse cooling system
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light, e and m are the particle charge and mass, and β and γ are the relativistic

factors.

Substitution of Eq. (7.10) into Eq. (7.9) yields

ef 2ω xð Þ eiωT1 xð Þ � e�iωT2 xð Þ
h i

þ df 0 xð Þ
dx

Δpextω
p0

þ e�iωT20 1� A ωð Þe�iωT0

 �ð

dx0ef 2ω x0ð ÞG x0;ωð Þ
� 

¼ 0:

ð7:14Þ

Dividing both terms by eiωT1 xð Þ � e�iωT2 xð Þ, multiplying by G(x,ω), and integrat-

ing, one obtains

Sω þ Δpextω
p0

ð
df 0 xð Þ
dx

G x;ωð Þdx
eiωT1 xð Þ � e�iωT2 xð Þ

þ e�iωT20 1� A ωð Þe�iωT0

 �

Sω

ð
df 0 xð Þ
dx

G x;ωð Þdx
eiωT1 xð Þ � e�iωT2 xð Þ ¼ 0, ð7:15Þ

where

Sω ¼
ð
dx0ef 2ω x0ð ÞG x0;ωð Þ: ð7:16Þ

Solving Eq. (7.15) for Sω, one finally obtains the system response at the pickup

location due to the external harmonic perturbation:

Sω ¼ � 1

ε ωð Þ
Δpextω
p0

ð

δ!0þ

df 0 xð Þ
dx

G x0;ωð ÞeiωT2 xð Þ

eiωT xð Þ � 1� δð Þ dx, ð7:17Þ

where ε(ω) is the beam dielectric function given by

ε ωð Þ ¼ 1þ 1� A ωð Þe�iωT0
� 	ð

δ!0þ

df 0 xð Þ
dx

G x;ωð Þeiω T2 xð Þ�T20ð Þ

eiωT xð Þ � 1� δð Þ dx: ð7:18Þ

In the above equations, the rule for traversing the poles,3 δ! 0+, follows from

the fact that for a complex Laplace transform, ω is shifted to the lower complex

plane. Equation (7.18) shows that the dielectric functions for positive and negative

frequencies are complex conjugates of one another: ε(ω)¼ ε(�ω)+.

3 Note that in Chap. 6 we look for harmonic solutions in the form of exp(�iωt). That changes signs
for the rule to traverse the poles. All equations of this chapter can be converted to this notation by

their complex conjugation.
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To find the closed system response, we need to incorporate two additional

factors into Eq. (7.17). They describe the pickup-to-kicker delay, e�iωT2 , and the

notch filter. Including these factors results in

Sωclosed
¼ � 1

ε ωð Þ
Δpextω
p0

1� A ωð Þe�iωT0
� 	ð

δ!0þ

df 0 xð Þ
dx

G x;ωð Þeiω T2 xð Þ�T20ð Þx

eiωT xð Þ � 1� δð Þ dx,

ð7:19Þ

The response of the open-loop system can be obtained from Eq. (7.19) by setting

ε(ω)¼ 1.

Far away from Schottky band overlap, the exponent in the denominator of

Eq. (7.18) can be expanded near the revolution harmonic, ω¼ nω0(1� η y),
ω0¼ 2π/T0. That results in the generally accepted formula for the beam dielectric

function at the nth revolution frequency harmonic of a particle with momentum

offset y [10]:

εn yð Þ � 1þ 1� A nω0ð Þe2πinη y� 	 1

2πinη

ð

δ!0þ

df 0 xð Þ
dx

G x, nω0ð Þ
x� y� iδsign nð Þ dx: ð7:20Þ

Here only the linear term in the expansion of revolution time in momentum has

been included (see Eq. (7.6)). Note that although this expression is frequently used

to describe signal suppression for filter cooling in a wide frequency range, it is only

valid far away from band overlap. This allows the expansion of the last exponent in

Eq. (7.20), yielding the following result for filter cooling with an ideal notch filter:

A(nω0)¼ 1,

εn yð Þ � 1� G nω0ð Þ y

ð

δ!0þ

df 0 xð Þ
dx

1

x� y� iδsign nð Þ dx, ð7:21Þ

where G(0, nω0)�G(nω0). Similarly, for the case of ideal Palmer cooling

(A(nω0)¼ 0 and G(x, nω0)¼Gx(nω0) x), one obtains

εn yð Þ � 1þ 1

2πiηn

ð

δ!0þ

df 0 xð Þ
dx

Gx nω0ð Þx
x� y� iδsign nð Þ dx

¼ 1þ Gx nω0ð Þ
2πiηn

y

ð

δ!0þ

df 0 xð Þ
dx

1

x� y� iδsign nð Þ dx:
ð7:22Þ

Here in transformation from the top to bottom part in Eq. (7.22) we took advantage

of the fact that
Ð
(df0/dx)dx¼ 0. Comparing Eqs. (7.21) and (7.22), one can see that

there are similar dependencies of beam dielectric functions on momentum for both

cooling methods.
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Beam Dielectric Function for Transverse Cooling

For transverse cooling, as in the method used above for longitudinal cooling, the

evolution of the beam distribution is considered at three points: (1) after the kicker,

(2) in the pickup, and (3) before the kicker. The layout of the system is presented in

Fig. 7.24. The beam dipole moment densities at each of three points are

dk tð Þ ¼ I0
cβ

ð
yk x; tð Þ f 0 xð Þdx, k ¼ 1, 2, 3: ð7:23Þ

Here f0(x) is the longitudinal distribution function, and yk(x) is the average trans-

verse beam displacement for particles with relative momentum deviations equal to

x. Normalizing the beam displacements, yk(x), and angles, θk(x), by the beta

functions so that eyk ¼ yk=
ffiffiffiffiffi
βk

p
and eθk ¼ θk

ffiffiffiffiffi
βk

p þ αkxk=
ffiffiffiffiffi
βk

p
, one can write a

system of equations relating the beam displacements after and before the kicker:

ey3 x; tð Þ ¼ c xð Þey1 x, t� T xð Þð Þ þ s
�
x
	
eθ1 x, t� T xð Þð Þ,

eθ3 x; tð Þ ¼ �s xð Þey1 x, t� T xð Þð Þ þ c
�
x
	
eθ1 x, t� T xð Þð Þ: ð7:24Þ

Here c(x)¼ cos(2πν(x)), s(x)¼ sin(2πν(x)), ν(x)¼ ν0 + ξx+ � � �, ν0 is the betatron

tune, and ξ is the tune chromaticity. Passage through the kicker changes the beam

angle but does not change the beam coordinate so that

ey1 x; tð Þ ¼ ey3 x; tð Þ,
eθ1 x; tð Þ ¼ eθ3 x; tð Þ þ δeθ tð Þ: ð7:25Þ

We look for a solution in the form eyk x; tð Þ ¼ eykω xð Þeiωt and δθ(t)¼ δθωe
iωt. Its

substitution into Eqs. (7.24) and (7.25) yields

ey3ω xð Þ ¼ c xð Þey1ω xð Þ þ s xð Þeθ1ω x
	� 	� �

exp �iωT xð Þð Þ,
eθ3ω xð Þ ¼ �s xð Þey1ω xð Þ þ c xð Þeθ1ω x

	� 	� �
exp �iωT

�
x

� 	
,

ey1ω xð Þ ¼ ey3ω xð Þ,
eθ1ω xð Þ ¼ eθ3ω xð Þ þ δeθω:

ð7:26Þ

Solving these equations for ey1ω xð Þ and eθ1ω xð Þ one obtains

eθ1ω xð Þ ¼ � c xð Þ � eiωT xð Þ

e2iωT xð Þ � 2c xð ÞeiωT xð Þ þ 1
eiωT xð Þδeθω,

ey1ω xð Þ ¼ s xð Þ
e2iωT xð Þ � 2c xð ÞeiωT xð Þ þ 1

eiωT xð Þδeθω:
ð7:27Þ
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Taking into account the relationship between coordinates and angles of points

1 and 2,

ey2 x; tð Þ ¼ c1 xð Þey1 x, t� T1 xð Þð Þ þ s1
�
x
	
eθ1 x, t� T1 xð Þð Þ,

eθ2 x; tð Þ ¼ �s1 xð Þey1 x, t� T1 xð Þð Þ þ c1
�
x
	
eθ1 x, t� T1 xð Þð Þ, ð7:28Þ

and transforming the time-dependent values to their Fourier harmonics, one obtains

the following expression for the beam displacement in the pickup:

ey2ω xð Þ ¼ s2 xð Þ þ s1 xð ÞeiωT xð Þ

e2iωT xð Þ � 2c xð ÞeiωT xð Þ þ 1
eiωT2 xð Þδeθω: ð7:29Þ

Here c1,2(x)¼ cos(2πν1,2(x)), s1,2(x)¼ sin(2πν1,2(x)), ν1,2(x)¼ ν1,2 + ξ1,2x+ � � �, and
2πν1 and 2πν2 are the pickup-to-kicker and kicker-to-pickup betatron phase

advances so that ν1 + ν2¼ ν, and ξ1 and ξ2 are the corresponding partial tune

chromaticities so that ξ1 + ξ2¼ ξ.
Similar to Eq. (7.10) the beam kick is determined by the sum of the amplified

pickup signal and an external harmonic perturbation, Δeθextω, so that

δeθω ¼
ð
dxf 0 xð Þey2ω xð ÞG⊥ ωð Þe�iωT20 þ Δeθextω: ð7:30Þ

We introduce the impedances of the pickup, Zp⊥, and the kicker, Zk⊥, so that the
pickup voltage is given by

Upickupω ¼ I0Zp⊥ ωð Þyω ¼ I0Zp⊥ ωð Þ
ð
yω xð Þ f 0 xð Þdx: ð7:31Þ

The change in transverse angle obtained by a particle in the kicker is

δθkickerω ¼ e

mc2γβ2
Zk⊥ ωð Þ
Zampl

Ukickerω : ð7:32Þ

This yields a system gain that is given by

G⊥ ωð Þ ¼ eI0Zp⊥ ωð ÞZk⊥ ωð Þ
γβ2mc2Zampl

ffiffiffiffiffiffiffiffiffi
βpβk

q
K ωð Þ, ð7:33Þ

where βp and βk are the beta-functions in the pickup and kicker, respectively.

Substituting Eq. (7.30) into Eq. (7.29), one obtains

ey2ω xð Þ ¼ s2 xð Þ þ s1 xð Þe2iωT xð Þ� 	
eiωT2 xð Þ

e2iωT xð Þ � 2c xð ÞeiωT xð Þ þ 1
G⊥ ωð Þe�iωT20

ð
dxf 0 xð Þey2ω xð Þ þΔeθextω

� �

:

ð7:34Þ
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Finding the system response to a harmonic transverse excitation is similar to that

carried out for the longitudinal case. The result is

ey2ω �
ð
dxf 0 xð Þey2ω xð Þ ¼ Δeθextω

ε⊥ ωð Þ
ð

δ!0þ
dxf 0 xð Þ s2 xð Þ þ s1 xð ÞeiωT xð Þ� 	

eiωT2 xð Þ

e2iωT xð Þ � 2c xð ÞeiωT xð Þ þ 1� δ
;

ð7:35Þ

where the beam dielectric function, ε⊥(ω), is

ε⊥ ωð Þ¼1�G⊥ ωð Þ
2

ð

δ!0þ

e�iωT xð Þsin 2πν2 xð Þð Þþsin 2πν1 xð Þð Þ
 �
eiω T2 xð Þ�T20ð Þ

cos ωT xð Þð Þ�cos 2πν xð Þð Þþiδsin ωT xð Þð Þ f 0 xð Þdx:

ð7:36Þ

The rule for traversing the poles is similar to that for Eqs. (7.17) and (7.18). As

was for the case of longitudinal cooling, the dielectric functions for positive and

negative frequencies are related to one another as complex conjugates:

ε⊥(ω)¼ε⊥(�ω)+.
To find the closed system response, one needs to incorporate a factor describing

the pickup-to-kicker delay, e�iωT20 , into Eq. (7.35). It yields

ey2ωclosed
¼ Δeθextω
2ε⊥ ωð Þ

ð

δ!0þ

e�iωT xð Þ sin 2πν2 xð Þð Þþ sin 2πν1 xð Þð Þ
 �
eiω T2 xð Þ�T20ð Þ

cos ωT xð Þð Þ� cos 2πν xð Þð Þþ iδsin ωT xð Þð Þ f 0 xð Þdx:

ð7:37Þ

The open-loop response of the system can be obtained from Eq. (7.37) by setting

ε⊥(ω)¼1.

Far away from Schottky band overlap, the cosines in the denominator of

Eqs. (7.36) and (7.37) can be expended near a betatron sideband,

δω¼ω� (n� ν)ω0, ω0¼ 2π/T0, and we arrive at the standard formula for the

transverse dielectric function [10]:

ε⊥n� δωð Þ¼ 1þ G⊥ ωn�ð Þ
4π sin 2πν0ð Þ

ð

δ!0þ

sin 2πν2ð Þe�2πiν0 þ sin 2πν1ð Þ
�δω=ω0� ξþ η ν�nð Þð Þx� iδ

f 0
�
x
	
dx

�����������!
2πν2 ¼ π=2
ν0 << n

1þG⊥ ωn�ð Þ
4πi

ð

δ!0þ

f 0 xð Þdx
δω=ω0� ηn� ξð Þx� iδ

, ωn� ¼ n� νð Þω0 > 0:

ð7:38Þ
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Fokker–Planck Equation for Longitudinal Cooling

It has been shown in [10] that if the number of particles simultaneously interacting

with each other through the stochastic cooling system (number of particles in the

sample) is sufficiently large, the evolution of the beam’s longitudinal distribution is

described by the Fokker–Planck equation:

∂f 0 x; tð Þ
∂t

þ ∂
∂x

F xð Þf 0 x; tð Þð Þ ¼ 1

2

∂
∂x

D xð Þ∂f 0 x; tð Þ
∂x

� �

: ð7:39Þ

To find the drag force, F(x), we consider the case where only one particle is

present in the sample. The momentum change of that particle is determined by

voltage excited in the kicker by this particle only. The kick value is determined by

Eq. (7.10) where the system gain of Eq. (7.13) is determined by a single-particle

current

G1 x;ωð Þ � G x;ωð Þ
N

¼ e2Zp x;ωð ÞZk ωð Þ
T0γβ

2mc2Zampl

K ωð Þ, ð7:40Þ

and N is the number of particles in the beam. The longitudinal distribution function

in the pickup is

f 2 x; tð Þ ¼ δ x� x0ð Þ T xð Þ
X

n

δ t� t0 � nT xð Þð Þ, ð7:41Þ

where x0 and t0 + nT(x) are the momentum offset and time when the particle passes

the kicker. The factor T(x) is required to normalize the time-averaged distribution

function,
Ð h f2(x, t)itdx¼ 1. We also assume that the damping rate is much smaller

than the revolution frequency. That allows one to ignore a revolution frequency

change in the sum. The Fourier harmonic of the distribution function at frequency ω
is

f 2ω xð Þ ¼ δ x� x0ð Þ T xð Þ
X

n

e�iω t0þnT xð Þð Þ

2π
¼ δ x� x0ð Þ

X

n

e�iωt0δ ω� 2π

T xð Þ
� �

:

ð7:42Þ

Substituting Eq. (7.42) into Eq. (7.10), integrating over momentum, and

performing the inverse Fourier transform, one obtains the time dependence of the

kicker strength:
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δp tð Þ=p0 ¼
X

n

eiωn xð Þ t�t0�T20ð Þ 1�A ωn xð Þð Þe�iωn xð ÞnT0

h i
G x,ωn xð Þð Þ, ωn xð Þ¼ 2πn

T xð Þ :

ð7:43Þ

The kick obtained by the particle is determined by the voltage on the kicker at

the time the particle crosses the kicker:

δp=p0 ¼
X

n

eiωn xð Þ T2 xð Þ�T20ð Þ 1� A ωn xð Þð Þe�iωn xð ÞT0

h i
G x,ωn xð Þð Þ: ð7:44Þ

To find the cooling force, one needs to account for the screening of the particle

signal by the other particles in the beam. If the number of particles in the sample is

sufficiently large, this signal suppression is similar to the signal suppression of an

external excitation expressed by Eq. (7.17). This results in

F xð Þ � dx

dt
¼ 1

T0

X1

n¼�1

G1 x,ωn xð Þð Þ
ε ωn xð Þð Þ 1� A ωn xð Þð Þe�iωn xð ÞT0

� �
eiωn xð Þ T2 xð Þ�T20ð Þ,

ð7:45Þ

where we neglected the dependence of revolution time on momentum in the

denominator. Note that the terms for positive and negative n are complex conju-

gates; consequently F(x) is a real function. Expanding the dependencies of the

revolution and delay times on momentum using Eq. (7.6), one arrives to the cooling

force presented in [10].

To determine the diffusion, we initially assume that it is produced by

non-interacting particles. First, we relate D(x) to the growth rate of momentum

spread for an initial point-like momentum distribution, f(x)¼ δ(x� x0). Multiplying

Eq. (7.39) by (x� x0)
2 and integrating over momentum, one obtains

d

dt
x�x0ð Þ2�

ð
x�x0ð Þ2∂f

∂t
dx¼�

ð
x�x0ð Þ2 ∂

∂x
F xð Þfð Þdxþ1

2

ð
x�x0ð Þ2 ∂

∂x
D xð Þ∂f

∂x

0

@

1

A

¼2

ð
x�x0ð ÞF xð Þf �x	dxþ

ð
f xð Þ D xð Þþ x�x0ð ÞdD

dx

0

@

1

Adx�����������!f xð Þ¼δ x�x0ð Þ
D
�
x
	
:

ð7:46Þ

Second, we consider single-particle diffusion due to kicker noise. Let the particle

energy change at turn n be equal to δEn¼eU(nT(x)), where T(x) is the particle

revolution period and U(t) is the kicker voltage. The energy spread after Nr turns is
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ΔEð Þ2 ¼ e
XNr�1

n¼0

U nT xð Þð Þ
 !2

¼ e2
XNr�1

n¼0

XNr�1

m¼0

U nT xð Þð ÞU mT xð Þð Þ ¼ e2
XNr�1

n¼0

XNr�1

m¼0

KA n� mð ÞT xð Þð Þ

¼ e2
XNr�1

n¼0

XNr�1

m¼0

ð1

�1
PA ωð ÞeiωT xð Þ n�mð Þ dω ¼ e2

ð1

�1
PA ωð Þ e

iωT xð ÞNr � 1

eiωT xð Þ � 1

�
�
�
�
�
�

�
�
�
�
�
�

2

dω

�������!Nr�1 2πe2Nr

T xð Þ
X1

n¼�1
PA

2π

T xð Þ n
0

@

1

A � 2πe2Nr

T0

X1

n¼�1
PA ωn xð Þð Þ:

ð7:47Þ

where we have neglected the difference between T(x) and T0 in the denominator.

KA(t) and PA(ω) are the correlation function and the spectral density of the kicker

voltage so that

KA tð Þ ¼
ð1

�1
PA ωð Þeiωt dω: ð7:48Þ

Comparing Eqs. (7.46) with (7.47) and taking into account the relationship

between the relative energy and momentum deviation, one obtains

D xð Þ ¼ 2πe2

T0
2 γβ2mc2
� 	2

X1

n¼�1

Zk ωn xð Þð Þ
Zampl

�
�
�
�

�
�
�
�

2

PU ωn xð Þð Þ, ð7:49Þ

where the relationship between the kicker voltage and the voltage of the power

amplifier, PA(ω)¼ |Zk(ω)/Zampl|
2PU(ω), has been taken into account.

The spectral density of the kicker noise consists of two contributions. The first is

related to the noise of the electronics at the output of the power amplifier, PUnoise,

and the second is related to the particle noise. In the general case when Schottky

bands can overlap the beam current shot noise for non-interacting particles can be

presented as a sum over all Schottky bands:

PI ωð Þ ¼ e2N

2πT0

X1

k¼�1

f xf ω=kð Þ� 	

kη x ω=kð Þð Þj j, η xð Þ ¼ � 1

ω

dω

dx
: ð7:50Þ

Here η(x) is the momentum compaction for a given momentum, x, and the function
xf (ω) expresses the dependence of momentum on the particle revolution frequency.

For frequencies in close proximity to the revolution frequency, this function is

xf (ω)�� (ω�ω0)/(ω0 η). In the absence of band overlap at each frequency there

is only one non-zero addend in the sum. Taking into account the cooling system

amplification and Schottky noise suppression due to particle interaction [10, 11],

one obtains an expression for the diffusion coefficient:
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D xð Þ ¼ 2πe2

T0
2 γβ2mc2
� 	2

X1

n¼�1

1

ε ωn xð Þð Þj j2
Zk ωn xð Þð Þ
Zampl

�
�
�
�

�
�
�
�

2

PUnoise ωn xð Þð Þ
"

þ Zp x,ωn xð Þð ÞZk ωn xð Þð Þ
Zampl

K ωn xð Þð Þ 1� A ωnð Þe�iωn xð ÞT0

� ��
�
�
�

�
�
�
�

2

� e2N

2πT0

X1

k¼�1

1

kη xð Þj j f xf
ωn xð Þ
k

� �� �

: ð7:51Þ

After simplification we have

D xð Þ¼
X1

n¼�1

1

ε ωn xð Þð Þ2�
�

�
�

2πe2PUnoise ωn xð Þð Þ
T0

2 γβ2mc2
� 	2

Zk ωn xð Þð Þ
Zampl

�
�
�
�
�
�

�
�
�
�
�
�

22

4

þ N

T0

G1 x,ωn xð Þð Þ 1�A ωn xð Þð Þe�iωn xð ÞT0

� ��
�
�

�
�
�
2 X1

k¼�1

1

kη xð Þj j f xf
ωn xð Þ
k

0

@

1

A

0

@

1

A

3

5:

ð7:52Þ

whereas in Eq. (7.43), ωn(x)¼2πn/T(x)�nω0(1�ηx). In the absence of band

overlap, there is only one term with k¼n left in the sum over k:

D xð Þ ¼
X1

n¼�1

2πe2PUnoise ωn xð Þð Þ
T0

2 γβ2mc2ð Þ2
Zk ωn xð Þð Þ

Zampl

�
�
�

�
�
�
2

þ N
T0

G1 x,ωn xð Þð Þ 1� A ωn xð Þð Þe�iωn xð ÞT0
� 	�

�
�
�2 f xð Þ

nη xð Þj j

ε ωn xð Þð Þ2�
�

�
�

:

ð7:53Þ

For the weak overlap case, two additional terms with k¼ n� 1 need to be

included.

Fokker–Planck Equation for Transverse Cooling

The natural variables for a description of transverse cooling are the action-phase

variables (I, ψ). We introduce the action so that

I ¼ 1

2
βyθ

2 þ 2αyyθ þ 1þ αy2

βy
y2

 !

: ð7:54Þ

Here the same as above y and θ are the particle transverse coordinates, and βy and α

y are the beta and alpha functions of the ring in the plane of cooling, and we assume

that there is no horizontal–vertical coupling in the lattice. We also assume that the
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cooling force is linear in betatron amplitude, which, in practical terms, means that

the electronics is not saturated and the pickup has a linear response across its

aperture. These assumptions yield that an evolution of beam distribution can be

described by the following equation [10]:

∂f⊥
∂t

þ λ⊥ xð Þ ∂
∂I

If⊥ð Þ ¼ D⊥=2 xð Þ ∂
∂I

I
∂f⊥
∂I

� �

ð7:55Þ

Here f⊥� f⊥(x, I, t) is the distribution function normalized so that
Ð
f⊥(x, I, t)

dI¼ f0(x) and, as above,
Ð
f0(x)dx¼ 1, λ⊥(x) is the cooling rate, and D⊥(x) is the

diffusion coefficient. λ⊥(x) and D⊥(x) do not depend on I because of system

linearity in the transverse coordinate y.
In a manner analogous to longitudinal cooling, transverse cooling is created by

particle self-interaction and is therefore not directly affected by band overlap but is

still affected by screening. To find the cooling rate, we first consider single-particle

damping. Introducing the ring transfer matrix, M, and the partial kicker-to-pickup

and pickup-to-kicker transfer matrices, M1, M2 such that M¼M1M2, and using

the normalized transverse coordinates, we can write the total ring (pickup-to-

pickup) transfer matrix in the following form:

Mtot ¼ M1 M2 þGð Þ ¼ MþM1G ¼ c xð Þ þ G⊥1s1
�
x
	

s xð Þ
�s xð Þ þ G⊥1c1

�
x
	

c xð Þ
� 

: ð7:56Þ

Here we have made use of the fact that the angle change in the kicker is proportional

to the particle displacement in the pickup:

δex
δeθ

� 

kicker

¼ 0

G⊥1xpickup

� 

¼ 0 0

G⊥1 0

� 
ex
eθ

� 

pickup

� G
ex
eθ

� 

pickup

, ð7:57Þ

where G⊥ 1(ω)¼G⊥(ω)/N is the single-particle system gain. The damping rate of

the cooling system is determined by the eigenvalues of the total ring transfer matrix,

Mtot. These eigenvalues are

Λ1,2 ¼ c xð Þ þ G⊥1

s1 xð Þ
2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c xð Þ þ G⊥1

s1 xð Þ
2

� �2

þ 1� G⊥1s2 xð Þð Þ
s

: ð7:58Þ

Since the single-particle gain is small, G⊥ 1� 1, and only the linear term in the

Taylor expansion of Eq. (7.58) is important, one obtains

Λ1,2 � e�2πiν xð Þ 1þ G⊥1

2i
e�2πiν2 xð Þ

� �

, G⊥1 � 1: ð7:59Þ

That yields the damping rates of both modes being equal:
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λ1,2 xð Þ � 2 ln Λ1,2j j � �Re iG⊥1e
�2πiν2 xð Þ

� �
, G⊥1 � 1: ð7:60Þ

Here the factor of two accounts for the difference between the damping decrements

for the amplitude and the action. Expanding the particle signal in Fourier har-

monics, summing their effect on the particle motion, and taking screening into

account, one finally obtains [10]

λ⊥ xð Þ ¼ 1

T0

X1

n¼�1
Re

G⊥1 ωn⊥ xð Þð Þ
iε⊥ ωn⊥ xð Þð Þ e

iωn T2 xð Þ�T20ð Þ�2π iν2 xð Þ

0

@

1

A,

ωn⊥ xð Þ ¼ 2πn

T xð Þ � ν
�
x
	 � ω0 n 1� ηxð Þ � νþ ξxð Þð Þ:

ð7:61Þ

Here ε⊥(ω) takes into account the screening of the particle field, and the term

eiωn T2 xð Þ�T20ð Þ takes into account the variation in particle arrival time at the kicker.

The diffusion coefficient for transverse cooling is obtained in a manner analo-

gous to the determination of the diffusion coefficient for longitudinal cooling. It

yields

D⊥ xð Þ ¼ πβk
T0

2

X1

n¼�1
Pθ ωn⊥ xð Þð Þ, ð7:62Þ

where Pθ(ω) is the spectral density of the angle kicks produced by the kicker. Pθ(ω)
consists of two contributions: the spectral density of amplifier noise, P⊥U(ω), and
the amplified shot noise of the beam. The shot noise of the beam at the pickup is

P⊥p ωð Þ ¼ e2 Zp⊥ ωð Þ�
�

�
�2 y2

2πT0

N
X1

m¼�1

1

mη xð Þ þ v0 xð Þj j f xf
ωn⊥ xð Þ

k

� �� �

, ð7:63Þ

where v0(x)¼ dv(x)/dx is the local chromaticity. Substituting Eq. (7.63) into

Eq. (7.62), taking into account particle screening, and using the definition of the

single-particle gain, we obtain

D⊥ xð Þ ¼
X1

n¼�1

1

ε⊥ ωn⊥ xð Þð Þj j2
πβk
T0

2

e Zk⊥ ωn⊥ xð Þð Þj j
mc2β2γZampl

0

@

1

A

2

P⊥U ωn⊥ xð Þð Þ
0

@

þ G⊥1 ωn⊥ xð Þð Þj j2 I xð ÞN
T0

X1

m¼�1

1

mη xð Þ þ v0 xð Þj j f xf
ωn⊥ xð Þ

k

0

@

1

A

0

@

1

A

1

A,

ð7:64Þ
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where I xð Þ ¼
ð
f⊥ x; I; tð ÞIdI is the average action for a given momentum deviation

x. In the absence of band overlap, there is only one term with m¼ n left in the sum

over m:

D⊥ xð Þ ¼
X1

n¼�1

πβk
T0

2

e Zk⊥ ωn⊥ xð Þð Þj j
mc2β2γZampl

� �2

P⊥U ωn⊥ xð Þð Þ þ G⊥1 ωn⊥ xð Þð Þj j2 I xð ÞNf xð Þ
T0 ν0 xð Þþη xð Þnj j

ε⊥ ωn⊥ xð Þð Þj j2 :

ð7:65Þ

Using only the first nonzero terms in the Taylor expansion of ωn⊥(x), ν0(x) and
η(x) and using Eq. (7.38) for beam dielectric function, one obtains the result

presented in [10]. Note that band overlap for transverse cooling occurs at signifi-

cantly lower frequencies than for longitudinal cooling because there are two peaks

per revolution band. They correspond to positive and negative betatron sidebands,

ω0(n� ν), in the beam Schottky spectra. Even in the case of “optimal” tune ν¼ n/2
+ 1/4, the band overlap starts at twice smaller tune spread.

Cooling Rate Estimates

As one can see from the above sections, an accurate stochastic cooling description

requires a solution of partial differential equation with cooling force and diffusion

dependent on the particle distribution. It is close to impossible to find an analytical

solution describing a distribution function evolution even for simplest cases. A

numerical solution is quite complicated, and its accurate solution requires large

volume of computations. However, it is the only reliable way allowing one to take

into account important technical details of the system and to achieve reasonable

accuracy for cooling dynamics. In this section, we will consider a simplified cooling

description based on ordinary differential equations. We will assume the following:

• The gain is constant across the cooling band:

G ωð Þ ¼ G0 , f ∈ fmin, fmax½  ,

0 , otherwise ,

�

ð7:66Þ

• The longitudinal particle distribution is Gaussian with rms relative momentum

spread equal to σp.
• The system is far from the band overlap.

• η(x) and ν0(x) do not change across momentum acceptance.

• The thermal noise is smaller than the particle Schottky noise. It is well justified

for all Fermilab cooling systems in normal operating conditions.
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Transverse Cooling

We start from the case of the transverse cooling. Multiplying Eq. (7.55) by I and
integrating over I, one obtains

∂I xð Þ
∂t

� λ⊥ xð ÞI xð Þ ¼ D⊥1=2 xð Þ, ð7:67Þ

where I xð Þ � I x; tð Þh i ¼
ð
If⊥ x; I; tð ÞdI=

ð
f⊥ x; I; tð ÞdI is the average action (rms

emittance) for particles with relative momentum offset x. Equations (7.61) and

(7.65) represent the damping rate and diffusion. Leaving only leading terms and

substituting these equations into Eq. (7.67), one obtains

∂I
∂t

þ λ⊥eff xð ÞI ¼ 0,

λ⊥eff xð Þ ¼ 1

T0

X1

n¼�1
Re

�G⊥1 nω0ð Þ
ε⊥ ωn⊥ xð Þð Þ e

inηx

� �

� Nf xð Þ
2T0 ηj j

X1

n¼�1

1

nj j
G⊥1 nω0ð Þ
ε⊥ ωn⊥ xð Þð Þ
�
�
�
�

�
�
�
�

2

,

ð7:68Þ

where we also assume 90� betatron phase advance between pickup and kicker and that
the gain is smooth function ofω so that it does not change within few revolution bands.

As one can see from Eqs. (7.67), each momentum bite would be cooled independently

if λ⊥(x) and D⊥(x) would not depend on the distribution functions through ε⊥(ω).
Below we will assume that ε⊥(ω)¼ 1. An accuracy of such approximation will be

estimated later. Assuming perfect phasing of the system, Im(G⊥1(nω0))¼ 0,

Re(G⊥1(nω0))¼�G0, one obtains the effective cooling rate equal to

λ⊥eff xð Þ ¼ 2

T0

Xnmax

n¼nmin

G0 cos nηxð Þ � G0
2 Nf xð Þ
2n ηj j

0

@

1

A

¼ G0

2 nmax � nminð Þ
T0

F⊥ xð Þ � G0
2 N

T0 ηj j ln
nmax

nmin

0

@

1

A f
�
x
	
:

ð7:69Þ

Here the factor of 2 in front of the sum accounts that both positive and negative

frequencies contribute to the sum, nmax¼ T0 fmax, nmin¼ T0 fmin are the harmonic

numbers at the boundaries of rectangular cooling band, and the summations were

performed with help of integration. This is well justified for a high-frequency

cooling system nmax, nmin� 1, and η2x� 1. The form factor

F⊥ xð Þ ¼ sin xnmaxη2T2=T0ð Þ � sin xnmaxη2T2=T0ð Þ
x nmax � nmaxð Þη2T2=T0

, ð7:70Þ

describes the cooling force reduction for a particle with momentum offset. It

represents the so-called “bad mixing” which grows with an increase of partial slip
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factor between pickup and kicker, η2, and reduces the cooling force for particles

with large amplitudes. For correctly designed system, the “bad mixing” is suffi-

ciently small for particles in the core; consequently, one can put that F⊥(x)¼ 1.

Assuming that the average rms emittance, I x; tð Þ � I, does not depend on longitu-

dinal momentum and performing averaging over momentum, one obtains the

average damping rate for cooling:

λ⊥a ¼ 2 fmax� fminð ÞG0� NG0
2

2
ffiffiffi
π

p
T0σp ηj j ln

fmax

fmin

� �

, σpnmaxη2T2=T0 � 1: ð7:71Þ

The first term is related to the cooling. It is proportional to the gain G0. The

second addend is related to heating coming from the Schottky noise of other

particles. It grows proportionally to G0
2. The maximum damping rate is achieved

at the optimal gain

Gopt⊥ ¼ 2
ffiffiffi
π

p
σp ηj jT0ð fmax � fminÞ
Nlnð fmax=fminÞ

, ð7:72Þ

and is equal to

λopt⊥ ¼ 2
ffiffiffi
π

p
σp ηj jT0ð fmax � fminÞ2
Nlnð fmax=fminÞ

: ð7:73Þ

As one can see from Eq. (7.69), the beam core and the distribution edges in the

momentum space are cooled with different cooling rates, and therefore, the trans-

verse particle distribution does not stay Gaussian in the course of cooling, i.e., the

above estimate is not self-consistent. Note also that Eqs. (7.71)–(7.73) are only

applicable if the Schottky noise of particle is much larger than the thermal noise of

electronics, i.e., the beam emittance is much larger than the equilibrium emittance

determined by thermal noise only. In the case of high intensity beam, the IBS

usually makes larger contribution to the diffusion than the thermal noise. The

damping rate of Eq. (7.73) grows proportionally to the slip factor, η; however,
this growth reduces when the Schottky bands start to overlap.4 There are two peaks

in one revolution band corresponding to the positive and negative betatron Schottky

bands, ωn�¼ω0(n� ν). The minimum band overlap happens for the betatron tunes

equal to (1 + 2m)/4. Assuming �2σ width for each band, one obtains that the band

overlap happens at 8σpnmaxη¼ 1. That yields that the maximum damping rate is

4 The damping achieves its maximum at near-complete band overlap. If the common mode signals

are well suppressed, the cooling rate stays at this maximum with further increase of slip factor and

band overlap. Achieving sufficient common mode suppression is not always possible. Therefore,

most cooling systems operate without band overlap.
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λmax⊥ �
ffiffiffi
π

p
fmax 1� fmin=fmaxð Þ2
4N lnð fmax=fminÞ

���������!fmax=f :min¼2 � 0:16
fmax

N
: ð7:74Þ

For tunes in vicinity of second-order resonance, Q� (1 + n)/2, and sufficiently

wide Schottky bands, the bands for positive and negative frequencies completely

overlap, resulting in twice larger diffusion and reduction of optimal damping rate

by a factor of 2. It can be compensated by an increase of slip factor, η, by a factor of
2 which is determined by a boundary of transverse and longitudinal bands overlap.

Finally, it yields the same cooling rate as forQ¼ (1 + 2m)/4 described by Eq. (7.74).
Similar to the above calculation, one can prove that in the case of complete band

overlap but still small “bad mixing” at all harmonics, the optimum gain is

Gopt¼ (2N )� 1, and the maximum damping rate5 is λmax⊥¼ ( fmax� fmin)/(2N ).

However, this limit was not achieved yet in practical cooling systems.

Now let’s consider the effect of signal suppression by the beam interaction

through cooling system. Substituting the optimal gain of Eq. (7.72) into

Eq. (7.38), we obtain

ε⊥n xð Þ ¼ 1þ nmax � nmin

2
ffiffiffi
2

p
ln nmax=nminð Þn

1

iπ

ð

δ!0þ

e�y2= 2σp2ð Þ dy
x� y� iδ

¼ 1þ nmax � nmin

2
ffiffiffi
2

p
ln nmax=nminð Þn ΦD

x
ffiffiffi
2

p
σp

0

@

1

A, n > 0,

ð7:75Þ

where x¼ δω/|ηnω0| is the momentum offset corresponding to a frequency offset δω
from nth betatron sideband, ω0(n� ν), and the integral was expressed through the

imaginary error function

erfi xð Þ ¼ 2
ffiffiffi
π

p
ð x

0

ex
2

dx, ð7:76Þ

so that

ΦD xð Þ ¼ 1

iπ

ð

δ!0þ

e�y2dy

x� y� iδ
¼ e�x2 1� ierfi xð Þð Þ: ð7:77Þ

A plot of function ΦD(x) is presented in Fig. 7.25. Figure 7.26 presents ε⊥ n(x)
computed for optimal gain and a Schottky band at the low boundary of cooling band

where the effect of particle interaction achieves its maximum. The corresponding

stability diagram is presented in Fig. 7.27. Note that for perfectly phased system,

5Note that the damping rate definition has been introduced for damping beam emittance. The

damping rate for the amplitude is twice smaller. Consequently, for the case of complete band

overlap, the amplitude damping rate is λ� ( fmax� fmin)/(4N ).
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Fig. 7.25 Real and

imaginary parts of function

ΦD(x)

Fig. 7.26 Beam dielectric

permeability computed with

help of Eq. (2.72) at the low

boundary of one octave

frequency band, fmax/

fmin¼ 2, and corresponding

distribution function

(bottom curve)

Fig. 7.27 The stability

diagram for parameters of

Fig. 7.26
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the curve does not embrace the coordinate frame origin with gain increase and the

system is stable as long as a single-particle gain is below 1, G1< 1. Note also that

the imaginary part of ε⊥ n(x) is the same for both lower and upper betatron

sidebands; however, it changes its sign with change of slip factor. It was omitted

in the above estimate to simplify it. If required the sign of imaginary part can be

restored using Eq. (7.36).

The maximum of ε⊥ n(x) is achieved at zero detuning, x¼ 0, where its imaginary

part is equal to zero. For one octave bandwidth, ε⊥ n(0) is equal to �1.51 at the low

boundary of the band and decreases to �1.25 at the high boundary. In average it

yields reduction of single-particle damping rate of ~1.4 times and reduction of

diffusion of ~2 times. The reduction in the damping rate is mostly compensated by

reduction in the diffusion. Actually, performing transformations similar to the one

carried out above (see Eqs. (7.68)–(7.73)), one obtains the maximum damping rate

to be

λ⊥opt� ηj j
2NT0

X1

n¼�1
Re

G⊥1 nω0ð Þ
ε⊥n xð Þ einη2x

� � !2,

f xð Þ
X1

n¼�1

1

nj j
G⊥1 nω0ð Þ
ε⊥n xð Þ

�
�
�
�

�
�
�
�

2
 !* +

x

:

ð7:78Þ

As one can see, nominator and denominator are proportional to (Reε⊥n)
�2 and

|ε⊥n|
�2, correspondingly. It significantly reduces the effect of the signal suppression

on the damping rate for a system with well-corrected gain.

In practical applications, the effect of signal suppression is used to set the

optimal gain for cooling system. Equation (7.75) yields that at the optimal gain

the signal suppression in the center of one octave band is �1.97 dB. Accurate

accounting of signal suppression increases this value to ~3 dB. Note also that in

vicinity of the optimal gain, the signal suppression reduces the dependence of

average damping rate on the gain in comparison with the described above model

which neglects the signal suppression.

As one can see from Eq. (7.75) for a system with constant gain across the band,

the signal suppression is inversely proportional to the frequency and achieves its

maximum at the low boundary of the band. Similarly the low-frequency contribu-

tion makes dominant contribution to the diffusion. Making the gain linearly grow-

ing with frequency,

G ωð Þ ¼ G0T0ω=2πnmin , ω=2π∈ fmin, fmax½ ,
0 , otherwise ,

�

ð7:79Þ

results in that both the signal suppression and the ratio of cooling to diffusion stay

constant across the band. Consequently, it maximizes the system performance for a

system with given total bandwidth. Assigning ε⊥ n(x)¼ 1 and Gaussian distribution,

one obtains from Eq. (7.78)
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λ⊥opt � 2
ffiffiffi
π

p
ηj jσp

NT0

Xnmax

n¼nmin

Re G⊥1 nω0ð Þð Þ
 !2,Xnmax

n¼nmin

G⊥1 nω0ð Þj j2=n: ð7:80Þ

Performing summation for a system with constant gain, one obtains the result of

Eq. (7.73). A summation for the case of linearly growing gain of Eq. (7.79) yields

λ⊥opt �
ffiffiffi
π

p
T0 ηj jσp
N

fmax
2 � fmin

2
� 	

: ð7:81Þ

For a system with one octave band ( fmax/fmin¼ 2), the linearly growing gain

yields 4 % faster cooling than for the constant gain case. Such gain shaping was

used to optimize performance of Accumulator and Recycler cooling systems in the

course of Tevatron Run II.

Longitudinal Palmer Cooling

Following the approach presented above for transverse cooling, below we consider

estimates for longitudinal cooling. We start from the case of longitudinal Palmer

cooling where the gain can be factored so that G1(x,ωn(x))¼�G0(nω0)x and

A(ω)¼ 0. Consequently, the cooling force and the diffusion described by

Eqs. (7.45) and (7.53) can be rewritten in the following form:

F xð Þ ¼ � 2x

T0

X1

n¼0

Re G0 nω0ð Þe2πinη2x� 	����������������!G0 nω0ð Þ¼G0 for n2 nmin;nmax½  � 2G0x
T0

nmax � nminð Þℑ�x	,

D xð Þ ¼ 2Nf xð Þx2
T0 ηj j

X1

n¼0

G0 nω0ð Þj j2
n

����������������!G0 nω0ð Þ¼G0 for n2 nmin;nmax½  2NG02f xð Þx2
T0 ηj j ln

nmax

nmin

0

@

1

A:

ð7:82Þ

Here similar to the considered above case of transverse cooling, we assume that

ε(ω)¼ 1; the slip factor, η(x), is constant (η(x)¼ η); and the thermal noise is

negligible in comparison with the particle noise. The form factor ℑ(x) is the same

as for the transverse cooling and is presented by Eq. (7.70). For the ideal rectangular

band, the summing is straightforward and its result is presented in the right-hand

side of Eqs. (7.82). To find the evolution of rms momentum spread, we multiply

Eq. (7.39) by x2 and integrate it over momentum deviation. Assuming that the

particle distribution is Gaussian (x2 ¼ σp2 ) and the “bad mixing” is sufficiently

small, i.e., ℑ(x)¼1, one obtains
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dx2

dt
¼ �F0x2 þ D0

ffiffiffiffiffi
x2

p
, ð7:83Þ

where

F0 ¼ 4G0

T0

nmax � nminð Þ,

D0 ¼ 3NG02

4
ffiffiffi
π

p
T0 ηj j ln

nmax

nmin

0

@

1

A:

ð7:84Þ

That yields the initial damping rate, λjj � dx2=dt ¼ F0 � D0=σp, and the equilib-

rium momentum spread, σp¼D0/F0. Following the same procedure as for the

transverse cooling, we obtain the optimal gain and the maximum damping rate:

G0
opt ¼

8
ffiffiffi
π

p
σp ηj j nmax � nminð Þ

3Nln nmax=nminð Þ ,

λoptjj ¼ 16
ffiffiffi
π

p
σp ηj j nmax � nminð Þ2

3NT0ln nmax=nminð Þ :

ð7:85Þ

Comparing the above damping rate with Eq. (7.73) describing the damping rate

for the transverse cooling, one can see that the only difference is in the numerical

coefficients. The diffusion in the center of the distribution (small x values) is

suppressed in the longitudinal cooling, resulting in the longitudinal damping

being faster by 8/3 times.

The signal suppression due to beam self-interaction through the cooling system

can be found from Eq. (7.22). Assuming Gaussian distribution and substituting the

optimal gain of Eq. (7.85), one obtains

εjjn xð Þ ¼ 1þ 2
ffiffiffi
2

p

3πiσp2n

nmax � nmin

ln nmax=nminð Þ
ð

δ!0þ

y2e�y2= 2σp2ð Þdy
y� x� iδ

¼ 1þ 4
ffiffiffi
2

p

3n

nmax � nmin

ln nmax=nminð Þ ΦP

x
ffiffiffi
2

p
σp

0

@

1

A, n > 0:

ð7:86Þ

Here x¼ δω/|ηnω0| is the momentum offset corresponding to a frequency offset δω
from nth revolution frequency harmonic, and

ΦP xð Þ ¼ 1

iπ

ð

δ!0þ

y2e�y2dy

y� x� iδ
¼ x2e�x2 1þ ierfi xð Þð Þ þ x

i
ffiffiffi
π

p : ð7:87Þ
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Figure 7.28 presents ε|| n(x) computed for the optimal gain and the Schottky band at

the low boundary of cooling band where the effect of particle interaction achieves

its maximum. In the Palmer cooling, the gain at zero momentum offset is equal to

zero by design. Therefore, in difference to the transverse cooling, the signal

suppression in the Palmer cooling is absent at zero momentum offset (compare

Figs. 7.26 and 7.28). Similar to the case of transverse cooling, the imaginary part of

ε||n(x) changes its sign with slip factor sign change.

Longitudinal Filter Cooling

The longitudinal filter cooling requires the gain being pure imaginary,

G1(x,ωn(x))¼� iG(nω0). Assuming ε(ω)¼ 1, constant slip factor (η(x)¼ η),
a rectangular band (G1(x,ωn(x))¼� iG0, n2 [nmin, nmax]), and perfect notch filter

(A(ω)¼ 1) and using Eq. (7.45), one obtains the cooling force

F xð Þ ¼ 2G0

T0

Xnmax

n¼nmin

Im 1� e2πinηx
� 	

e2πinη2x
� 	 ¼ � 2G0

T0

ℑF xð Þ: ð7:88Þ

For large enough harmonic numbers, the summation can be replaced by inte-

gration. That yields the following cooling force form factor:

ℑF xð Þ ¼ cos 2πnmaxη2xð Þ � cos 2πnminη2xð Þ
2πη2x

� cos 2πnmax ηþ η2ð Þxð Þ � cos 2πnmin ηþ η2ð Þxð Þ
2π ηþ η2ð Þx : ð7:89Þ

In difference to the Palmer cooling where the cooling range is determined

by partial slip factor, the cooling range is now determined by the sum of the ring

slip factor and partial slip factor. For |η2| << |η| it can be roughly estimated by the

equation xmax� 1/((η + 1.3η2)(nmax + nmin)) describing the location of the first zero

Fig. 7.28 Longitudinal

beam dielectric function

computed with help of

Eq. (7.86) at the low

boundary of one octave

frequency band,

fmax/fmin¼ 2, and the

corresponding longitudinal

distribution function

(bottom curve)
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of Eq. (7.89). Consequently, the filter cooling cannot be used in a regime with band

overlap.

Expending Eq. (7.88) in Tailor series over x and leaving only linear terms, one

obtains

F xð Þ ¼ � 4πnηG0

T0

x
Xnmax

n¼nmin

n ¼ � 2πnηG0

T0

nmax
2 � nmin

2
� 	

x: ð7:90Þ

As one can see, the gain at a given harmonic is proportional to the harmonic

number. It was already discussed above that such dependence of gain on frequency

is optimal for maximizing damping rate in a fixed frequency band. Considering the

filter cooling at small amplitudes (i.e., in the linear part of the cooling force),

assuming the Gaussian distribution, and following the procedure described in the

above section, one obtains the optimal gain and the maximum cooling rate:

G0opt ¼ 4σp
3
ffiffiffi
π

p
N
,

λoptF ¼ 8
ffiffiffi
π

p
σp ηj j

3NT0

nmax � nminð Þ2:
ð7:91Þ

Using Eq. (7.21) one obtains the beam dielectric function at optimal gain for

Gaussian distribution with sufficiently small momentum spread, σp� 1/(ηnmax):

εjj x; nð Þ ¼ 1þ 4
ffiffiffi
2

p

3
ΦP

x
ffiffiffi
2

p
σp

 !

: ð7:92Þ

As one can see, the beam dielectric function in the filter cooling does not depend

on the harmonic number, n. It follows from the independence of system gain on the

frequency for the rectangular band, G1(x,ω)¼� iG0, which results in the effective

gain being proportional to the harmonic number and independence of ε on n.
The independence of the signal suppression on the harmonic number allows one

to make a simple estimate of the signal suppression effect on the damping rate.

Similar to Eq. (7.78), one can obtain the damping rate for the filter cooling with the

rectangular band and the signal suppression taken into account:

λoptF ¼ 8
ffiffiffi
π

p
σp ηj j

3NT0

nmax � nminð Þ2Fε,

Fε ¼ 1
σp2

ð1

�1
Re

1

εjj

0

@

1

Ax2f xð Þdx
0

@

1

A

2,
8
ffiffiffi
π

p
3σp

ð1

�1

x3

εjj
2

�
�
�
�
�
�

�
�
�
�
�
�
f xð Þ df xð Þ

dx
dx

0

@

1

A,

ð7:93Þ
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which coincides with Eq. (7.91) for ε||¼ 1 (consequently Fε¼ 1). Strictly speaking ε
depends on the gain, G0, which optimal value needs to be separately determined.

For an estimate, we assume that the optimal gain is equal to the gain in Eq. (7.91).

Computation of integrals for the Gaussian distribution with ε|| of Eq. (7.92) yields
Fε� 1.037, which justifies our negligence of ε in the above estimates and the

assumption that accounting of signal suppression weakly affects the optimal gain.

Stacktail Cooling System

To maximize the antiproton accumulation rate, the stacktail cooling system was

suggested by Simon van der Meer [8]. The idea is based on the exponential

dependence of cooling force on the particle momentum. Newly injected antiprotons

are coming first to the deposition orbit where the gain achieves its maximum. The

resultant large cooling force allows fast clearing of the deposition orbit so that it

would be prepared for next injection. The exponential reduction of the gain in the

course of particle displacement from the deposition orbit to the core orbit yields an

exponential increase of particle density, allowing an accumulation of large number

of particles in a finite momentum acceptance of Accumulator ring.

Below we consider a simplified model representing an ideal stacktail system

where the gain is parameterized as follows: G x;ωð Þ ¼ Gω ωð Þe�x=xd . Then,

Eqs. (7.39), (7.45), and (7.53) can be rewritten in the following form:

∂f x; tð Þ
∂t

þ ∂
∂x

J x; tð Þð Þ ¼ 0,

J x; tð Þ ¼ F xð Þf �x, t	� D x; tð Þ
2

∂f x; tð Þ
∂x

,

F xð Þ ¼ 2

T0

e�x=xd
X1

n¼0

Re G1 nω0ð Þð Þ,

D x; tð Þ ¼ 2

T0

f x; tð Þ
ηj j e�2x=xd

X1

n¼0

1

n
G1 nω0ð Þj j2:

ð7:94Þ

Here we renormalized the distribution function so that the particle number enclosed

in the momentum range [x1, x2] is equal to

ðx2

x1

f xð Þdx ; similar to the above, we

assume ε¼ 1; and we wrote the top equation in the form of the continuity equation.

Actually, integrating it from x1 to x2, one obtains that the number of particles in this

region is changed as the difference of ingoing and outgoing fluxes:
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dN

dt
¼
ðx2

x1

∂
∂x

J x; tð Þð Þdx ¼ J x2; tð Þ � J x1; tð Þ

i.e., J(x, t) represents the particle flux through momentum x.
Van der Meer solution, f(x, t)¼ f0 exp(x/xd), is a stationary solution of Eq. (7.94).

The corresponding particle flux does not depend on x and is equal to

J ¼ f 0
2

T0

X1

n¼0

Re G1 nω0ð Þð Þ � f 0
2xd ηj j

X1

n¼0

1

n
G1 nω0ð Þj j2

 !

ð7:95Þ

The flux achieves its maximum

Jmax ¼ ηj jxd
T0

X1

n¼0

Re G1 nω0ð Þð Þ
 !2,X1

n¼0

1

n
G1 nω0ð Þj j2, ð7:96Þ

for

f 0 ¼ ηj jxd
X1

n¼0

Re G1 nω0ð Þð Þ
,
X1

n¼0

1

n
G1 nω0ð Þj j2: ð7:97Þ

Replacing summing by integration, we finally obtain

Jmax ¼ ηj jxdT0W
2, ð7:98Þ

where W is the effective bandwidth of the system

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

2π

ð1

0

Re G1 ωð Þð Þdω
� �2

, ð1

0

G1 ωð Þj j2 dω
ω

� �
vu
u
t : ð7:99Þ

For the ideal system with rectangular band, one obtains

W ¼ fmax � fminffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln fmax=fminð Þp : ð7:100Þ

For the ideal system with linearly growing gain, one obtains

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fmax

2 � fmin
2

2

s

ð7:101Þ

Comparing Eq. (7.98) and (7.99) with Eq. (7.80) and (7.85), one can see that the

effective bandwidth of Eq. (7.99) characterizes both the damping rates of transverse
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and longitudinal Palmer cooling as well as the maximum flux of the stacktail

system.

The theoretical results considered above have been extremely helpful in under-

standing and upgrading stochastic cooling systems during the course of Collider

Run II. It has been particularly useful for upgrades of the Antiproton Source

stacktail system which after the upgrades operates with nearly overlapped Schottky

bands. It was achieved by a 15 % increase in the slip factor of the Antiproton

Accumulator and an increase in gain at the high-frequency end of the system

bandwidth. As long as the bands do not overlap, an accurate accounting of their

interaction does not change the cooling rates significantly from the standard

formulation. However, the effects of band overlap are important for interpreting

stochastic cooling measurements. These results have been especially useful in the

separation of transverse and longitudinal kicks from the stacktail system kickers.

By design, the kickers should only make longitudinal kicks, but unfortunately also

kick the beam transversely causing transverse emittance growth and, consequently,

a lower antiproton stacking rate.

7.2.2 Stochastic Cooling: Technology and Systems

Stochastic cooling system technology at Fermilab has expanded considerably on

the initial systems developed at CERN [8]. The cooling systems are utilized for

increasing phase space density of 8 GeV antiprotons in three Fermilab antiproton

synchrotrons: Accumulator, Debuncher, and Recycler. A total of 25 independent

systems are implemented, 21 in the Antiproton Source and 4 in the Recycler; see

Table 7.3. Figure 7.29 shows a typical schematic for a cooling system.

In the early commissioning stages, Debuncher antiproton yields amounted to a

few 107 particles per Main Ring cycle. Near the end of Run II, some 2� 108

antiprotons or approximately 20 μA of Debuncher beam current were produced

on each 2.2 s Main Injector cycle. Total signal power at the pickup is typically in the

picowatt range. In all but Accumulator core and Recycler cooling systems, cryo-

genically cooled pickups are required to achieve a positive signal-to-noise ratio.

Stochastic cooling times range from about 2 s in the Debuncher to tens of minutes in

the Accumulator core and Recycler systems. RF power levels to achieve these

cooling times are kilowatts in the Debuncher and stacktail momentum cooling to

tens of watts in other systems. A typical system gain can exceed 150 dB and must be

carefully executed with good RF shielding for stability. The following sections will

describe the technology choices for each segment of the cooling systems.

Pickups and Kickers

The pickup arrays are the devices that transform beam current to microwave signals

that will be fed back at the appropriate gain and phase to the kickers, typically
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located downstream across the synchrotron. Stochastic cooling requires prompt

signal feedback with no additional delay. Cutting a cord across the rings with the

appropriate transmission medium is required to obtain appropriate insertion delays

of the electronics. The pickup/kickers must be designed to provide the best possible

transfer impedance from the beam while maintaining the desired bandwidth.

The first devices used in the Antiproton Source were three-dimensional stripline-

type devices that were developed at Lawrence Berkeley National Lab (LBNL) in the

early 1980s [13, 14]. Signals from each individual quarter wave loop are combined

via a suspended stripline combiner. This combiner structure compensates for the

Table 7.3 Locations and types of stochastic cooling systems

Stochastic cooling systems at Fermilab 2011

Machine

#

systems

Frequency

(GHz) Type

Cooling time

(s)

Max installed power

watts

Debuncher 4 4–8 Momentum 2 6,400

4 4–8 Horizontal 2 3,200

4 4–8 Vertical 2 3,200

Accumulator 1 2–4 Stacktail

momentum

1,200 6,400

3 4–8 Core horizontal 1,200 15

3 4–8 Core vertical 1,200 15

1 2–4 Core momentum 1,200 400

1 4–8 Core momentum 1,200 400

Recycler 1 0.5–1 Momentum 1,800 200

1 1–2 Momentum 1,800 400

1 2–4 Horizontal 1,800 200

1 2–4 Vertical 1,800 200

Fig. 7.29 Typical stochastic cooling block diagram
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propagation delays between loops with a precision of plus/minus two picoseconds.

This same structure is used in the kickers to distribute the power to individual kicker

loops. While these arrays proved worthy as the initial antennas, they were difficult

and costly to manufacture. They also suffered from mechanical failures where a

kicker loop antenna on several occasions would become unsoldered due to heat

dissipation and fall into the beam aperture. The first stacktail system operated at 1–

2 GHz. In 1999 an upgrade was implemented to increase the stacking rate necessi-

tating an increase in bandwidth to 2–4GHz. These frequencies were chosen based on

available octave bandwidth catalog microwave components and traveling-wave

tube (TWT) power amplifiers. New arrays were designed using microstrip and

stripline techniques that proved to be more robust and less expensive to fabricate

[15]. These planar structures take full advantage of integrating signal, combining

and splitting on the same circuit board where the loops are fabricated. Termination

resistors are the only component not an integral part of the printed circuit. Planar

loops have been designed in frequency bands between 0.5 and 8 GHz.

A significant upgrade to the Debuncher cooling systems was completed in 2000.

The initial Debuncher cooling operated at 2–4 GHz and this upgrade to 4–8 GHz

would double the bandwidth. The signal-to-noise ratio in the Debuncher operating at

80 K was still sufficiently small that cooling was limited by system noise for the

latter part of the 2.4-s cooling cycle. At 4–8 GHz, planar loops have reduced

transverse sensitivity due to their physical size. Plunging arrays were developed at

the ACOL ring at CERN to follow the beam profile during the cooling cycle

[16]. Repetitive mechanical motion in a cryogenic environment was deemed a

reliability risk for the Fermilab upgrade. A new technology of slotted waveguide

pickups was developed which employed sandwiched waveguides with coupling

slots [17]. Figure 7.30 depicts a typical array. The slotted waveguide technique is

also used with three bands in the core transverse 4–8 GHz cooling systems. Schottky

detector systems in the Tevatron, Recycler, and CERN LHC also use this pickup at

1.7 GHz and 4.8 GHz [12]. The sensitivity of slotted waveguide pickups is consid-

erably higher than planar or stripline units while maintaining acceptable apertures

(Fig. 7.31). The trade-off for higher sensitivity is reduced bandwidth.

Additional complications include the fact that most of the pickups operate at

cryogenic temperatures and the kickers need to dissipate kilowatts of power while

maintaining excellent beam vacuum. Considerable effort was expended on mate-

rials used inside the vacuum vessels. The planar loops that were developed for

Fig. 7.30 Conceptual

drawing of slotted

waveguide array
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stochastic cooling arrays are fabricated on Teflon circuit boards with substantial

surface area. At CERN, the vacuum group has outlawed the extensive use of Teflon

boards within the vacuum system, insisting on ceramics boards. While ceramics

such as aluminum dioxide have excellent vacuum and microwave properties, they

add considerable expense, mechanical fragility, and slower propagation velocities

that are unattractive for cooling purposes. This was overcome at Fermilab with

extensive use of sublimation pumping in the Accumulator/Recycler and meticulous

cleanliness handling techniques. Stainless components and vacuum compatible

materials such as Vespel are used where appropriate. The vacuum vessels are

baked at 125 �C in situ for up to 4 days to improve degassing. Vacuum levels

approaching 10�10 Torr are routine with beam lifetimes exceeding 500 h in both the

Accumulator and Recycler.

Preamplifiers

The Debuncher ring has the most stringent cooling requirements with only 2.2 s to

cool antiprotons in six-dimensional phase space. Signal-to-noise ratio in stochastic

Fig. 7.31 Beam response for slotted waveguide pickup. Top difference mode, bottom sum mode.

Comparison between theory and actual beam measurements in the Debuncher
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cooling systems is the critical parameter to achieving good cooling performance.

Antiproton production yields are of order 20 ppm of incident protons on target. The

net result is a circulating Debuncher beam current measured at 20 μA. There are two
variables available to minimize the impact of low-level signals: temperature of the

pickup array and noise performance of the first preamplifier.

The first operating Debuncher cooling systems consisted solely of transverse

cooling with a bandwidth of 2–4 GHz. In an effort to minimize cost, the pickup

temperature was chosen to be 80 K; based on liquid nitrogen refrigeration. The

front-end noise performance is the sum of the equivalent noise temperatures (Te) of
the pickup array and the preamplifier. While the Te of the array is the actual

temperature of the termination resistor, the Te of the amplifier is not the ambient

temperature [18]. It is possible for the Te of an amplifier to be below ambient. For

the original Debuncher cooling systems, cryogenically cooled low noise amplifiers

(LNA) were developed by Lawrence Berkeley Laboratory [19]. These discrete

device GAsFET amplifiers achieved an equivalent noise temperature of 50 Kelvin

(K) at an ambient temperature of 80 K in the 2–4 GHz band. The resulting front-end

effective temperature of 130 K was achieved. The design of the amplifiers was

based on the pioneering efforts of Weinreb et al. [20] utilizing custom bias for each

the three stages of the amplifier. This added complexity a necessity to achieve the

best noise performance.

A custom bias regulator was designed and located within a few feet of the

amplifier. At cryogenic temperatures, silicon-based devices are not functional and

must be outside the cryo-amplifier module.

Until the 1990s, cryogenically cooled microwave amplifiers were the sole

domains of radio astronomy and accelerator physics applications. With the wide

spread growth of cellular telephony, the use of cryogenic amplifiers with low noise

performance could be employed by communications companies to increase the

range of cellular repeater towers. Commercially available cryogenic amplifiers

appeared in the market place. While a number of vendors indicated they could

build such LNAs for Fermilab’s stochastic cooling systems, only one, Miteq [21],

proved viable. The Debuncher cooling upgrade was solidly based on reducing the

front-end noise temperature from the original 130 to 10–40 K (amplifier noise

effective temperature is frequency band dependent) [22]. The largest improvement

would be from an upgraded cryogenic system operating at liquid Helium 4.5 K.

Operating the amplifiers at this temperature and minimizing any insertion loss

between pickup arrays and preamplifier resulted in the lowest possible noise

performance. Miteq built a complete line of LNAs guaranteed to work at liquid

helium, even though Miteq did not have the capability to test them below 80 K.

These amplifiers have performed as advertised for 11 years without failure at 4.5 K.

The Debuncher upgrade consisted of 32 pickup arrays operating from 4 to 8 GHz

in eight bands. Upon delivery, the Miteq LNAs were immediately tested at room

temperature and at 80 K. The specified noise temperatures were achieved. A full-

blown test of the pickup with amplifiers was then benchmarked at 4.5 K. It was

during this test that the expected performance of liquid helium amplifiers was

verified. Amplifier noise temperatures ranging from 5 to 30 K were achieved across
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the frequency span. An unanticipated setback occurred with bias applied to the

amplifiers during the warm-up from liquid helium to room temperature, causing an

unstable operating point resulting in half of the tested amplifiers self-destructing.

Due to this phenomenon, a redundant interlock system was developed. While the

amplifiers were known to be stable below 80 K, an arbitrary trip temperature of

40 K was chosen. Exceeding this temperature would clearly indicate a problem with

the liquid helium cooling.

Recursive Notch Filters

Recursive notch filters are a basic building block of stochastic cooling systems.

Figure 7.32 shows the configuration for a correlator-type notch filter, which is the

equivalent of an analog two-tap finite impulse response (FIR) filter. Such a filter

will provide deep (30 dB) notches at harmonics of the beam revolution frequency

by means of the delay time difference between the two taps. A fundamental feature

of FIR filters is a linear phase shift of 360� per revolution harmonic.

Notch filters are utilized in many of the momentum and transverse cooling

systems in both Antiproton Source and Recycler synchrotrons. The recursive

requirement is based on machine revolution frequency, providing gain shaping

for particles of a specific momentum for momentum cooling. In transverse cooling,

notch filters with repetition frequencies at harmonics of half the revolution fre-

quency provide suppression of undesirable common mode (longitudinal) signals as

well as reducing integrated thermal noise between revolution lines. The double

notch spacing is required to maintain equal phase between upper and lower

transverse sidebands. Reliable operation of stochastic cooling systems requires

very high stability of the notch frequency spacing. Systems are stabilized to several

parts per million of the revolution frequency. Combination of the two taps must be

with 180� phase intercept to obtain integer harmonics of the revolution frequency.

A wide variety of technologies have been exploited in notch filter development:

superconducting coaxial delay lines, bulk acoustic wave (BAW) delays, and micro-

wave to fiber optic delay links. Each has advantages and disadvantages that will be

discussed next.

The very first notch filters implemented at the start of the Antiproton Source

operations spanned a bandwidth of 1–2 GHz and were based on superconducting

coaxial delay lines [23–25]. The Accumulator has a revolution frequency of

628 kHz, corresponding to a revolution period of 1.6 μs. Furokawa (Japan)

manufactured the superconducting coax used. Diameter of the coax is 0.085 in.

with a solid niobium center conductor, lead plated outer copper conductor, and solid

Teflon dielectric. Advantages are extremely low insertion loss, dominated by the

loss tangent of the dielectric. Skin losses are virtually nonexistent. Low loss and

high bandwidth of a coaxial line also affords excellent phase linearity and

extremely low dispersion. These characteristics yielded deep notches with high

dynamic range. Disadvantages include the need for a liquid helium system (costly

to maintain and operate) and sensitivity to Dewar liquid He levels and pressures.
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The wide bandwidth of the coax allows for the injection of an out-of-band stable

pilot reference frequency used for a phase-locked delay line feedback system

keeping delays within specification. The superconducting notch filters were

replaced by BAW filters after the first few years of operations to minimize operat-

ing cost and maintenance. To maximize stacktail bandwidth, the third stacktail filter

reverted to superconducting delays in the last years of collider operations.

BAW devices were developed post-World War II for use as signal delays of

microseconds required for radar systems. The BAW is a piezoelectric device that

relies on the propagation of acoustic waves in the bulk of the crystal. Crystals can be

fabricated from sapphire or quartz, with sapphire providing the best thermal

stability coefficient. Resulting delays are of order 1 μs per centimeter of crystal.

Electromagnetic waves are transformed to acoustic waves by means of antennas

that are printed onto the piezo crystal. The impedance mismatch is significant,

resulting in insertion losses of 30–40 dB. The mismatch also leads to a triple travel

reflection which provides a reflected vector that has traveled through the delay three

times and combines destructively with the incident delayed signal. Triple travel

suppression is an important specification. Typically �20 dB suppression of triple

travel wave results in acceptable performance of the notch filter. The high voltage-

standing-wave ratio must be compensated by the use of circulators, which can

restrict bandwidth. An integral amplitude and phase equalizer is also required to

achieve the specified gain and phase flatness. Advantages include small size,

low-cost operation (temperature-stabilized oven over cryogenic system), and

good phase linearity. Disadvantages are limited choice of delays below 10 μs
with octave microwave bandwidths, phase nonlinearity at band edges, triple travel

signal, high insertion loss, and limited dynamic range (40–50 dB). BAW filters are

used in the Accumulator stacktail and Debuncher transverse cooling systems [26].

Microwave to fiber optical delay links are the third technology used for recursive

notch filters [27]. The first optical notch filters were developed for Debuncher

transverse cooling systems [28]. Broadband microwave to fiber optic-based links

became commercially available in the mid-1980s operating at 1,310 nm infrared

wavelength. This is the zero dispersion wavelength in single-mode fiber. With the

development of optical amplifiers via erbium doped fibers, 1,550 nm has become

Fig. 7.32 Schematic block diagram of a two-tap correlator FIR notch filter. Wilkinson or

microwave hybrid circuits realize the sum and difference function. This configuration provides

notches at integer harmonics of the revolution frequency
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the industry standard for transmission links. This wavelength is the minimum

insertion loss wavelength on single-mode fiber. By translating the microwave

cooling signals to light carriers, signals could be transmitted with minimal gain

variation and excellent phase and dispersion characteristics, perfect for long trans-

mission trunks and notch filters.

Single-mode fibers moved quickly from experimental prototypes to the back-

bone of the telecommunications industry in the 1980s. Modern optical links span

oceans with solely optical signals and optical repeaters located every 200 km.

Sumitomo developed a very special temperature-stabilized single-mode fiber

[29]. By adjusting the cladding material, the temperature coefficient of single-

mode fiber can be made close to zero at room temperature. This characteristic

was highly desirable for the application of the infinite impulse response filter (IIR)

described below where signal delay needed to be kept to the most stringent

tolerances. The Sumitomo fiber proved to be very expensive and has limited use

for scientific applications where temperature stability is of the utmost importance.

In addition to FIR filters, with fully optical-to-optical amplification available, an

IIR filter could be developed for bunched beam cooling in the Tevatron [30].

Figure 7.33 shows the basic block diagram. An IIR filter has the possibility of

becoming unstable should loop gain exceed unity. An added complication is that

fiber amplifier gain is a function of polarization of the optical propagation mode.

Conventional optical amplifier gain can vary a few dB by merely flexing the fiber. A

polarization-insensitive amplifier is essential for gain stability. The resulting trans-

fer function of the IIR filter is shown in Fig. 7.34. Note the very steep notch and

excellent phase flatness between Schottky bands. This was a requirement as

Tevatron betatron sideband widths occupy a significant fraction of the band

between revolution lines. While the filter worked as designed, it suffered from

two very important shortcomings: poor noise performance and limited dynamic

range. The optical amplifier is essentially a laser just below lasing threshold. The

carrier inversion is a significant noise contributor. To be effective in the Tevatron

bunched beam cooling, this filter needed to be placed immediately after the pickup

with a minimum of 70 dB of dynamic range. The filter needed high signal-to-noise

input and only achieved 40 dB dynamic range, a limitation of the optical link.

Debuncher momentum cooling consists of four systems within 4–8 GHz. The

original upgrade included four BAW notch filters providing the momentum gain

shaping function. Due to physical location in the tunnel, each filter was enclosed in

its own oven. Each of these filters tended to wander within a specified tolerance, but

Fig. 7.33 Block diagram of optical IIR notch filter. Optical isolators and etalon band-pass filters

required for stable operation as the optical amplifier is bidirectional
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the result was a widening of the beam momentum spread. This was overcome by

making one optical notch filter covering the full 4–8 GHz band and locating it near

the kickers where all four systems physically converged. The BAW devices could

not accommodate the full 4–8 GHz bandwidth with the required linearity. Optical-

based notch filters are a mature technology and used in the Recycler with delays of

11 μs. Passing all four systems through the same notch filter would guarantee all

notches to be locked to the same revolution frequency. An added improvement

would be to switch mid-cycle between a single delay to a double turn delay. The

notch would have a steeper gain profile near the central orbit frequency and lower

momentum spread results, Fig. 7.35.

Advantages of optical links are broad bandwidth, excellent phase linearity,

almost ideal zero or 180� phase intercept, and delays well beyond a few microsec-

onds. The largest drawback of optical delay lines is insertion loss of the link, limited

dynamic range, sensitivity to radiation damage, and cost. The laser and photodiodes

Fig. 7.34 Measured

amplitude and phase

response of IIR notch filter.

Phase change within

�5 kHz of notch is 350�

Fig. 7.35 Optical single/

double notch filter gain

transfer function zoomed in

on a single revolution line.

Optical switches insert

double delay midway

through the cooling cycle to

increase the gain slope near

the central momentum
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have impedances of a few ohms. With the need for broad bandwidth performance,

resistive matching networks were initially used. The mismatch loss has been

mitigated to some extent by the use of trans-impedance matching amplifiers to

drive the laser and amplify the detected optical signal.

Signal Transmission

Stochastic cooling has a fundamental requirement that the feedback signal be

applied to the beam promptly with less than one beam revolution period delay.

The Antiproton Source is shaped in the form of a triangle (Fig. 7.36). Its optics is

designed so that the short and long straight sections have high and zero dispersions,

correspondingly. The velocity of wave propagation in the transmission media is

significantly slower than beam velocity (coax cable ranges from 67 to 98 % c, fiber
optics 67 % c). Short distance between pickup and kicker is required to make

effective transverse cooling (“bad mixing” reduction). That yields short pickup-to-

kicker delay time and forces all electronics including kicker power amplifiers to be

placed in the tunnel for transverse cooling. Accumulator momentum cooling takes

advantage of pickups located in high-dispersion ring sections and kickers in low

dispersion. This fact allows the cooling feedback signal path to cut across the

midsection of the ring, lending extra delay time for stacktail 2–4 GHz and core

2–4 GHz momentum cooling. These two systems have kicker TWT amplifiers

located in surface buildings, facilitating their repair and maintenance. The large

size of the Recycler Ring (3.3 km circumference) forces the signal path to be

considerably longer than those of the Antiproton source, some 600 m. Here coax

transmission would prove to have exceedingly high insertion loss with detrimental

signal-to-noise degradation and high dispersion. A free space laser/microwave

transmission link was implemented to span the chord between pickups and kickers.

Figure 7.36 shows the locations of the cooling systems.

A variety of coaxial transmission lines are used for stochastic cooling signal

transmission. Antiproton Source stochastic cooling bands range from 2 to 8 GHz.

Each coax has a maximum transmission frequency above which waveguide modes

are excited and dispersion becomes a serious issue. Insertion loss is also directly

proportional to both the dimensions of the coax as well as the materials from which

it is manufactured. The velocity of signal propagation is mostly controlled by the

dielectric media between center and outer conductors. For stochastic cooling, the

fastest possible propagation velocity is desirable. This rules out the use of solid

dielectrics with propagation constants below 70 % of light velocity.

While air dielectric coax (98 % c) was a possibility and initially used on the

stacktail betatron systems (these two systems were not very effective and elimi-

nated when the stacktail was upgraded to 2–4 GHz), air coax has a significant

disadvantage of transmission notches. This is due to evanescent waves that are

launched from the periodically spaced center conductor dielectric supports. This is

a collective effect that only materializes when transmission lengths approach

hundreds of nanoseconds such as required for stochastic cooling. This well-
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known phenomenon could be mitigated by random spacing of supports, but requires

a custom manufacturing process. Diameters of rigid coax smaller than 7/800 are not
commercially available. Spiral air dielectric coax at ½00 diameter is available, but

suffers from severe dispersion in the 4–8 GHz band. Foam dielectric coax, with a

propagation constant of 88 % c, was chosen for most of the cooling systems in the

Antiproton source. This type of coax has the best combination of high velocity, low

insertion loss, and acceptable dispersion for lengths approaching 400 ns delays.

There is one application in the Accumulator where the 4–8 GHz core momentum

cooling with a cord cutting one half of the ring can make use of slower fiber optic

transmission. This special case was pursued because this cooling system has a full

octave bandwidth. Note that the foam coax exhibits some 300� of phase roll-off

over the octave with the required 400 ns transmission cable. A complicated

equalizer was designed to compensate this dispersive effect, but did not yield

optimal cooling performance [31]. Single-mode optical fiber has a velocity of

propagation of 67 % c. The advantage of fiber is that the transmission link

essentially is dispersion free, making full use of the octave bandwidth without the

need for an equalizer. When used in a broadband application such as stochastic

cooling, fiber optic links have a limited dynamic range of approximately 40 dB,

which is adequate for a core cooling system.

For the Recycler, neither coax nor fiber is an option due to excessive insertion

loss and dispersion (coax) or slow propagation velocity (fiber). Two transmission

methods were pursued: over-moded waveguide at millimeter wavelengths and free

space microwave-modulated laser beams. The over-moded waveguide utilizing

TE01 transmission mode was extensively researched by Bell Labs in the early

1970s as a means of low loss long distance telephony links. A millimeter wave

carrier frequency could be modulated with bandwidths of several GHz resulting in

Fig. 7.36 Layout of Antiproton Source (left) and Recycler (right) stochastic cooling systems.

Chord lines are location of stochastic cooling signal transmission across the rings
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high propagation velocities with very low insertion loss and dispersion. In 1977,

during the construction of National Radio Astronomy Observatory’s (NRAO) Very

Large Array (VLA) radio telescope in Socorro, New Mexico, this technique was

adopted for linking the 27 dishes [32]. Fiber optics was not a mature technology at

that time, and free space radio transmission was deemed incompatible due to

interference with the telescopes. The over-moded waveguide technique was con-

sidered for the Recycler solely based on a visit to the VLA and learning that some

2 km of the waveguide could be made available to Fermilab. The spare circular

waveguide was stored at NRAO’s Greenbank, West Virginia facility. A cursory

inspection of the Greenbank stock yielded only a 20 % salvageable quantity due to

poor storage outdoors for two plus decades. This was insufficient to complete the

Recycler project. Fabrication of new waveguide would prove to be prohibitively

expensive and this option was dropped.

Microwave to optical fiber transmission links was a mature technology at the

time of Recycler construction. These fiber optic-based links could be explored to

substitute free space for fiber as the transmission media. A link was first installed in

the Accumulator core transverse cooling as a prototype for the Recycler [33]. Three

links were installed in the Recycler to support the four cooling systems utilizing

fiber beam expanders, telescopes, optical positioning hardware, and a large cross

section high bandwidth photodiode. One link was used for two cooling systems

utilizing frequency division multiplexing. All of the optical hardware is housed in

climate-controlled enclosures located at the ends of the buried transmission pipe. In

an effort to minimize delays between the optical link and the tunnel electronics and

ensure a stable environment not effected by daily temperature variations, a trans-

mission steel pipe of 24 in. diameter is buried an average of 12 ft below the surface

for the 1,850 ft chord across the ring. This diameter pipe was chosen as a trade-off

between labor costs for positioning accuracy required for a smaller pipe over less

stringent survey tolerances for a larger more costly pipe. A rough vacuum of a few

milli-Torr is maintained to prevent distortion due to index of refraction changes in

an air-filled pipe. Initial testing proved the vacuum was essential to the success of

the link.

Power Amplifiers

A variety of power amplifiers are utilized in stochastic cooling systems based on

solid-state and TWT technologies [34]. TWTs comprise the majority of RF power

sources for stochastic cooling. Their wide band, high power, and radiation hardness

are well suited to stochastic cooling. The TWTs utilized in all systems have a

saturated broadband power level of 200 W and octave bandwidths covering 1–2,

2–4, and 4–8 GHz. The phase linearity and stability are carefully specified and

maintained by a tightly regulated power supply for the helix voltage.

Due to smaller power solid-state power amplifiers are used in the core 4–8 GHz

transverse cooling and Recycler 0.5–1 GHz momentum cooling. Solid state has the

advantage of long life, no high voltage requirements, good gain flatness, and phase
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linearity. Core systems have amplifiers capable of delivering 5 W of power. The

Recycler has 100 W units. Solid state has the disadvantage of being radiation

sensitive.

Antiproton Source tunnel ambient temperature approaches 100 �F, which ham-

pers convection cooling of solid-state amplifiers. A significant number of one-watt

amplifiers in the Debuncher suffered from deteriorating gain due to high operating

temperatures. The solution was to water-cool all these amplifiers with chilled water.

Each unit is insulated to prevent condensation and has a separate remotely con-

trolled voltage regulator that monitors voltage and current with trip indications for

fault conditions. Due to very high power dissipation in TWTs, 2 kW, water-cooling

is essential. For this application, 95 �F low conductivity water is used to minimize

any condensation possibilities near the high voltage terminals. The filament voltage

is regulated at the point of connection to the TWT. TWTs do not suffer from

operation in a radiation environment, but the power supplies do. In all systems,

power supplies are located remotely from the TWTs by tens to hundreds of feet.

Careful power supply design must take into account the added cable capacitance to

assure stable operation in these regulated supplies.

The power level required for stochastic cooling ranges from watts to kilowatts.

When amplifiers approach saturated power levels, intermodulation distortion

occurs. Odd order products can be translated back into the useful cooling band.

Such “intermods” reduce cooling effectiveness. Most power amplifiers are operated

3–6 dB below saturated power to reduce this effect. The only exception are

Debuncher cooling TWTs that are operated very close to saturated power as these

cooling systems are power limited. Costs of microwave power at these frequencies

approach tens to hundreds of dollars per watt, hence making best use of installed

power a high priority.

Equalizers

Once all components of the cooling system are assembled, installed, and commis-

sioned with beam, transfer functions that include the beam response are measured

in the accelerator complex. Transfer coaxial switches included in every medium

level stochastic cooling system allow direct calibrated vector measurement of the

complete gain chain via a vector network analyzer and automated measurement

software. The resulting transfer function serves as the starting point for equalizer/

filter design.

Stochastic cooling performs most efficiently if the amplitude and phase charac-

teristics can be tailored to optimum parameters as specified by system modeling

[35]. As one might imagine, the concatenation of dozens of devices will inevitably

vary from the ideal individual component measurements due to mismatches at

various interconnections.

Equalizers are microwave circuits that when added to the feedback system

provide linearization of phase, gain slope control, and frequency response limits.

The technologies utilized for fabrication include microstrip and stripline
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transmission lines. Resonators in the form of delay loops, transmission line stubs,

hybrid circuits, coupled transmission lines, and circulators are also employed.

Simple equalizers have been designed to linearize individual components such

as BAW delays or to band limit frequency response for rejection of unwanted

signals. Precise band-pass filters were utilized in the Debuncher cooling upgrade to

minimize the sub-band overlap [36]. Figure 7.37 shows the pickup spectrum from

Debuncher Band 2. Red trace is no beam noise bandwidth, green trace with beam

before the final filters were installed. The yellow arrows indicate the 3 dB band-

width of the original installed filters, white arrows the bandwidth of customized

filters. The addition of precise frequency centered band-pass filters also improved

the rejection of thermal noise by approximately a factor of 2.

Some of the most complicated equalizers are those fabricated for the stacktail

system [37]. Figure 7.38 depicts before and after beam transfer function measure-

ments. Improvement in amplitude and phase response is evident, resulting in

improved cooling performance.

Fig. 7.37 Band 2 Debuncher momentum pickup spectrum linear scale reference level 630 μV,
start 4.2 GHz stop 6.2 GHz. Red, no beam; green, with beam. Yellow arrows initial filter

bandwidth, white arrows customized filter bandwidth. Thermal noise reduction observed is

approximately a factor of 2
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7.2.3 Operational Optimization of the Stacktail System

An introduction of slip stacking in the Main Injector, improvements of antiproton

production on the target, and an increase of Debuncher acceptance were complete at

the beginning of 2006. It resulted in the antiproton flux coming to Debuncher of

~3.8� 1011/h (2.3� 108 per cycle). This number was close to the expectations;

however, the peak stacking rate of ~2� 1011/h achieved to this time was signifi-

cantly lower. An estimate based on Eq. (7.96) showed that further improvement of

stacking rate is impossible without an upgrade of the stacktail system which was the

“bottleneck” in the staking process. Later we learned that all other stochastic

cooling systems require performance improvements as well. Altogether there

were 21 cooling systems in Debuncher and Accumulator and 4 in Recycler.

Upgrades were carried out for all of them. Depending on the system, one or more

of the following steps were applied: an increase of the effective system bandwidth

with band equalizers, other modifications of existing hardware (notch filters, etc.),

and optics corrections aimed on cooling improvements.

Design of equalizers correcting amplitude and phase of each system was based

on the beam-based measurements of the system gain. The goal of band equalization

was to minimize dependence of phase on the frequency and to make the effective

gain linearly growing with frequency [38]. The sequence of upgrades carried out

over 3 years (2006–2009) resulted in an increase of the peak stacking by 1.5 times

to 3� 1011/h. This value is close to expectations based on the model predictions

described below. Improvements of electron and stochastic cooling in Recycler and

an introduction of the fast Accumulator-to-Debuncher transfers resulted in almost

threefold increase of the stacking rate to Recycler. Improvements of the stochastic

cooling theory [39] carried out shortly before 2006 and presented in Sect. 7.2.1

above have been extremely useful in choosing the upgrade path and resolving the

problems encountered along the way. Below we describe an upgrade of the stacktail

system initiated in 2006 which can be considered as the most profound and

arguably the most complicated upgrade among upgrades of all the cooling systems.

Fig. 7.38 Left, amplitude response; right, phase response of stacktail momentum cooling system.

Blue before, red post-equalization where amplitude is enhanced, phase is flattened
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The schematic of the stacktail stochastic cooling system is presented in Fig. 7.39

[40]. The pickup electrodes are located in a straight line with large dispersion which

makes particles being radially spread in accordance with their energy. Due to

sufficiently large dispersion, the total radial size is significantly larger than the

betatron size. The kickers are located in a straight line with zero dispersion on other

side of the ring. The beam is injected to the injection orbit and then is RF displaced

to the deposition orbit where it can be seen by stacktail pickups. The cooling signal

is formed as a combination of signals of three pickup legs. Each leg signal is

combined from signals of multiple pickups with appropriate delays. Leg 1 is located

at the smallest particle density and has the highest sensitivity. Altogether it has

128 separate pickups combined from 8 pickup arrays. Half of them are above the

beam plane and other half are below. Legs 2 and 3 have 48 and 16 pickups,

correspondingly. The radial size of pickups is much smaller than the radial exten-

sion of the stack, making the signal dependent on a particle radial position. The

width of the pickup plates, w, and half-gap between them, h, are chosen so that to

form a desired exponential dependence of gain on the momentum (as required by

Eq. (7.94)) for positions outside of pickups [41]:

g xð Þ ¼ atan sinh π
h xþ w

2

� 	� 	� 	� atan sinh π
h x� w

2

� 	� 	� 	

2atan sinh πw=2hð Þð Þ �������!x�h,w

2sinh πw=2hð Þe�πx=h

atan sinh πw=2hð Þð Þ :

ð7:102Þ

Table 7.4 presents h and w parameters found from the beam measurements

described below. It also presents parameters of core cooling pickups and locations

of the pickup centers in radial direction. Normally the locations of injection,

deposition, and core orbits were 8.52, 0.78, and �5.93 cm, correspondingly.

Corresponding revolution frequencies are 628,749, 628,832, and 628,897 Hz

where nonlinear dependence of revolution frequency on the orbit position is

accounted (see Fig. 7.22). Parameter R presents relative gains of different pickups

at their maximum sensitivities. Note that although pickups for all legs have the

same width and gap, the effective width, w, for the leg 1 is larger. It is related to the

x
y

Inj.
orbit

Dep.
orbit

Core
orbit

Leg 1 Leg 2 Leg 3 Core
pickips

S
S

D

NF

NF
NF

To stacktail
kickers

To core
kickers

Fig. 7.39 Block diagram of the stacktail system (x�Δp/p corresponds to the radial direction).

Signals from the top and bottom loops (plates) are summed
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long length of leg 3 pickup array and its imperfect alignment relative to the beam.

Three notch filters (NF) are tuned to suppress effect of the stacktail signal on

particles located in the beam core. Together with signal delays for each pickup,

they also help to form the desired dependence of cooling force on the particle

momentum. The frequency band of stacktail is 2–4 GHz. Two core momentum

cooling systems (2–4 and 4–8 GHz) cool the beam longitudinally to the core.

The system gain in the stacktail model can be presented in the following form:

G x;ωð Þ ¼ G0 1� A3 ωð ÞeiωT3
� 	� a1g1 xð ÞK1 ω; xð Þeiωτ1 1� A1 ωð ÞeiωT1

� 	


þ a2g2 xð Þeiωτ2K2 ω; xð Þ þ a3g3 xð Þeiωτ3K3 ω; xð Þ� 	
1� A2 ωð ÞeiωT2
� 	�

þ a4g4 xð Þeiωτ4K4

�
ω
	þ a5g5

�
x
	
eiωτ5K5

�
ω
	
,

ð7:103Þ

where indices i¼ 1, 2, and 3 belong to the stacktail systems and i¼ 4 and 5 to the 2–

4 GHz and 4–8 GHz core systems, correspondingly; Ti are the time delays in notch

filters; τi are signal delays; and ai are the gain coefficients. The complex functions

Ai(ω) were separately measured by switching off and on the short and long legs of

notch filters. Their plots are presented in Fig. 7.40. As one can see, the notch filters

NF1 and NF2 are far away from being ideal. They are constructed using the BAW

delays yielding bad performance on the band boundaries. The NF3 filter is based on

a delay with superconducting (SC) coaxial cable and, as one can see, is significantly

Table 7.4 Geometrical parameters of stacktail pickups and their radial positions obtained in the

beam-based measurements

w (cm) h (cm) r (cm) Revolution frequency (Hz) R

Leg 1 3 3.3 0.97 628,830 1

Leg 2 3 3 �0.20 628,840 0.34

Leg 3 3 3 �2 628,860 0.023

Core cooling 2–4 GHz 2 2.7 �3.45/�8.42 628,874/628,920 2� 10�3

Core cooling 4–8 GHz 0.76 3.2 �4.79/�7.18 628,886/628,908 1.6� 10�3

Fig. 7.40 Dependence of magnitudes and phases of notch filter coefficients, A(ω), on the

frequency f¼ω/2π
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better. The form of Eq. (7.103) was chosen so that the functions gi(x) would

describe dependence of the response function on the momentum for lower half of

frequency band. The dependence of functions K(ω, x) on x corrects for the differ-

ence in the x response between high and low frequencies.

To measure the dependence on ω for complex functions Ki(ω, x), a small

intensity cooled antiproton beam was RF displaced from the stack to a desired

momentum, x0, and then scraped in a high-dispersion region to obtain the longitu-

dinal distribution close to the rectangular one. The width of distribution was much

smaller than a typical stack width as well as a characteristic width of pickup

response. In this case, the exponent in the denominator of Eq. (7.19) can be

expended near a revolution harmonic, ω¼ nω0 + δω. Omitting the effect of notch

filter (as in the measurements) and leaving only leading terms, one obtains for the

open system response:

Sn δωð Þ ¼ �Δpextω
p0

N

2πinη

ð

δ!0þ

df 0 xð Þ
dx

G1 x;ωð Þ
xþ δω= nω0ηð Þ � iδ

dx, ð7:104Þ

where G1(x,ω) is the single-particle gain. Computation of integral for a rectangular

distribution with the total width Δx is straightforward. Taking into account that

df0/dx¼ (δ(x+Δx/2� x0)� δ(x�Δx/2� x0))/Δx, one obtains that the response is

Sn δωð Þ ¼ Δpextω
p0

2Nω0

πi

nω0ηΔxG1 nω0, x0ð Þ � dG1=dxð Þδω
nω0ηΔxð Þ2 � 4δω2

 !

, δωj j < nω0ηΔxj j,

ð7:105Þ

where x0 is the location of the distribution center and we expended the gain as

following: G x;ωð Þ ¼ G x0;ωð Þ þ x� x0ð ÞdG=dxjx¼x0
. As one can see, the response

function magnitude in the distribution center (δω¼ 0) is inversely proportional to

the harmonic number; and the response phase is shifted by 90� everywhere within
distribution (|δω|< |nω0ηΔx|). This independence of the response phase on a fre-

quency error represents significant advantage of a rectangular-like distribution over

Gaussian-like.

Positions of the scrapers and width of the distribution were controlled with

longitudinal Schottky monitor. The open-loop response was measured with a

network analyzer programmed so that the measurements were carried out exactly

at the beam revolution harmonics. A few hundred harmonics (usually, 401) uni-

formly distributed across the system band were used. Response of each leg was

measured separately. In the course of such measurements, the notch filters and other

pickup legs were switched off. The measurements were usually carried out at four

radial positions (the same for all legs) distributed across the stacktail range. For

each position, the excitation amplitude was adjusted so that, on one hand, it should

be sufficiently large to reduce the effect of noise on measurements and, on the other

hand, it should be sufficiently small to avoid changes of the distribution function in
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the course of the measurements. The beam current was increased with moving orbit

out of pickups so that to compensate for reduction of pickup sensitivity.

Results of the leg 1 measurements are presented in Fig. 7.41. The measured

spectra were corrected so that they would be proportional to the gain function: i.e.,

their phases were shifted by 90� and magnitudes corrected proportionally to

frequency in accordance with the system response of Eq. (7.105). The measure-

ments acquired at different beam radial locations were scaled so that they would

coincide at the lower half of the band. As one can see, the shapes of the responses

are almost identical for frequencies of 628,840 and 628,865 Hz corresponding to

locations near and within leg 1 pickups. For two other frequencies, the orbit is

located far outside of the leg 1 pickup where the sensitivity is exponentially

decreasing. However, the decay rates on the momentum, x, for low and high

frequencies are different. In the upper half of the band, the frequency is approaching

the cutoff frequency of the pickup structure, yielding a reduced decay rate. Conse-

quently, the response at 3.5 GHz is about twice larger for revolution frequencies of

628,890 and 628,897 Hz. The phase deference presented in the right pane of

Fig. 7.41 is related to the nonzero partial slip factor between pickup and kicker

and coincides well with predictions of optics model.

A lack of control for the beam intensity and beam momentum width did not

allow us measuring gi(x) with satisfactory accuracy using the described above

method. Therefore, another type of measurements was used. It is based on measur-

ing the stacktail Schottky noise in a narrow band (usually a single revolution

frequency band at 2.4 GHz) for each pickup array and referencing it to the signal

of 79 MHz Schottky monitor which is located at zero dispersion and therefore does

not have a direct dependence of signal on the beam momentum. Relating all signals

to the first harmonic of revolution frequency and computing a square root of signal

ratio for a stacktail pickup and the Schottky monitor, one obtains a dependence of

corresponding pickup sensitivity on the horizontal particle position within pickup

Fig. 7.41 Measurements of K(ω, x) on frequency, f �ω/2π, for leg 1 pickups acquired at four

values of momentum which correspond to the following revolution frequencies: f¼ 628,840,

628,865, 628,890, and 628,897 Hz
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(see Fig. 7.42). To acquire this data, all longitudinal cooling systems including the

stacktail have to be stopped to avoid changes of the distribution during measure-

ments. This was verified by acquiring longitudinal Schottky monitor signals at the

beginning and at the end of measurements. Automation of the measurements

allowed us to reduce time of data acquisition to about 10 min. Fitting the measure-

ments to Eq. (7.102) resulted in pickup parameters presented in Table 7.4. The large

dots in the bottom pane of Fig. 7.42 show results of described above transfer

function measurements acquired with network analyzer at various revolution fre-

quencies. Close agreement between the network analyzer and the Schottky mea-

surements reassures us in the accuracy of both measurements. It has been crucially

important for predictive power of the computer model. In the model, the functions

gi(x) were computed using Eq. (7.102) with parameters presented in Table 7.4; the

complex functions Ki(ω, x) were computed by interpolation of network analyzer

measurements acquired at four revolution frequencies.

Let us introduce the complex cooling force:

FC xð Þ ¼ 2

T0

X1

n¼0

G x, nω0ð Þ, ð7:106Þ

so that F(x)¼Re(Fc(x)) and G(x,ω) is determined by Eq. (7.103). To optimize the

stacktail performance, we assume that the maximum particle flux which the

stacktail can accept is determined by minimum value of the flux Jmax(x) computed

with Eq. (7.96), where

xd � xd xð Þ ¼ � G x;ωð Þ
dG x;ωð Þ=dx : ð7:107Þ

This assumption was later verified by solving the time-dependent Fokker–

Planck equation (two top equations in (7.94)). The cooling force of the entire

cooling system which includes three legs of stacktail and two core cooling system

was computed. Parameters of the system (delays, gains, etc.) were adjusted in the

computer model to maximize min(Jmax(x)) on the way from the deposition orbit to

the core which maximizes the staking rate. We also required approximately con-

stant xd(x) in the central part of the stacktail and minimizing phase of the complex

cooling force. For a given flux, the former maximizes the gain difference and,

consequently, the particle density difference between the deposition and core

orbits; and the latter reduces the stacktail power. Figure 7.43 presents the results

of such optimization based on the measurements acquired after completion of all

stacktail upgrades. One can see that the cooling force, Re(Fc), achieves its maxi-

mum at the deposition orbit, and then it exponentially decays in direction of the core

orbit with minimum value of p0xd about 9 MeV and crosses zero at the core. The

imaginary part of the cooling force is much smaller in the entire stacktail region

(with exception of very small region around the point where the cooling force

crosses zero). It would not be possible to achieve without notch filters, making
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Fig. 7.42 Top pane shows the Schottky signals from all longitudinal cooling systems in the

Accumulator at a stacking interruption. Leg 1, 2, 3 refer to the Schottky signal from each individual

pickup of the stacktail system. Also included is the longitudinal distribution measured with 79MHz

Schottky monitor. Bottom pane shows the Schottky signals normalized to the longitudinal distri-

bution. The dots represent the network analyzer transfer function measurements at various revo-

lution frequencies. The close agreement indicates the transfer functions are truly representative of

the system gain, which is most important for the computer model. In diffidence to the top pane the

longitudinal distribution from Schottky monitor presented at the bottom pane is not smoothed
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negligible the core heating by the stacktail. The effective bandwidth has minor

variations through the stacktail. It starts at ~2.4 GHz at the deposition orbit, slightly

decreases, and then goes up to ~4 GHz at the core where the 4–8 GHz core cooling

system dominates cooling force.

The static model predicts maximum stacking rate of ~35� 1010/h. A time-

dependent solution of Fokker–Planck equation presented below yields approxi-

mately the same number. Experimentally, as can be seen in Fig. 7.44, we obtained

a value slightly above 30� 1010/h.

Fig. 7.43 Dependence of stacktail parameters on the revolution frequency; top: red line, cooling
force; brown line, phase of the cooling force; bottom: red line, effective bandwidth; brown line, xd;
black line, maximum flux computed using Eq. (7.10)

7 Antiproton Production and Cooling 327



Fig. 7.44 Dependences of stack size on time (top) and corresponding stacking rate (center), and
the stacking rate on the stack size (bottom) before (blue dots) and after (red dots) stacktail upgrades
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Stacktail Equalizer

There were three major upgrades to the stacktail system: (1) the abovementioned

replacement of the bulk acoustic-based notch filter by the one SC cable based,

(2) optics upgrade aimed at an increase of slip factor described above, and (3) an

installation of the equalizer correcting the phase and gain of the stacktail amplifier

described below.

Left pane of Fig. 7.45 presents the leg 1 gain measured in October of 2006 before

the installation of the equalizer. A delay was applied to the data so that the phase

response would be flat in the center of the band. One can see two problems. The first

one relates to large variation of the phase so that at frequencies below 2 GHz the

system makes anti-damping (Re(K )<0) instead of damping resulting in reduced

cooling power. The second one is related to the gain being peaked at 2.5 GHz,

further narrowing the band. The right pane presents the similar measurements

performed in August of 2009 after installation of the equalizer. One can see that

the phase is almost perfectly corrected so that the real part and magnitude of the

gain are almost undistinguishable, the band is significantly wider, and the gain is

almost flat across the band. Actually, accounting for the entire system (where the

major gain correction comes from the notch filters) makes the gain linearly growing

with frequency as presented in Fig. 7.46. As it was pointed out above, such behavior

maximizes the cooling rate. Note that the ripple visible on the data acquired after

equalizer installation is real and is related to imperfections of the equalizer. The

installation of stacktail equalizer (in Spring of 2007) yielded the effective band-

width increase of 15 % from 1.75 to 2 GHz. As one can see from Eq. (7.98)

corresponds to ~30 % increase in the stacking rate.

The behavior of the phase presented in the left pane of Fig. 7.45 is typical for a

band-pass amplifier. It is related to causality and cannot be corrected without

breaking it. Fortunately, causality is not directly present in the stochastic cooling,

i.e., shortening the cable from pickup to kicker allows the signal to arrive earlier

than the particle which radiated this signal in the pickup. This understanding

directed us to the layout of the equalizer presented in Fig. 7.47. The equalizer

consists of two parts: the phase part (left) correcting the phase and the amplitude

part (right) correcting the amplitude. In the phase part, the signal was split into three

paths for the prototype equalizer (presented in the picture) and into five paths for the

final one. Each path has a resonator and delay line. Combining the signals together

corrects the phase but cannot correct the magnitude to the desired level. The

amplitude part does not affect the phase but corrects the amplitude. Its transfer

function can be presented in the following form:

KA ωð Þ ¼ 1þ 0:91 cos ωτð Þð Þe�iωτ, τ ¼ 195 ps:

Signal splitting and combining are performed with commercial wideband split-

ters. Each resonator is implemented on a printed circuit board. Its frequency is

determined by geometry and the quality factor by coupling. To compensate signal

attenuation in the equalizer, an additional 20 dB wide band amplifier was added to
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Fig. 7.45 Leg 1 gain measured before installation of stacktail equalizer (left) and after (right) at
the revolution frequency of 628,840 Hz

Fig. 7.46 The entire system gain reconstructed from measurements performed after installation of

stacktail equalizer at the revolution frequency of 628,840 Hz. Dashed line shows linear depen-

dence of gain on frequency

f=2.2 GHz
Q=5

f=2.77 GHz
Q=3

f=3.9 GHz
Q=6

t=320 ps

t=50 ps

t=450 ps

t=390 ps

t=0 ps

t=195 ps 

A=0.231 A=0.383

A=0.383

A=0.841

A=0.925

A=0.301

Fig. 7.47 Schematic of the stacktail prototype equalizer
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the system. Figure 7.48 presents results of measurements of the final stacktail

equalizer. One can see that the phase behavior is opposite to the phase behavior

of the system gain presented in the left pane of Fig. 7.45. The signal attenuation is

maximized in the band center and minimized at its upper edge, resulting in a desired

linear growth of the system gain with frequency.

Numerical Simulation of the Stacktail

The simulations are based on solving the Fokker–Planck equation (7.39) where all

system parameters came from the beam-based measurements as described above.

To be representative stacking simulations require computations for more than 1,000

cycles, resulting in a quite large number of time steps. The signal suppression is

different at different harmonics, and its accurate accounting would increase the

simulation time by orders of magnitude. Therefore, to accelerate the simulations,

we neglected the particle interaction through the cooling system, i.e., kept ε¼ 1.

That yielded a cooling force independent on the time and diffusion directly pro-

portional to the distribution function and, thus, greatly simplified simulations. As it

was shown above, such procedure does not affect cooling rates significantly if the

gain is below or close to the optimal value. That allowed us to simulate a complete

stacking cycle (~1 h) in less than 10 min on a single-processor computer. The beam

dielectric function was calculated later to verify the system stability. Note that in

the case of other cooling systems, where only one cooling cycle is computed,

accurate accounting of signal suppression did not represent such a problem and

was routinely used.

The following finite difference equation was used for approximation of the right-

hand side of Fokker–Planck equation:
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Fig. 7.48 Measurement

results of the final stacktail

equalizer
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It is unconditionally stable, conserves the number of particles, and has better

accuracy than the difference scheme presented in [42]. The variables in this equation

are Δx¼ xk+1� xk, Δt¼ tn+1� tn, fk¼ f(xk, tn), Fn,k¼F(xk, tn), Dnk¼D(xk, tn),
n enumerates steps in time, and k enumerates steps in x. Comparison of numerical

simulations with measurements is presented in Fig. 7.49 [43]. One can see a step-by-

step propagation of particles to the core. The particles which were not moved out of

the deposition region (by stacktail) before the next pulse arrives are RF displaced in

the direction of the injection orbit and lost for further stacking. One can see the

buildup of such particles on the left from the deposition orbit. Experiments show that

a higher stacking rate is achieved if the stacktail is on during RF displacement of the

beam from the injection to the deposition orbit. The presence of RF strongly distorts

the Schottky spectra, making the last spectrum of each stacking cycle unusable for

analysis. In simulations newly arrived antiprotons replaced everything that was in the

deposition region (no RF displacement), and therefore the peaks on the left are not

present. These measurements allowed us to measure directly the absolute value of the

system gain.

To estimate the effect of particle interaction on the computation results, ε was

computed for a number of time steps and frequencies after a solution of the Fokker–

Planck equation is obtained. Figure 7.50 presents the changes in εwithin the time of

cooling cycle “47” (starts ~100 s after stacking beginning). The beam is close to the

stability boundary at the beginning of the cycle while a newly injected beam has

narrow distribution; but at 100 ms, smoothening the beam distribution in the

vicinity of the deposition orbit results in a reduction of particle interaction by

more than a factor of 2. Consequently, as long as the stack size is small, the effect

of particle interaction is also small during most of cycle time, resulting in relatively

small (
10–20 %) overall correction for the stacking rate. Figure 7.50 also depicts

that in the stacktail region (628,840–628,890 Hz), the |ε� 1| does not exceed 0.25, i.

e., the particle interaction has a small effect on the speed of the stack front

propagation and, consequently, on the value of the gain deduced from the experi-

mental data. With further staking, the particle number in the stack is growing,

resulting in an increased interaction of core particle through cooling system. That

forces reduction of the gain and, consequently, a reduction of stacking rate as

presented in Fig. 7.44.
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Fast Computations of Beam Dielectric Function

The above-discussed computation of beam dielectric function was normally

done by numerical integration. It is fast enough to verify the system stability

but hardly can be used in simulations of Fokker–Planck equation if the signal

suppression has to be correctly accounted. However, a proper procedure can

740 760 780 800 820 840 860 880 900 920
1´109

1´109

1´1010

1´1010
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f - 628000 [Hz]
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Fig. 7.49 Evolution of particle distribution over revolution frequency during the first 100 s of

stacking; top, measurements; bottom, simulations. Curves are built at 1.54 s in cycle 2 and 0.22 s in

cycles 3, 5, 8, 13, 23, and 47
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greatly accelerate calculations reducing the computations of multiple integrals

to a matrix–vector multiplication. Below we consider how it can be done in

application to the filter cooling. This algorithm was used for cooling simulations

in the Debuncher.

To simplify formulas, we assume that the system is far from the band overlap.

Taking also into account that the gain changes are negligible within one Schottky

band, we can rewrite Eq. (7.20) in the following form:
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Fig. 7.50 The real (red) and imaginary (blue) parts of ε computed at different times in cycle 47 for

stacking simulations presented in Fig. 7.49. Time marking the plots shows the time within cycle.

The particle distribution (ψ) is shown with a dark green line
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One can see that a calculation of the beam dielectric function requires a

computation of the same integral for each harmonic. Replacing integration by

summation, one obtains
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Replacing derivatives by their finite difference analogs ( fj
0¼( fj+1�fj�1)/(2Δx)

and f 00j ¼( fj+1+fj�1�2fj)/Δx2), one obtains for the beam dielectric function

εn ykð Þ ¼ 1þ 1� A nω0ð Þe2πinη yk� 	G nω0ð Þ
2πinη

1

Δx

X

m

Ξkmψm ð7:111Þ

Matrix Ξkm is computed once at the beginning of calculations. Its elements are

Ξkm ¼ a k � mþ 1ð Þ � a
�
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where Δx¼ xk+1� xk. Note that the crossing of the pole, which introduces an

imaginary part to the integral, comes from negative argument of the logarithm in

functions a(k) and b(k) at k¼ 0.

In the course of Debuncher cooling simulations, the sum in Eq. (7.111) was

computed once at every time step, resulting in fast computations of ε for multiple

revolution frequency harmonics. Figure 7.51 compares results of these fast calcu-

lations to Eq. (7.92) for Gaussian beam. As one can see, good accuracy is achieved

with the step size about half of the rms size.

Using similar procedure, it is straightforward to derive formulas for fast beam

dielectric function computation in the general case. In the case of overlapping

Schottky bands, matrices Ξ are different for different bands. To make time-

7 Antiproton Production and Cooling 335



effective computation, these matrices need to be precomputed and kept in computer

memory.

Transverse Core Heating

Although the stacktail is a longitudinal cooling system and, on the first glance,

should not excite the transverse motion, it actually does, affecting the motion of

particles in the core and resulting in their transverse heating. The emittance growth

is compensated by the core cooling systems. However, due to their insufficient

cooling rates, the resulting emittance was not sufficiently small to make transfers to

the Accumulator without particle loss or additional no-staking pause for transverse

cooling.

Stacktail kickers have similar design and geometry to the stacktail pickups, and

therefore, in accordance with the reciprocity theorem [10], the longitudinal kick and

the pickup sensitivity depend similarly on the transverse coordinate. Expending

Eq. (7.102) in Tailor series and taking into account that the pickup response satisfies

to the Laplace’s equation, one obtains the dependence of longitudinal kick on the

particle transverse coordinates (X, Y ):
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Here κ¼�1 with signs “+” and “�” assigned to the kickers rolled so that in the

difference mode, they would be the horizontal or vertical kickers correspondingly,

and the effective gap is aeff� 1.7 cm for the Accumulator stacktail kickers

(h¼w¼ 3 cm, see Table 7.4). The Panofsky–Wenzel theorem [10] binds the

transverse and longitudinal kicks—Δp⊥¼ iv0/ω∇(Δp||/p). That yields

Fig. 7.51 Comparison of computation of Eq. (7.110) integral with f xð Þ ¼ e�x2=2 using exact

calculations (solid lines) and matrix approximation (dots)
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δpx
p

¼ κ
iv0
ω

δp

p

x

aeff 2
,

δpy
p

¼ �κ
iv0
ω

δp

p

y

aeff 2
ð7:114Þ

Below we consider the emittance growth in the horizontal plane. However, with

exchange of index x by y, all formulas are directly applicable to the vertical plane

as well.

The transverse kicks described above excite the emittance growth through three

mechanisms. The first one is related to non-zero dispersion at the location of

stacktail kickers. The second mechanism is related to offsets of kickers from the

beam center, resulting in the transverse kicks proportional to the kicker offset. The

emittance growth for both mechanisms is proportional to the beam Schottky noise

on the betatron sidebands.6 The third mechanism is associated with the parametric

excitation of betatron motion, and, consequently, the emittance growth is excited by

frequencies related to the sidebands of the double betatron frequency.

First, we consider the emittance growth related to the non-zero dispersion. In this

case, a momentum change due to longitudinal kick, δp/p, in average excites the

betatron motion with rms emittance increase:

δεx ¼ 1

2
Ax

δp

p

� �2

, ð7:115Þ

where Ax¼ (Dx
2 + (D0

xβx + αxDx)
2)/βx is the dispersion invariant for x plane. Note

that it is conserved in a straight line, i.e., it has the same value in all kickers. There is

no quadrupoles in the straight section where all stacktail kickers are located. That

makes a reference of all longitudinal kicks to a single point being straightforward.

Consequently, the momentum change in Eq. (7.115) represents the total longitudi-

nal kick of all kickers. Following the same procedure as in deriving Eq. (7.62), one

obtains

dεx
dt

¼ πAx

T0
2

X1

n¼�1
Pp ωn⊥ð Þ ð7:116Þ

where Pp(ω) is the spectral density of momentum kicks excited by stacktail defined so

that a single-turn momentum change is δp=pð Þ2 ¼
ð
Pp ωð Þdω, ωn⊥¼ωcore(n + v),

ωcore is the revolution frequency in the core, and ν is the betatron tune.

6 Here the same as above, we assume that the thermal noise of amplifiers is negligible in

comparison to the particle noise. It is well justified for the stacktail in normal operating conditions.
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Second, we consider the emittance growth related to transverse offsets of

kickers. Let each kicker to make a horizontal kick θk� δpxk/p. To find a single-

pass emittance increase, we refer all kicks to the center of kicker straight section

where the beta function achieves its minimum β*. Then the total angular kick is∑ θk
and the total displacement is ∑ Skθk, where Sk is the distance between kth kicker and
the location of β*, and we took into account that there is no focusing in the kicker

straight section. Averaging yields the emittance increase per turn to be equal to

δε ¼ 1

2
β	

XNkick

k¼1

θk

 !2

þ 1

β	
XNkick

k¼1

Skθk

 !2
0

@

1

A, ð7:117Þ

where Nkick is the number of kickers. Assuming that all kickers produce the same

longitudinal kick (δp/p)/Nkick, using Eq. (7.114), and following the same procedure

as in deriving Eq. (7.65), one obtains the emittance growth due to offset of kickers

dεx
dt

¼ π

2T0
2

X1

n¼�1
Pp ωn⊥ð Þ v0

ωn⊥aeff 2

� �2

β	
1

Nkick

XNkick

k¼1

κkxk ωn⊥ð Þ
 !2

0

@

þ 1

β	
1

Nkick

XNkick

k¼1

Skκkxk ωn⊥ð Þ
 !2!

: ð7:118Þ

Here we also took into account that the electrical center of a kicker is frequency

dependent in a practical system. Consequently, the kicker offsets are frequency

dependent too.

Finally, we consider the emittance growth related to the parametric excitation.

Each of eight stacktail kicker tanks has four kickers oriented in the same plane so

that the higher-order modes could be damped. To minimize the parametric excita-

tion, each next kicker tank is rolled to the orthogonal plane. In the first order, it

cancels the parametric kick; however, in the second order, the perturbation is still

significant.

Let x0 and θ0 be particle coordinates in front of the first kicker, and xk and θk be
particle coordinates immediately behind of the kth kicker. Then the iterative

equations bounding up particle angles and coordinates are

θkþ1 ¼ θk þΦkþ1xkþ1,

xkþ1 ¼ xk þ θk Skþ1 � Skð Þ, k > 0, ð7:119Þ

where Φk is the focal strength of the kth kicker. In the first order, one obtains
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x
1ð Þ
k ¼ x0 þ Sk � S1ð Þθ0,
θ 1ð Þ
k ¼ θ0 þ

Xk

j¼1

x0 þ θ0 Sj � S1
� 	� 	

Φj,

x
2ð Þ
k ¼ x0 þ

Xk

j¼1

Sj � Sj�1

� 	
θ0 þ

Xj

i¼1

x0 þ θ0 Si � S1ð Þð ÞΦi

 !

,

θ 2ð Þ
k ¼ θ0 þ

Xk

j¼1

x0 þ
Xj

i¼1

Sj � Si
� 	

θ0 þ
Xk

j¼1

x0 þ θ0 Si � S1ð Þð ÞΦi

 ! !

Φj,

ð7:120Þ

where the same as above the kicker coordinates, Sk, are referenced to the point

where the beta-function achieves its minimum. Performing substitutions in Eq.

(7.120) and relating the obtained transfer matrix, Mt, to the location of beta-

function minimum (to S¼ 0) after lengthy calculations, one obtains the transfer

matrix describing instant particle coordinate jump at S¼ 0:

M ¼ 1 �SNkick

0 1

� 

Mt
1 S1
0 1

� 

¼
1�

XNkick

i¼1

ΦiSi 1þ
Xi

j¼1

Φj Si � Sj
� 	

 !

�
XNkick

i¼1

ΦiSi Si þ
Xi

j¼1

ΦjSj Si � Sj
� 	

 !

XNkick

i¼1

Φi 1þ
Xi

j¼1

Φj Si � Sj
� 	

 !

1þ
XNkick

i¼1

Φi Si þ
Xi

j¼1

ΦjSj Si � Sj
� 	

 !

2

6
6
6
6
4

3

7
7
7
7
5
:

ð7:121Þ

To find the emittance increase per turn, we consider a particle experiencing

betatron oscillations with single-particle emittance (action) ε. Then its coordinates

are

x � x
θ

� 

¼
ffiffiffiffiffiffiffiffiffi
2εβ	

p cosψ
� sinψ=β	

� 

: ð7:122Þ

After passing the “point-like” kicker, the new particle coordinate vector is

x0 ¼Mx, and the corresponding new emittance is

ε0 ψð Þ ¼ 1

2

x02

β	
þ β	θ02

 !

: ð7:123Þ

Expressing x0 and θ0 through elements of matrix M and vector x and performing

averaging over phase ψ , one obtains
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ε0 ¼ ε

2
M11

2 þM22
2 þM12

2 þM21
2

� 	
: ð7:124Þ

Substituting matrix elements of matrix in Eq. (7.121), we obtain the average

emittance increase per turn:

ε0 ¼ ε 1þ 1

2

XNkick

i¼1

XNkick

j¼1

ΦiΦj β	2 þ Si
2Sj

2

β	2
þ 2SiSj � Si � Sj

� 	2
� � !

: ð7:125Þ

Introducing the kick magnitude,

Φq ¼
XNkick

j¼1

Φij j, ð7:126Þ

and the effective β-function of parametric heating,

βq ¼
1

Φq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XNkick

i¼1

XNkick

j¼1

ΦiΦj β	2 þ Si
2Sj

2

β	2
þ 2SiSj � Si � Sj

� 	2
� �

vu
u
t , ð7:127Þ

we obtain the emittance increase per turn:

δε � ε0 � ε ¼ ε
βq

2

2
Φq

2: ð7:128Þ

Following the same procedure as in deriving Eq. (7.62), one obtains the emit-

tance growth due to parametric heating:

dεx
dt

�
�
�
�
param

¼ πεxβq
2

T0
2

X1

n¼�1
PΦ ωnq

� 	 ¼ πεxβq
2v0

2

T0
2aeff 2

X1

n¼�1

Pp ωnq

� 	

ωnq
2

, ð7:129Þ

where ωnq¼ωcore(n+ 2ν) are the sideband frequencies of double betatron fre-

quency and PΦ(ω) is the spectral density of Φq, and to obtain the second equality,

we used its relationship to the spectral density of momentum kicks: PΦ(ω)¼
v0

2 Pp(ω)/(ωaeff
2)2 (see Eq. (7.114)). It was also implied that all kickers are

perfectly phased, i.e., their longitudinal kicks are added up with the same sign,

while signs can be different for focusing. In other words, the total momentum kick

is proportional to Φq defined in Eq. (7.126). Note also that in difference to the

emittance growth rates due to kicker offsets and dispersion mismatch, which do not

depend on the emittance and are driven by the betatron frequency sidebands, the

parametric heating is proportional to the beam emittance and is driven by the

sidebands of double betatron frequency.
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In normal operating conditions, the spectral density of stacktail momentum kicks

used in Eqs. (7.116), (7.118) and (7.129) is mainly related to the beam Schottky

noise which significantly exceeds the thermal noise of amplifiers. In this case, the

spectral density can be expressed through the particle distribution and the system

gain. Using Eqs. (7.12), (7.13) and (7.50) one obtains

Pp ωð Þ ¼ T0

2π

X1

k¼�1

GST xf ω=kð Þ,ω� 	
f xf ω=kð Þ� 	

k η xf ω=kð Þ� 	�
�

�
� , η xð Þ ¼ � 1

ω

dω

dx
, ð7:130Þ

where the stacktail gain GST(x,ω) is determined by Eq. (7.103) and the slip factor

η(x) and the function xf(ω) are defined in Eq. (8.50) and the paragraph following it.

The stacktail system uses eight kicker tanks located close to each other in one

straight section. Each of kicker tanks has four kickers oriented in the same plane.

Initially one of these 32 kickers was used for the longitudinal 2–4 GHz core cooling

other 31 for the stacktail. It became apparent that parametric heating was a problem.

It was resolved after one of two kickers on each side of kicker straight section was

switched off and another one was transferred to the core cooling system, so that

only 30 kickers were used in the stacktail. That reduced the effective beta-function

of the parametric heating, βq, from 2.3 to 0.6 m, resulting in negligible parametric

heating.

After the equalizer installation, we observed the strong transverse heating again.

This time it was excited by a resonance in the kickers which became much more

apparent with the increased bandwidth. The resonance occurs at 3.25 GHz and

results in a resonant displacement of kicker electrical center with frequency. The

amplitude of the displacement is ~2 mm and the quality factor is ~27. Figure 7.52

presents dependence of computed horizontal heating rate on the revolution fre-

quency. Tables 7.5 and 7.6 present measured heating and cooling rates for the

horizontal degree of freedom before the optics upgrade. Although we performed

very accurate correction of both vertical and horizontal dispersions (to a few cm
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level), the contribution of the dispersion mismatch, as one can see from the table, is

not negligible.

The optics upgrade increased the slip factor and resulted in the displacement of

heating peaks (related to lower and upper betatron sidebands) so that the core

became better centered between the peaks. That also reduced the heating. In

addition it reduced IBS and improved the core cooling, resulting in acceptable

values for transverse emittances.

7.3 Electron Cooling and Its Fundamentals

7.3.1 Introduction

Electron cooling is the method of increasing the phase density of “hot” heavy

charge particles, ions, or antiprotons, through Coulomb interaction with a “cold”

electron beam propagating with the same average speed. The method was proposed

by G. Budker in 1967 [44], successfully tested in 1974 with low-energy protons

[45], and later implemented at a dozen of storage rings (see, e.g., the review [46]) at

nonrelativistic energies Ee<300 keV.

An electron cooler was envisioned as an important part of the Recycler Ring

upgrade already in the Recycler Technical Design Report [47]. The main cooler

parameters were chosen according to the then-stated Recycler goals: store antipro-

tons coming from the Accumulator, “recycle” antiprotons left over from Tevatron

stores, and prepare bunches for Tevatron shots. Because of the longitudinal injec-

tion scheme of the Recycler, the main emphasis was made on longitudinal cooling.

With a typical required cooling time of tens of minutes, the scheme without a strong

magnetic field in the cooling section was shown to be satisfactory. Later changes,

most notably the decision to do not use antiprotons from the Tevatron for

“recycling” and the decreased emittances of bunches coming from the

Table 7.5 Heating and

cooling rates during normal

operation of the antiproton

stochastic cooling systems

Heating mechanisms mm mrad/h

IBS heating at 50 mA ~3

Stacktail heating 5–6

Noise of core systems ~2

Total heating¼total cooling ~10

Table 7.6 Estimates of the

stacktail system heating

mechanisms

Heating mechanisms mm mrad/h

Parametric heating ~0.25

Dispersion mismatch ~2.4

Kicker offset (res. at 3.25 GHz) ~1.2–2.2

Unaccounted (most probably due

to geometric kicker offset)

~1.1
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Accumulator, relaxed the operational requirements for the electron cooling strength

and allowed operation with a good safety factor. As soon as the issues with reliable

recirculation of the electron beam had been resolved, for the first time, relativistic

electron cooling was demonstrated [48] and within days was put into operation.

This chapter discusses formulae for nonmagnetized electron cooling, the setup

and reasoning behind choosing the adopted cooler’s scheme, and then goes through

the main difficulties with the realization of the project: electron beam transport,

stability of the beam recirculation, electron angles in the cooling section, and

energy matching. The last section of this chapter describes the cooling force

measurements and results.

For brevity, the Recycler Electron cooling system will be referred as REC.

7.3.2 Electron Cooling Formulae

A heavy charged particle moving in a free electron gas with a velocity distribution

f e ve
!� �

experiences a friction force that in a model of binary collisions can be

written following [49]:

Fb

!
Vp

!� �
¼ � 4π e4neb

me
η

ð
LC

f e ve
!� �

Vp

! � ve
!� �2

Vp

! � ve
!

Vp

! � ve
!�

�
�

�
�
�
d3ve, ð7:131Þ

where neb is the electron density in the beam rest frame, me the electron mass, Vp

!
the

velocity of the heavy particle, and η¼ Lcs/C indicates the portion of the ring circum-

ference C occupied by the cooling section of length Lcs. LC is the Coulomb logarithm

LC ¼ ln
ρmax

ρmin

� �

: ð7:132Þ

with the minimum and maximum impact parameters, ρmin and ρmax , in the

Coulomb logarithm defined as

ρmin ¼
e2

me Vp

! � ve
!� �2 , ρmax ¼ min RD,Re, Vp

! � ve
!�

�
�

�
�
� � τf

n o
: ð7:133Þ

The maximum impact parameter can be determined by the electron beam radius Re

(typically the case in REC), by the Debye radius RD, or by the relative displacement of

particles during the flight time through the cooling section τf¼ (Lcs/γβc), where γ and
β are the relativistic factors of co-propagating particles in the lab frame.
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Note that the presence of a strong longitudinal magnetic field ~1 kG, standard

for low-energy coolers, makes cooling dynamics significantly more complicated

(see, e.g., [46, 49]) and typically provides significantly stronger cooling. We did not

find a way to numerically simulate this effect for the REC case, where electrons are

immersed into a much weaker field of BCS¼ 105 G but believe that Eq. (7.131) is a

reasonable approximation. One may speculate that the magnetic field does not

affect collisions with “small” impact parameters ρ

ρ 
 ρL �
ve � mec

eBCS
ð7:134Þ

but enhances cooling at “large”

ρ > ρL ð7:135Þ

by “suppressing” the transverse electron velocities contribution. For typical REC

parameters, ρmin� 1� 10� 7 cm, ρL� 0.02 cm, ρmax� 0.2 cm, and the value of the

Coulomb logarithm is significantly larger for the region of Eq. (7.134), ln(ρL/
ρmin)� 12, than ln(ρmax/ρL)� 2.3 for large impact parameters. An enhancement

of the cooling force by the magnetic field for large impact parameters is unlikely to

offset this difference because the typical value of the antiproton velocity (in the

beam frame) is only a factor of 2–3 lower than the electrons’. Probably, a more

convincing argument comes from measurements, where a strong dependence of

cooling properties on the transverse electron angles was observed.

Assuming a Gaussian distribution for all velocity components

f v
!

e

� �
¼ 1

2πð Þ3=2σexσeyσez
exp � vex

2

2σ2ex
� vey

2

2σ2ey
� vez

2

2σ2ez

 !

ð7:136Þ

and neglecting variations of the Coulomb logarithm in order to take it out from the

integrand, Eq. (7.131) can be reduced to a single integral (so-called Binney formula,

see, e.g., [50]). For example, the expression for the longitudinal component of the

cooling force in the beam frame becomes

Fbz Vpx;Vpz;Vpz

� 	¼� 4Λ
ffiffiffi
π

p �
ð1

0

dt

exp � t2Vpx
2
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� t2Vpy

2

1þ2 �σ2eyt2
� t2Vpz

2

1þ2 �σ2ezt2
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@
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A

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Λ� 4πe4neb
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ηLC

ð7:137Þ
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This formula can be simplified further for the analysis of the longitudinal cooling

force measurements. These measurements use a pencil antiproton beam with a large

average momentum offset, so that the transverse antiproton velocity components

can be neglected. Assuming also σex¼σey�σet, it is convenient to use Eq. (7.137) to
fit the longitudinal cooling force as a function of momentum offset in the lab frame

in the form of [51]

Flz Δpp
� 	 ¼ �F0

2
ffiffiffi
π

p
ðΔpp

p1

0

e�u2u2

u2 þ Δpp
p2

� �2 du ð7:138Þ

with the parameters related to the lab-frame electron beam properties as follows:

p1 ¼ δWe �
ffiffiffi
2

p Mp

βmec

p2 ¼ ϑt �
ffiffiffi
2

p
γ2βcMp

F0 ¼ Λ
σet2 � σez2

¼ nel

ϑt
2
� 4π � e4η � Lc
mec2γ3β

2
,

ð7:139Þ

where ϑt ¼ 1
γβc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σet2 � σez2

p
is an effective angle, ϑe ¼ σet

γβc is a 1 day electron rms

electron angle in the cooling section, δWe¼ peσez is rms scatter of the electron

energy, nel¼ γ neb is electron density in the lab frame, Mp is the proton mass, and

pe is the electron momentum. This parameterization (7.138) is convenient for

fitting purposes because F0 determines the maximum of the curve (the force

maximum approaches F0 at σet� σez), the parameter p1is approximately the

position of the curve’s maximum, and p2characterizes the curve’s drop rate after

the maximum. Figure 7.53 presents results of calculations with Eq. (7.138).

Fig. 7.53 Longitudinal

force as a function of the

momentum offset

calculated with Eq. (7.138).

Vertical axis, Flz(Δpp)/F0,

and horizontal axis, Δpp/p2.
The curves show

calculations for different

ratios of electron velocities

in the beam frame

p1/p2� σez/σet: red, 10;
blue, 25; brown, 50
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Under the assumptions used for Eq. (7.137) and σex¼ σey� σet, the cooling rates
of a coasting antiproton beam with a Gaussian distribution

f p V
!

p

� �
¼ 1

2πð Þ3=2σpxσpyσpz
exp � V2

px

2σpx2
� V2

py

2σpy2
� V2

pz

2σpz2

 !

ð7:140Þ

with σpx = σpy can be expressed through elementary functions [51]
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¼ �
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ð7:141Þ

Note that for the transverse rate, the calculated single-pass force is decreased in

Eq. (7.139) by a factor of 2 to take into account averaging over betatron oscillations.

Functions appearing in Eq. (7.139) are shown in Fig. 7.54. For small values of the

parameter α� 1, f tr αð Þ � π=4� ffiffiffi
α

p
=2, f long αð Þ � 1� π=2 � ffiffiffi

α
p

.

For a practical implementation, Eq. (7.141) gives only an upper estimate for the

cooling rate. The most important flaw in the model is the assumption of the electron

beam density and velocity distributions being constant across the area determined

by ρmax. In the case of the Recycler cooler operational parameters, the rms radius of

the antiproton beam is roughly the same as the radius of the area within the electron
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beam where electron cooling is effective. As a result, a large portion of antiprotons

travels through the cooling section outside of the electron beam; hence the cooling

rate decreases dramatically. With the tails of the antiproton distribution being

typically fatter than Gaussian, this effect is even more pronounced. In addition,

bringing the Coulomb logarithm out of the integral tends to slightly overestimate

the cooling force for small relative velocities.

7.3.3 Cooler Setup: Electron Beam Design Parameters
and Choice of the Scheme

Based on preliminary cooling scenarios and estimations of the cooling rates, the

design parameters were specified in [61] (reproduced in Table 7.7).

Table 7.7 assumes a scheme with a DC electron beam, a longitudinal magnetic

field at the cathode region and in the cooling section, and lumped focusing in the

beam transport lines. Before finally choosing this scheme, other possibilities were

considered as well.

By the time the Recycler Electron Cooling project started, several schemes for

coolers with electron energy of several MeVs or higher had been investigated

[52–54] (and the development of other schemes continues at present [55, 56]).

However, none of these developments came close to demonstrating the electron

beam parameters necessary for electron cooling in the Recycler.

In all previously existed coolers, a strong (~1 kG) longitudinal magnetic field

was used to transport the electron beam and enhance the cooling force, but all of

them worked at nonrelativistic energies Ee< 300 keV. Therefore, a straightforward

extrapolation of the previous experience would be a version with a higher-voltage

electrostatic accelerator and a continuous strong longitudinal magnetic field from

the cathode to the collector. This was seriously discussed but eventually abandoned.

On one hand, the Recycler did not require the benefits from cooling enhancement
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by the strong field. On the other hand, the beam generation scheme tested for 1 MeV

[53] was not easily scalable to 4 MeV and would have required significant R&D

efforts (similar to what is being presently developed for the COSY cooler at

Novosibirsk [56]). Combined with more expensive beam lines and cooling section

as well as higher operating costs, it looked undoable within a realistically available

budget and time.

The most affordable solution in terms of time and cost seemed to be the scheme

of relativistic cooling proposed for the SSC MEB [57], which assumed focusing in

the cooling section by lumped elements. Namely, the beam is generated without a

longitudinal magnetic field, and then short solenoidal lenses periodically placed in

the cooling section compensate the beam divergence caused by space charge and

beam emittance. This scheme allows using an industrially manufactured electro-

static accelerator, and the cooling section is significantly cheaper than in the case

with a strong magnetic field. This scheme was critically analyzed in [58]. The

authors argued that the requirement of low transverse velocities in the cooling

section results in a large value of the beta function, which makes the beam

susceptible to perturbations. Specifically, a drift instability due to interaction of

the beam with its wall image charges and an ion instability were pointed out as

possible showstoppers. In addition to these arguments, cooling inside the lenses is

ineffective because of the large azimuthal velocity of the electrons. The

corresponding decrease of the effective cooler length does not allow a frequent

placement of these lenses.

Note that the contradiction between small angles and strong focusing is very

different in the scheme with continuous magnetic field, because an electron prop-

agates along the field line corresponding to its origin. If the field magnitude is

changed in the entire beam line, the value of angles stays the same.

The decision was made to combine the advantages of these two schemes by

introducing a longitudinal magnetic field in the cooling section that is large enough

to counteract possible perturbations but still low to allow beam transport outside of

the cooling section with lumped elements and usage of a standard electrostatic

accelerator with minimal modifications. An important requirement of this new

Table 7.7 Electron cooling

system design parameters
Parameter Value Units

Electrostatic accelerator

Terminal voltage 4.3 MV

Electron beam current 0.5 A

Terminal voltage ripple (rms) 500 V

Cathode radius 2.5 mm

Magnetic field at the cathode 
600 G

Cooling section

Length 20 m

Solenoid field 
150 G

Vacuum pressure 0.1 nTorr

Electron beam radius 6 mm

Electron beam divergence 
80 μrad
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scheme is the cathode immersion into a longitudinal field as well, so that the

corresponding magnetic fluxes are matched [59].

Note that applicability of such scheme is critically dependent on the magnetic

flux required in the cooling section. When a beam with no transverse velocities

inside a solenoid exits into a free space, conservation of the canonical angular

momentum results in a coherent angular rotation of the beam. In the paraxial ray

approximation, it is equivalent to the appearance of an effective normalized emit-

tance [59]

εB, eff ¼ eΦ
2πmec2

, ð7:142Þ

where Φ¼BCSR
2
CS is the magnetic flux through the beam cross section in the

solenoid. As in the case with a real emittance, the beam transport with lumped

focusing is possible only if this emittance is low enough. For example, let’s

consider a transport channel for γ¼ 10 with a typical beam radius of ~1 cm and

the beta function of ~1 m. If the required beam radius in a cooling section solenoid

is RCS ~ 1 cm, Eq. (7.142) limits the solenoid magnetic field to ~300G. To use a

lumped focusing during acceleration (i.e., at lower γ), the magnetic flux should be

decreased even further in comparison with this example by reducing both the beam

size and the magnetic field strength in the cooling section down (in the REC case, to

RCS¼ 2–4 mm and BCS¼ 100–200 G).

7.3.4 Electron Cooler Setup Description

A schematic of the electron cooler is shown in Fig. 7.55, and its elevation views are

presented in Fig. 7.56.

Electrons are emitted by a thermionic cathode, accelerated inside an electrostatic

accelerator, Pelletron [60], and transported through a beam “supply” line to the

cooling section where they interact with antiprotons circulating in the Recycler.

After separation of the beams by a 180� bend, electrons move through the “return”

beam line out of the tunnel and then through a “transfer” line back to the Pelletron.

Inside the Pelletron, the electron beam is decelerated in the second (deceleration)

tube and is absorbed in a collector at the kinetic energy of 3.2 keV. While the final

design of the gun and its performance have not been published, the main ideas for a

low-halo gun are described in [98].

The vacuum chamber is pumped down by ion and titanium sublimation pumps.

The typical diameter of the beam line vacuum chamber is 75 mm (the beam

aperture is limited by the BPM’s inner diameter of 47 mm).

When both main bending magnets under the Pelletron are turned off, the beam

can be recirculated through a short beam line, denoted as U-bend in Fig. 7.56. This

so-called U-bend mode was used for commissioning purposes. For instance, in this

mode we were able to reach DC beam currents of up to 1.8 A at the nominal energy.
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Fig. 7.55 Schematic of the electron cooler

Fig. 7.56 Upper, elevation view showing the Pelletron and beam lines (“supply” and “transfer”).

Lower, elevation view of the portion of the Main Injector tunnel containing the cooling section and

the “return” line
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7.3.5 Main Points of Concern for the Design of the Cooler

The following issues have been identified as the most important for successful

operation of the electron cooler:

• Electron beam transport

• Stability of the beam recirculation

• Electron angles in the cooling section

• Energy ripple, stability, and absolute calibration

These issues are discussed in detail in the following sections.

7.3.6 Electron Beam Transport: Design

The beam envelope generated by the OptiM code [62] is shown in Fig. 7.57a. The

main features of the electron cooling line design are as follows:

• Magnetic flux through the beam cross section at the cathode is equal to the flux at

the cooling section (for a negligible space charge).

• Ideally, the beam line between the Pelletron and the cooling section has a

rotation-invariant map.

• Zero dispersion in the cooling section.

• Possible rotation invariance and zero dispersion in the return line.
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Fig. 7.57 The electron beam envelope (a) and dispersion (b) simulated with the OptiM code.

Settings of optical elements are as they were in regular operation, except for minor adjustments to

the correction quadrupoles in the supply line. Initial conditions are adjusted to have a parallel beam

in the cooling section. Ie¼ 0.1 A
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The first three conditions are needed to obtain and maintain low electron angles

in the cooling section, and the last one was considered to be useful for the beam

transport inside the deceleration tube (but eventually was not used). The idea of the

transport channel and its practical implementation in the cooler’s prototype are

described in detail in [63]. The final beam line differs from the prototype only by

the length and the number of focusing elements.

Keeping the beam line after the cooling section nearly dispersion free was tested

but found to be disadvantageous because of full discharges. For an optimum

protection from full discharges, the dispersion in the return line was made signif-

icantly larger than in the deceleration tube, ensuring that a beam with a lowered

energy is lost well before reaching the deceleration tube electrodes.

7.3.7 Commissioning of the Beam Line

The relatively low momentum of the electrons makes the beam sensitive to various

residual or fringe magnetic fields, which complicated the initial beam transport. In

addition, calibration of the lenses’ strength and knowledge of the initial conditions

in simulations was found to lack the accuracy needed to pass the beam through

without significant tuning of focusing.

Commissioning of the beam line was made first with a pulse mode. The gun

generates 2 μs, 1 Hz pulses that are analyzed by the beam line BPMs demodulating

at 130 kHz [64]. When the beam hits the vacuum chamber somewhere close to a

BPM, the secondary electron shower creates a large signal at the BPM sum

(intensity) output. The intensity was recorded as a function of the current of an

immediately upstream corrector, and the current was set to center the distribution.

An indication of the loss-free beam passage through a BPM was independence of

the intensity on the transverse position in some interval of corrector currents.

Typically, this intensity was by several times lower than its peak with scraping.

The most complicated tuning was inside the deceleration tube, where there are

no BPMs. The main indicators were the beam loss to the bottom tube electrode, the

peaks in the anode power supply current, and the total drop of the terminal voltage

during the pulse.

After passing through the entire beam line a pulsed beam at ~0.5 A with losses

not resolvable in the pulsed mode (<10 mA), a several-mA DC beam went through

as well. Further tuning toward higher DC beam currents was made with analyzing

aperture restrictions in various locations by measuring the beam loss as a function

of a transverse position.

The initial hope was to use the optics model for fine-tuning of the beam angles in

the cooling section. The optics was measured by deflecting beam by dipole correc-

tors, one at a time, or by changing the beam energy while recording BPM readings

[65]. The resulting differential trajectories were analyzed with OptiM. Multiple sets

of these measurements allowed correcting errors in electrical connections as well as

adjusting calibrations of the optical elements.
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While the procedure permitted to correct the calibrations down to the level of

several percents, more accurate results were not achieved. Sets of differential

trajectory measurements made with different correctors or days apart disagreed

well above the statistical BPM errors of ~10 μm. As a result, the agreement of the

model with the measured trajectories was good only within relatively short portions

of the beam line, but attempts to trace the entire cooler were not satisfactory. An

example of such measurements and its comparison with the corresponding OptiM

simulation is shown in Fig. 7.58. The differences between the data and the simu-

lations seen on Fig. 7.58 were likely the result of mechanical drifts of the optical

elements, insufficient stability of the power supplies, and nonlinearity of the

focusing fields.

Another complication is the accuracy to which the initial conditions are known.

They were derived from simulating the gun with the UltraSAM code [66] and then

propagating the simulation through the acceleration tube with the BEAM code [67]

to the tube exit, where the OptiM optics file begins. The simulations were tested

against measurements of the beam profile with an optical transition radiation (OTR)

monitor, which is mounted right below the first bend. While a good agreement was

reported [68], resolution of the measurements might not be at the level needed to

rely upon for fine-tuning.

Finally, simulations did not take into account the effect of secondary ion

accumulation, which makes a significant contribution to focusing.

Not knowing the optics with good precision, tuning of focusing into the cooling

section was made by using of a set of 11 scrapers with round openings [69]. With

Fig. 7.58 Example of a standard optics measurement. Points are the measured differential

trajectories, and the solid lines are fits by OptiM with fudge factors adjusted in previous measure-

ments. Upper four plots show responses to kicks by two pairs (X and Y ) of correctors (last pairs in
the Pelletron and first pair outside, before the first 90� bend), and the lower plot is the result of an

energy increase. All trajectories are differential, i.e., shown after subtraction of the unperturbed

trajectory. Red and green curves represent X and Y projections, correspondingly. The error bars for

the data points are the statistical errors of measurements
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the electron beam off, one scraper is inserted into the beam path, such that when the

beam is reestablished, it goes through the scraper hole. Then, the beam was moved

by correctors in eight directions until ~10�5 portion of the beam was scraped each

time, and the beam shape was determined from known calibration of the correctors.

Repeating the procedure in all scrapers one by one gave the beating of the beam

ellipse along the cooling section. While by design this diagnostic allows only to

align the beam halo, which angles can differ significantly from the core [70], it was

sufficiently good to demonstrate the first cooling and put the cooler into operation.

All further tuning was made using cooling itself as an indicator of the electron beam

angles.

7.3.8 Stability of the Beam Recirculation: The Energy
Recovery Scheme and Beam Loss Limitations

To keep the dissipated energy low while using a MW-range DC beam in the cooling

section, the cooler employs the energy recovery scheme. After acceleration and

interaction with antiprotons, electrons return the energy to the terminal by decel-

erating in the second Pelletron tube down to the energy of ~3 keV at the collector

surface and flow through the collector power supply toward the cathode to repeat

the journey. At Fermilab this process is called “beam recirculation.” A simplified

electrical schematic is shown in Fig. 7.59.

This scheme puts stringent limitations on the beam loss. The most obvious

reason is the low current provided by the Pelletron chains (up to ~400 μA), which
is by several orders of magnitude lower than the beam current. However, a beam

loss inside the Pelletron tubes is restricted even more. A loss comparable with the

current flowing through the tube resistive divider (~40 μA) significantly redistrib-

utes the potential along the tube. The resulting change in the beam envelope causes

even larger loses, and the beam recirculation is lost in a matter of milliseconds.

A stable long-term operation requires even much lower losses in the tubes, at the

level of several μA. We interpret that as a result of a charge accumulation on the

tube ceramic and following partial discharges in the acceleration gaps. These

discharges occur all the time, with frequency dependent on the tube voltage

gradient and amount of the beam loss. By itself, a discharge of a single gap cannot

significantly change the overall voltage distribution. The structure of the Pelletron

column contains large aluminum discs called separation boxes, which are

connected every ~60 cm (20) to both tube resistive divider as well as to a dedicated

column resistive divider. When only 1 of 42 gaps contained between neighboring

separation boxes is discharged, the effect on the voltage outside this portion of the

tube is negligible. However, with some probability, plasma from such discharge can

shorten also several neighboring gaps, while the capacitance between the separation

boxes still holds the total voltage constant. If the unaffected portion of the tube is

capable of holding the entire voltage, the gaps are charged up again, and the
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recirculation is not interrupted. Even if the envelope modification is large but is

causing a beam loss only somewhere outside of the Pelletron, the protection system

interrupts the beam and normal operation can be restored in a matter of seconds

(so-called a beam trip). Otherwise, the entire tube shortens, and the Pelletron

voltage drops to nearly zero.

7.3.9 Steps to Limit the Beam Losses to Acceleration Tubes

Because decreasing the beam loss to the tubes was recognized as the only way to

provide long uninterrupted recirculation, several distinctive steps were made at the

design and R&D phases.

• Electron gun with a negatively biased control electrode

Experience of MeV-energy electrostatic electron accelerators showed that one of

the problems is to turn on the beam, because in absence of a strong longitudinal

magnetic field, the beam may strongly diverge at low currents. It was alleviated by

employing a gun with an electrode near the emitter that is negatively biased with

respect to the cathode (the control electrode) [98]. In this gun, the emitting area is

determined by the position of the equipotential surface at the cathode so that at a

small current, only electrons from a narrow portion near the axis are accelerated.

Fig. 7.59 Simplified schematic of beam recirculation
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As a result, the beam size and diversion increase monotonically with increasing the

beam current from zero and then roughly stabilizes, so that a focusing channel

optimized for the nominal current accepts lower currents as well.

An equally important feature of this gun is the suppression of electron emission

from the side surface of the emitter. With a positively biased control electrode, such

electrons are accelerated and create a large beam halo, increasing the beam loss.

• Effective electron beam collector

Another source of current loss is electrons from the beam collector. Part of this

loss is secondary electrons escaping from the collector. Development of the col-

lector with a transverse magnetic field [71, 72] allowed decreasing the portion of

these electrons to less than 10�5. Also, IBS increases the energy spread in the beam,

and low-energy tails may be reflected while decelerating near the collector

[73]. This effect was taken into account when designing the final version of the

collector, because it limits the applicability of the traditional method of decreasing

the secondary electron flow from a collector by creating a potential minimum near

the collector entrance. Also, it determines the minimal value of the collector

potential.

• Optimum beam tuning

We realized that tuning is optimum when the beam loss to the acceleration/

deceleration tubes is minimized, which not necessarily coincides with the minimum

of the overall beam loss. In particular for the deceleration tube, it meant passing

toward the ground as many as possible of the electrons escaping from the collector,

even at the cost of increasing the total beam loss. Typically, the changes of the tube

resistive divider currents after turning the electron beam were used as indication of

a beam loss to the tubes.

• Suppression of the electrons emitted from the control electrode

While the gun design suppresses the beam halo from electrons emitted from the

cathode, particles emitted from the control electrode have a similar energy as the

main beam and may propagate out of the gun. However, because the initial

conditions for these particles are very different from those of the main beam,

such particles are lost in the acceleration tube, deteriorating the long-term stability

of the beam recirculation. This effect is difficult to model on a low-energy test

bench, and all the significant stability improvements were made as results of

experiments with the Pelletron.

First, the recirculation stability dramatically improved when the aperture in the

gun anode was decreased to the minimum size allowed by the envelope of the

primary beam [74]. With the smaller aperture, most of the electrons emitted from

the control electrode are lost at the anode.

An important mechanism for generating electrons from the control electrode is

through the impact of secondary ions. Without special precautions, the ions created

by electrons in the beam line are captured by the beam space charge and can travel

along the beam toward the acceleration tube, where they are accelerated and end up
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in the gun irradiating, in part, the control electrode. This mechanism was

suppressed by creating a potential barrier at the entrance of both tubes with a

positive voltage on the corresponding BPM plates, which increased the typical

time between beam interruptions from dozens of minutes to hours.

Operationally, the recirculation stability was found to deteriorate when the

pressure in the tubes was rising. To keep a typical interval between beam trips

above several hours, the first ion gauges below the tubes had to be kept below

~0.3 nTorr. We attribute this to the same effect as in the previous paragraph, i.e.,

electrons generated by impacts of secondary ions, but in this case, by ions generated

inside the tubes.

Finally, unwanted electrons were found to be emitted also from the inner surface

of the negatively biased control electrode [74]. Following the hypothesis that the

emission is related to the cathode material being sputtered onto the control elec-

trode by ions striking the emitter (primarily during full discharges), we looked for a

material of the control electrode that would suppress the emission from barium

films. Replacing the originally copper electrode by tantalum and then by hafnium

solved the problem.

7.3.10 Full Voltage Discharges

The most destructive events in operation are full discharges, when the Pelletron

voltage drops to nearly zero in a matter of a microsecond. A significant portion of

the acceleration tube is shorted out by plasma before the increased voltage gradient

on other tube parts fires the protective spark gaps on the gas side. Currents flowing

in vacuum modify the electrodes surfaces, decrease the electric strength, and create

a large burst of pressure (to 0.01 mTorr), which may take hours to recover from.

Also, much higher currents flowing on the gas side produce large electromagnetic

waves, damaging the equipment inside and sometimes even outside of the

Pelletron. Full discharges were common during the R&D and commissioning

phases, and significant efforts were put to decrease their frequency.

Two factors were recognized to be of primary importance in avoiding full

discharges: a high electric strength of the tubes and preventing the primary beam

from reaching the tube electrodes.

• At the R&D phase, it became obvious that the electric strength of the tubes has to

exceed significantly the nominal potential gradient. At that time, the total length

of accelerating/decelerating tubes was ~3 m (100), divided into five 2 f. sections.
Each section was conditioned individually to ~1.1 MV (without any apparent

discharges for many minutes) reaching occasionally the maximum of ~1.3 MV.

This conditioning resulted in the entire tube being able to hold ~5 MV without

beam, but at the same time operation with beam was stable only at 3.5 MV, ~0.6

times what one might expect from the conditioning of individual sections. A

dedicated experiment showed that the factor of 0.6 remains roughly the same if a
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portion of the tubes is partially shortened. As a result, the decision was made to

add one more section in the final Pelletron assembly. In accordance with the

pattern just described, raising the total tube length to 3.6 m eventually allowed

stable operation at 4.3 MV.

• Even if the tube electric strength is appropriate, a full discharge is very likely

when the beam core touches the tube electrodes [75] because a large portion of

the tube can be affected simultaneously. Apart from studies and tuning, such

situation is possible in the case of a sudden increase of the beam loss anywhere

along the beam line. Because the lost current discharges simultaneously the

terminal and the cathode–anode effective capacitance, both the Pelletron and

gun voltages drop down, changing the beam envelope and, at locations with high

dispersion, the beam trajectory. Initially, such changes of the beam envelope in

the acceleration tube were the leading cause of the full discharges. This was

greatly suppressed by optimizing focusing such as to pass the beam through the

acceleration tube for a range of gun parameters as wide as possible. The

deceleration tube was protected by creating a large dispersion in the return line

while minimizing it in the tube as shown in Fig. 7.57b.

Another critical element to fight the full discharges was the implementation of a

fast protection system [76], closing the gun in about 1 μs after detecting a drop of

the terminal voltage or a high beam loss (through radiation monitors).

With all these elements in place by the fall of 2005, operation at the beam current

of 0.5 A was still producing one full discharge every several days on average.

Switching to 0.1 A for normal operation decreased the frequency of the full

discharges dramatically, to a few per year (excluding studies and cases with broken

equipment).

7.3.11 Beam Trips

During regular operation, there are typically several beam trips per day. A trip starts

with the protection system detecting either a drop of the terminal voltage or an

elevated radiation near the beam line. Then an analog circuitry shuts the beam off

by applying a large negative voltage to the gun control electrode, and a software

loop turns off the anode voltage and disables the gun settings as an extra layer of

protection. Following such an event, another software loop checks the Pelletron

voltage and vacuum and, if they are within their tolerances, restores the electron

beam in about 30 s after the beam trip.

The majority of the trips can be associated with one of the following reasons:

false trigger due to Main Injector beam losses or from excessive noise from the

electronics reading the terminal voltage, high beam loss near the entrance of the

deceleration tube due to an electron beam trajectory alteration (e.g., caused by a

large variation of the fringe fields of the Main Injector), and a partial discharge in

one of the tubes. While reasons for some of the trips are unclear, the negligible
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impact of the interruptions on operation at this frequency did not justify additional

efforts to understand them.

7.3.12 Electron Angles in the Cooling Section

The value of the electron angles in the cooling section dramatically affects the

cooling properties. For typical operational parameters, the rms transverse electron

velocity σex (in the beam frame) significantly exceeds the antiproton velocity and

the longitudinal electron velocity component. For this case, Eq. (7.141) predicts

that the longitudinal and transverse cooling rates (time derivatives of the emit-

tances) depend on the angles (or transverse velocities) as σex
� 2 and σex

� 3, corre-

spondingly. Therefore, operation is very sensitive to variations of the angle value.

The origins of the angles can be roughly divided into four categories:

• Incoherent angles originated from the thermal electron velocities at the cathode

• Angles coming from an envelope mismatch

• Nonlinearities in the beam line

• Coherent dipole motion

The following sections describe these effects in detail. To give a sense of scale,

let us note in advance that the estimated 1D effective electron angle was in the best

cases ~100 μrad.

7.3.13 Thermal Angles

As it was noted above, envelope matching requires equality of magnetic fluxes

through the beam at the cathode and in the cooling section (neglecting the space

charge)

BcathRcath
2 ¼ BCSRCS

2, ð7:143Þ

where Rcath and RCS are the beam radii and Bcath and BCS are the magnetic field

strengths at the cathode and the cooling section, respectively. Ideal matching means

that no additional coherent motion is excited, and the incoherent transverse momen-

tum at the cathode with temperature Tcath, pTcath ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mekBTcath

p
gives a rise of the

transverse momentum in the cooling section

pT CS ¼ pTcath

ffiffiffiffiffiffiffiffiffi
BCS

Bcath

r

: ð7:144Þ
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The corresponding 1D electron angle is

αT ¼ 1

γβ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTcath

mec2
BCS

Bcath

r

: ð7:145Þ

For the cooler parameters, Tcath¼ 1, 050∘C, Bcath¼ 86 G, BCS¼ 105 G,

Eq. (7.145) gives a 1D thermal contribution of αT¼ 57 μrad.

7.3.14 Envelope Mismatch

An envelope mismatch (a focusing error) results in electron angles linearly growing

with radius and the beam shape and size changing along the cooling section. Initial

tuning was made by measuring the envelope with scrapers [69]. The beam envelope

was found to be close to a round and was adjusted with two lenses right upstream of

the cooling section. The residual 2D angle at the beam periphery was reported to be

0.22 mrad [70]. This was good enough to obtain electron cooling rates sufficient for

cooling demonstration and early operation. Attempts to further adjust the lenses

according to the cooling rates did not lead to any noticeable improvements.

However, there were accumulating indications of a deficiency to the procedure.

The beam boundary was determined by scraping ~10�5 of the beam intensity.

Therefore, this procedure was sensitive only to the beam halo, which properties

may be very different from the core’s [70]. From the very beginning, the measured

beam size exceeded the prediction from Eq. (7.143) by a factor of 1.3, well above

measurement errors. Later, comparison of the cooling force measured at the beam

axis and cooling rates predicted by Eq. (7.141) showed a significant discrepancy

that could be resolved only with the assumption of a large envelope mismatch

[99]. Finally, direct imaging in a pulse mode with a scintillator clearly revealed that

the beam core was elliptical [77], which would explain the relatively poor cooling

rates. By adjusting quadrupoles upstream of the cooling section, the beam was

properly matched in the pulse mode, but it did not improve cooling, likely because

the residual ion background in the DC mode significantly modified focusing. There

was no nondestructive transverse beam size diagnostics available to tune the beam

envelope, and the accuracy to which the beam optics were measured did not allow

using simulations for fine-tuning as well.

Eventually, the quadrupoles were tuned based on the cooling properties. The

drag rate was measured for several values of a quadrupole current, the quadrupole

was set to the value giving the highest force, the next quadrupole was varied, etc.

This procedure noticeably improved the cooling properties at the beam current

Ie¼ 0.1A [77]. Estimation made with OptiM showed that the applied changes to the

quadrupole currents should correct the angles of a 0.1 A electron beam at the radius

of 2 mm by ~0.3 mrad (2D). A crude estimation of what is left uncompensated can

be made judging by the sensitivity of tuning of the quadrupole settings, and it is

likely a half of this value. Assuming a linear dependence of this angle with the beam
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radius, the rms 1D contribution average over the beam cross section is estimated to

be ~50 μrad.
An additional source of angles linear with the radial offset, which exists even for

ideal matching, is the beam rotation caused by the electron space charge and

longitudinal magnetic field BCS in the cooling section. For Ie¼ 0.1A, electron

beam radius ae¼ 2mm, and B0¼ 105G, this drift angle at the beam periphery is

αdr ¼ Esc

βγ2B0

¼ 2Ie

β2γ2BCSaec
� 10μrad: ð7:146Þ

but its contribution to the sum is negligible.

7.3.15 Nonlinear Perturbations

Several effects may result in a nonlinear perturbation of the electron motion: space

charge of the electron beam itself, higher-order field components in the focusing

elements, and the electric field of the background ions.

The nonlinear angles caused by the beam space charge are likely a minor

contributor to the cooling properties. At the standard operating anode voltage of

20 kV and the beam current of 0.5 A, for which the gun was optimized, the current

distribution at the cathode is close to being flat (Fig. 7.60). Because the beam

envelope is determined mainly by the effective emittance Eq. (7.142), the distribu-

tion remains nearly flat in the beam line; hence, the force due to space charge is

mainly linear. The flat distribution was demonstrated by measurements in pulse

mode [68]. For lower currents, the relative nonlinearity is increasing while the

linear component diminishes. Estimations show that for the operational current

Ie¼ 0.1A and focusing tuned to minimize angles near the beam axis, the additional

angle due to the current density profile at a radius of 1.8 mm is ~30 μrad, insignif-
icant in comparison with other contributions to the total angle.

The next effect, nonlinearity in the focusing elements, became obvious during

measurements of a pulsed electron beam imaged onto a YAG crystal installed right

downstream of the cooling section. When the beam was tightly focused at the YAG,

the image clearly showed higher-order perturbations (Fig. 7.61).

To determine the source of the perturbations, the beam positions in the BPMs

were measured as functions of currents in various correctors, and the angle imposed

by lenses to the beam centroid at different offsets was calculated and analyzed

[78]. For an ideal, optically thin solenoidal lens, this angle αideal is increasing with

the offset r as

αideal ¼ r

Fideal 0

1þ klensr
2

� 	 ð7:147Þ

7 Antiproton Production and Cooling 361



where Fideal _ 0 is the focusing length for a paraxial trajectory and klens is coefficient
determined by the lens geometry. While the angle dependence on the offset

reconstructed from the measurement differed from the function of Eq. (7.147),

one still can characterize the deviation from linearity in similar manner, calculating

the coefficient klens for a radius typical for the measurements (~1 cm). For most of

lenses, this coefficient was found to be within a factor of 2 from the expected for an

ideal lens (kideal~3� 10�3 cm�2). However, in several cases these deviations were

significantly higher. Most notably, one of the lens doublets in the supply line (i.e.,

between the first vertical and the first horizontal bends), called SPS03, showed the

coefficient being ~6 times higher than kideal. For optimum steering (i.e., trajectory

where nonlinearity is minimal) and typical beam sizes in this lens predicted by

OptiM simulations for beam currents of 0.1 and 0.5 A (i.e., ~3 mm and ~5 mm

radius, respectively), the additional electron angle in the cooling section at the beam

periphery is estimated to be ~40 and ~100 μrad, correspondingly. While no
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complete simulations were made, taking into account aberrations in all lenses

together with beam misalignments would likely double these numbers. Note,

however, because of strong (approximately cubic) dependence of these perturba-

tions on the offset, the beam core should not be dramatically affected. The estima-

tion for the 1D rms angle for a well-aligned 0.1 A electron beam gives ~20 μrad. In
operation, the beam trajectory was periodically realigned to keep the beam center

within 1 mm from the lens axes.

The strongest nonlinear contribution comes from the residual gas ions. This

effect is described separately in the next section.

7.3.16 Effect from the Ions Generated by Beam-Background
Gas Interactions

Ions created in the beam line by the electron impact on the residual gas molecules

can significantly modify its focusing properties. The initial kinetic energy of the

secondary ions is close to thermal, and the electric field of the electron beam

prevents ions from escaping radially starting from mA-range currents. With no

ion clearing mechanisms, the ion density would increase until reaching the elec-

trons (i.e., up to the neutralization factor of η ~ 100 %). At η ~ 100 % the focusing

effect from ions is by a factor of γ2 ~ 100 higher than defocusing from the beam

space charge. Electron beam envelope simulations with the OptiM code predict that

the electron beam space charge becomes important in the beam line at the beam

current of Ie ~ 0.1 A. Therefore, for the operational range of 0.1–0.5 A, the effect of
ions should be significant at η ~ 1 %, thus requiring effective ion clearing.

To address this requirement, all capacitive pickups monitoring the beam position

in the cooler (BPMs) have a negative DC voltage offset on one of its plates, while

the other plate is DC grounded. The resulting electric field prevents the creation of a

potential minimum inside the pickup and removes ions in the vicinity of each BPM.

To further estimate the process of ion accumulation, we assume the residual gas to

be hydrogen at 0.3 nTorr. The calculated time of reaching η ~ 1 % is ~200 ms. It is

much longer than the time for a thermal velocity H2
+ ion to fly ~5 m between two

neighboring BPMs, ~3 ms, and, therefore, clearing with the electric field in BPMs

should be effective. However, significant size variations of both the electron beam

and the vacuum pipe along the beam line create local potential minima that prevent

ions from traveling to the clearing field in the BPMs. Also, solenoidal lenses

providing focusing in the beam line are additional barriers for ions. Because the

electric field inside the electron beam is primarily radial, the transverse component

of the ion velocity is typically much higher than the longitudinal. Due to the

conservation of the transverse adiabatic invariant, even the modest magnetic fields

of the lenses (
600 G) can reflect the ions, further increasing a steady state

concentration. The hope was that the focusing effect of the ion background would
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be mainly in a linear tune shift and, therefore, could be compensated by adjusting

the lens settings.

Indeed, the cooling properties of the electron beam were found satisfactory for

what became the standard of operation mode, at Ie¼ 0.1 A. However, the cooling

efficiency (characterized by drag rate measurements) peaked at 0.1–0.2 A (i.e.,

curve June 13, 2006 in Fig. 7.72), while it is supposed to be monotonically

increasing with Ie. Note that adjusting quadrupoles upstream of the cooling section

significantly improved cooling at 0.1 A but did not noticeably change its perfor-

mance at higher currents.

This insensitivity to focusing settings correlated with results of transverse scans

of the drag rates at Ie¼ 0.3 A shown in Fig. 7.62a. A detailed discussion of the drag

rate measurements follows in Sect. 7.3.26; here we assume that the drag rate is

equal to the longitudinal cooling force average over a small-size (pencil) antiproton

beam. The drag rates were measured in various positions of this pencil beam with

respect to the electron beam (experimentally, the electron beam was moved).

Because the cooling force is determined mainly by the local properties of the

electron beam and the value of the voltage jump is chosen to measure the drag

rate near the maximum of the force curve of Fig. 7.53, the force is roughly

proportional to the local value of je/ϑe
2. The results of such measurements in

28 points are shown as a contour plot in Fig. 7.62a. With only three narrow areas

providing significant drag rates, this profile corresponds to high-order focusing

perturbations that cannot be corrected by adjusting solenoidal lenses and

quadrupoles.

Fig. 7.62 Contour plot of drag rates across the electron beam without (a) and with (b) ion clearing

by beam interruptions. Voltage jump of 2 kV, Ie¼ 0.3 A. In the mode with ion clearing, the

interruption frequency was 100 Hz. Contour levels are in MeV/c/h. Horizontal and vertical axes

are the corresponding beam displacements in mm. Note the difference by a factor of 2 in scales for

the color bar
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The only remedy to decrease the average ion concentration was found to be

periodic interruptions of the electron beam. In the potential well created by elec-

trons, ions gain the kinetic energy of up to 10 eV (at Ie¼ 0.3 A). Thus, if the

electron beam is abruptly turned off, an H2
+ ion reaches the vacuum pipe in 1–2 μs.

The capability of interrupting the electron current for 1–30 μs with a frequency of

up to 100 Hz was implemented in the electron gun modulator in 2009 [79]. While

the clearing voltage applied to the BPMs was always on and certainly decreased the

ion density, for brevity we will further refer to the operation with these interruptions

as to the “mode with ion clearing.”

Ion clearing significantly increased the area of the electron beam cross section

with good cooling (Fig. 7.62b) as well as improved the drag rate measured on axis

at higher electron currents (curve January 2, 2011). The latter is related to the finite

transverse size of the “pencil” antiproton beam in the measurements.

Dependence of the drag rate measured at 1 mm offset on the interruption

frequency is shown in Fig. 7.63. The results can be compared with the following

model:

(a) The beam space charge outside of the Pelletron tubes is relatively small, so that

the envelope electron angle in the cooling section changes linearly with vari-

ation of the beam current and the radius r, Δα¼ ksc·r ·ΔIe. According to OptiM
simulations, the coefficient ksc� 1 rad/A/m.

(b) The effect of accumulated ions is similar to the one due to the beam own space

charge,

Δαi ¼ ksc � r � ΔIe � δ � η � γ2 ð7:148Þ

where δ< 1 is a fitting coefficient representing the portion of the beam line where

ions can be accumulated.
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(c) Neutralization drops instantaneously to zero when the beam is interrupted,

increases linearly with time until reaching an equilibrium at some value η0,
and stays constant afterward. This can be represented by the following function:

η tð Þ ¼ t=τc, t 
 τ0
η0, t > τ0

�

τc ¼ 1

naσiβc
; τ0 ¼ η0τc ð7:149Þ

where na is the atom density and σi is the ionization cross section of hydrogen.

(d) The cooling force Fc changes with the additional envelope angle introduced by

neutralization as

Fc ¼ F0

1þ Δαi=α0ð Þ2 , ð7:150Þ

where α0 and F0 are the rms angle and drag force at optimum focusing.

(e) The measured drag rate Fd is the cooling force averaged over the period

between interruptions (assuming that the pencil antiproton beam is sensitive

mainly to the electron angles in the location of its center).

Fd ¼ f int

ð1=f int

0

Fc tð Þdt ð7:151Þ

The model described by Eqs. (7.149)–(7.151) was compared with the measure-

ments using the measured value of F0¼ 73 MeV/c/h, the rms angle estimated at the

beam center α0� 0.1mrad, and fitted parameters of δ¼ 0.5, η0¼ 0.02. The result,

shown as a dashed line in Fig. 7.63, follows the experimental data reasonably well.

For operation the most important result of ion clearing is an increase of the

longitudinal cooling rate by a factor of 2 with otherwise similar parameters. Also, it

was interesting to find out that the clearing with BPMs, according to the above

comparison with the model, was quite effective, down to ~2 %.

7.3.17 Coherent Dipole Motion

A coherent dipole motion of the beam in the cooling section adds a corresponding

transverse velocity to individual electrons, decreasing the cooling efficiency. This

motion can be caused either by errors in the beam entrance position and angle or by

dipole magnetic fields inside the cooling section.

The main sources of slow (longer than minutes) changes in the position of the

beam coming toward the cooling section are mechanical drifts of focusing elements

and drift of their power supplies. This contribution is suppressed by a software

feedback loop, which adjusts currents of two pairs of dipole correctors immediately
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upstream of the cooling section according to position measurements in two pairs of

BPMs inside the section. The measurements are synchronized with the Main

Injector cycle and, therefore, are typically made every 2.2 s.

The original plan also foresaw the use of a faster (up to ~10 Hz) feedback loop to

compensate the effect from the MI stray fields, but it was not implemented mainly

because the corresponding oscillations were found to contribute very little into the

angle budget. This was determined from an analysis of time-dependent readings of

the cooling section BPMs [80]. For every time sampling point, deviations of the

positions in 11 BPM pairs were fitted to a helical trajectory. The fit was found to be

close to the raw signal, so the BPM noise contribution was small. Then, the beam

position and angle at the cooling section entrance were reconstructed from each fit.

The FFT of the resulting set showed the MI field contribution to be ~30 μrad rms. A

similar procedure applied without MI ramps [81] showed that contributions from

the Pelletron vibrations (mainly 20, 29.8, and 59.5 Hz lines [82]) and the power grid

(60 Hz) accounted together for ~20 μrad rms (1D).

Because the cooling section has good magnetic shielding, external magnetic

fields are decreased by a factor of >1,000 inside [83] and do not create any

measurable perturbations. On the other hand, dipole magnetic fields created by

imperfections in the cooling section magnetic field are significant and typically the

main component of the total angle. After installation, the transverse magnetic fields

were measured and compensated with dipole correctors to the level where the

resulting rms angle was estimated to be ~50 μrad [84]. However, beam trajectories

measured several months afterward indicated much larger values. Because studies

at the R&D stage proved that the individual 2-m modules are rigid, it was concluded

that the reason for the trajectory’s drift is mechanical shift of the modules with

respect to one another. Indeed, to produce a helix with a 1D rms angle of 100 μrad,
it is enough for one of the supports of a solenoidal module to be shifted by ~0.1 mm,

which is modest in comparison with millimeter-range tunnel drifts observed after

construction of the electron cooler’s building. Later, there were also hints that the

cooling section deforms significantly (in this scale) during fast changes of the

cooling section temperature, for example, as result of a cooling water system

failure.

These drifts were compensated multiple times during operation of the cooler

using the cooling section dipole correctors. Each of ten 2 m-long modules of the

cooling section is equipped with eight pairs of 20 cm-long printed circuit dipole

correctors (so-called main correctors), mounted outside of the solenoid winding

along the entire length of the module, and two pairs of narrow correctors attached to

the inner surface of the solenoids at each end of the module (so-called end

correctors). A simultaneous change of all main correctors’ currents in a module

by the same amount creates a dipole field roughly equivalent to an inclined solenoid

(with respect to its initial position); adjustment of an end corrector has an effect

similar to a shift of the module end with respect to the neighboring module. Hence,

the right combination of these two types of adjustments should be able to compen-

sate the mechanical drifts. The difficulty is in determining the appropriate values of

the corrector currents. Note that the simple alignment of the beam to the centers of
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the cooling section BPMs with, for example, the end correctors only does not

guarantee the straightness of the trajectory; in practice, such attempts made cooling

only worse.

After testing several procedures, the following, based on the drag rate measure-

ments, was eventually developed and implemented.

1. The antiproton beam trajectory is measured with the cooling section BPMs in

order to “realign” them. Because of large antiproton momentum and effective

magnetic shielding, this trajectory is a straight line. Therefore, deviations from

the line reported by BPMs results from the mechanical offsets of the BPMs.

These deviations are then subtracted in the software that calculates the beam

positions. Thus, once implemented, the measured trajectory should again be a

straight line within the measurement errors. Because before installation all

BPMs were calibrated in both antiproton and electron modes (89 and 32 kHz,

correspondingly) at a bench, the subtraction corrects the measurements in the

electron mode as well.

2. A pencil antiproton beam is prepared for the dag rate measurements.

3. The electron beam is quickly shifted far from the antiprotons everywhere in the

cooling section except for one module (see an example in Fig. 7.64), and the drag

rate is measured. The electron trajectory is returned to the standard position to

ensure the same initial conditions of the antiprotons in each measurement.

4. All (x or y) main correctors of the module are changed by the same value, and the

step (3) is repeated. During the measurement, the electron beam is kept centered

in the BPMs at both ends of the module.

5. After repeating step (4) for several values of the correctors current both in x and
y, the values corresponding to the largest drag are determined. A typical example

of the measurement result is shown in Fig. 7.65.

6. After measuring all modules, the changes of the main correctors providing the

best drag rates are applied. Finally, the resulting trajectory is aligned to the

centers of all BPMs with the corresponding end correctors.
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Because for a single module, the drag rate is low, the statistical noise is high, and

the procedure allows correcting only large errors. Also, it is time-consuming

(~20 h) and was repeated mainly after the complex’s shutdowns, when deforma-

tions of the cooling section were maximal.

One can subtract the corrector settings before and after the procedure and feed

them into a tracking program. The resulting differential trajectory typically yields a

1D rms angle ~ 100 μrad, indicating the scale of the possible improvement.

7.3.18 Summary of Electron Angles

Table 7.8 summarizes the contributions from the various effects discussed above to

the total electron angle in the cooling section for the best tuning of each component.

The values are obtained from averaging the angles over the transverse section of the

beam, assuming a 2 mm radius and using the angle estimates for the beam current of

0.1 A. Obviously, different ways of averaging are relevant for different scenarios,

so the table mainly shows the scale of the effects.

For the calculation of the total angle, individual contributions are summed in

quadratures.
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7.3.19 Electron Energy Spread, Stability, and Matching

The effective energy spread of the electrons in the cooling section is determined by

intra-beam processes and by fluctuations of the Pelletron terminal voltage, with the

contribution of the longitudinal thermal velocities at the cathode being negligible.

A closely related effect, very important for operation, is a slow drift of the electron

energy.

Core of the energy distribution is formed by multiple IBS and by the dissipation

of density micro-fluctuations. For the case relevant for the Fermilab cooler, when

the transverse temperature is much higher than longitudinal (in the beam frame) and

the beam envelope is determined by conservation of the canonical momentum, the

resulting rms energy spread was estimated in [73] to be ~90 eV.

7.3.20 Terminal Voltage Ripple

Because the typical cooling time is minutes, the effect of fluctuations of the electron

energy on the cooling process caused by the terminal voltage ripple at Hz-range

frequencies is heavily averaged and equivalent to an increase of the beam energy

spread. The most accurate way to measure these fluctuations was found to be by

analyzing the BPM readings in a high-dispersion region [82, 85]. Optical analyses

of different frequency components showed measurable energy fluctuations only at

frequencies in the 1–6 Hz range. Lower frequencies are effectively suppressed by

the energy stabilization system, and the higher frequencies are eliminated by the

large capacitance of the terminal shell (~300 pF). The typical rms value of the

terminal voltage ripple is about 150 V.

The ripple comes primarily from the chain current fluctuations at the chain

rotation frequency of 1.8 Hz and its harmonics [85] and somewhat depends on

the chain condition and settings of the energy stabilization system. This system uses

a generation volt meter (GVM) with a DC to ~10 Hz bandwidth as the main tool for

measuring the electron energy. In addition, there are capacitive pickups mounted on

Table 7.8 Contributions to the total electron angle in the cooling section

Effect

Angle

(μrad) Method of evaluation

Thermal velocities 57 Calculated from the cathode temperature

Envelope mismatch ~50 Resolution of tuning +OptiM simulations

Dipole motion (above 0.1 Hz) ~35 Spectra of BPMs in the cooling section

Dipole motion caused by field

imperfections

~50 Simulation of electron trajectory in the measured

magnetic field

Nonlinearity of lenses ~20 Trajectory response measurements

Ion background <10 Cooling measurements

Total ~100 Summed in quadratures

Shown values are 1D, rms
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the Pelletron tank opposite to the terminal shell, but their circuitry was found

ineffective and they were not used for HV regulation. More details on the perfor-

mance of the energy regulation system can be found in [85].

7.3.21 Terminal Voltage Drift

Several mechanisms responsible for the energy drift and corresponding solutions

are listed in Table 7.9.

In addition to stabilization of the temperatures, two software loops were

implemented. One of them adjusts the chain current to eliminate the difference

between setting and reading of the terminal voltage.

The second loop modifies the set point of the terminal voltage to keep constant

the beam position in a high-dispersion region right after the 180� bend that follows

the cooling section. Because the beam position in the low-dispersion (<10 cm)

cooling section is stabilized and the field in the bend magnet is regulated with NMR

sensors, a fixed position implies a constant energy. After 0.1 Hz filtering of the

BPM signal, the residual beam motion and electronics noise limit the resolution to

about 30 eV. It is enough to keep the energy at the right value. However, failures of

the NMR system caused by high radiation in tunnel, tunnel temperature variations,

and drifts of the trajectory in the cooling section change the calibration of the loop.

Table 7.9 Elements affecting the energy drift

Sensitivity Cause Remedy

Variations of the

building

temperature

500 eV/K Temperature sensitivity of

the GVM preamplifier

Temperature of the pre-

amplifier is stabilized

to within �0.5 K

Software loop

Variations of the

Pelletron

temperature

400 eV/K Distance between the ter-

minal and GVM

depends on temperature

The tank temperature is

kept within �0.2 K

Software loop

Chain current drift or

corona current from

the terminal

100 eV/μA Insufficient gain of the ana-

log feedback loop

Software loop adjusting

the chain current

SF6 pressure ~500 eV/psi Effect of SF6 permittivity

on GVM reading

Software loop

Table 7.10 Values of the rms

angle, in mrad, from fitting

the data in Fig. 7.74 with

Eq. (7.131)

Helical angle (1D), αh Fitted rms angle, σet

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σet 0ð Þ2 þ αh2

q

0 0.134 0.134

0.1 0.180 0.167

0.2 0.285 0.241

The last column compares the fitted angles with the simplest

prediction
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The most sensitive (in operation) indication of an energy mismatch is the shape of

the Schottky momentum distribution, which becomes flat near its maximum

(Fig. 7.66). Approximately monthly, the calibration of the loop is adjusted by

making the momentum distribution as peaky as possible.

7.3.22 Initial Energy Matching

One of the problems during cooler commissioning was the initial matching of the

electron and antiproton energies. Because of slow cooling times, the cooling effects

are indistinguishable if the energy error is larger than ~0.1 %. The absolute energy

of antiprotons was known to better than 0.1 % from fix-target experiments in the

Accumulator and cross-calibrations between machines. The electron energy, deter-

mined mainly by the terminal potential, was known initially with much worse

accuracy. After assembling the Pelletron, the GVM calibration was verified with

a 100 kV external power supply and a calibrated resistive divider. The next step for

calibrating the electron energy was to measure the length of a Larmor spiral pitch in

the cooling section [86] at the energy close to the nominal. The resulting change of

the GVM calibration was 5.2 %. The precision of this measurement, determined by

the calibration of the Hall probe used for the longitudinal field measurements and
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by the beam position measurement errors, was estimated to be ~0.2 %. It was

sufficiently low to observe the first interaction between beams using a specially

developed procedure [87]. Antiprotons were smeared over the Recycler momentum

aperture (~� 0.4 %). Electron cooling creates a peak where the antiprotons and

electrons energies match (Fig. 7.67). In the first such observation of the cooling

force, the electron energy was found within 3 keV (~0.07 %) of its optimal value.

7.3.23 Cooling Force Measurements

For operation, the figures of merit to assess cooling are the speed at which the

longitudinal and transverse emittances decrease (cooling rates) and the equilibrium

emittance values. However, knowledge about details of the electron beam proper-

ties can only come from the drag rate measurements discussed in this section.

Fig. 7.67 Evolution of the antiproton distribution function after turning on the 0.5 A electron

beam. The vertical axis represents the longitudinal Schottky power (arb. units, log scale), and the

horizontal axis is the frequency which scale converted into momentum units is 25 MeV/c/div. The
antiproton beam intensity was 5� 1010, and its transverse emittance was 2 μm rad. Traces were

taken 15 min apart
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7.3.24 Procedure of a Drag Rate Measurement

1. A coasting antiproton beam is scraped to a low intensity. Empirically, the

optimum intensity is determined to be ~1� 1010 particles, large enough for the

longitudinal Schottky signal to remain reasonable and low enough to avoid

accumulation of ions in the absence of gap in the beam. Longitudinal stochastic

cooling is turned off, but the transverse system stays on.

2. With the electron beam in a standard configuration (“on axis,” when the anti-

proton and electron beam centers coincide), antiprotons are cooled to an

equilibrium.

3. If necessary, the electron beam state is changed. For example, for studying the

radial dependence of the cooling force, the electron beam trajectory is shifted

parallel to the axis in the cooling section.

4. Immediately after, the electron energy is changed by shifting the terminal

voltage set point by δUt¼ 0.5/10 kV.

5. While the antiprotons are dragged to the new equilibrium, their longitudinal

distribution is recorded every 15–17 s, and the average momentum pp and the

distribution rms width σp are calculated.
6. After 2 min, the electron energy is returned to its original value, as well as other

parameters, and antiprotons are cooled again into the “standard” equilibrium.

7. The drag ratepp � is calculated from the linear fit of thepp tð Þdata recorded during
τmeas¼ 2min with the offset electron energy.

The procedure is illustrated in Fig. 7.68. Note that in a standard measurement,

the points are recorded more frequently and for a shorter period of time than in this

illustration.

One of the obvious limitations of the procedure is a relatively long measurement

time. It was chosen to have a reasonable number of points (5–7) for a linear fit,

taking into account the significant statistical noise of the mean of the measured

distribution. The notion that the drag rate is measured at the momentum offset equal

to the initial value ofΔpp0 ¼
Mp

me
e � δUt is self-consistent only if the measured rate _p

is low enough so that the shift during the measurement is small in comparison with

the initial offset:

_p � τmeas � Δpp0 ð7:152Þ

For the most frequently used voltage jump of δUt¼ 2 kV, Eq. (7.152) limits
_p � 100 MeV=c=h. This inequality was typically satisfied at the early stages of the
project but did not remain true with improving the cooling properties. Because we

have not found a better way to measure the cooling force, we still present some data

where Eq. (7.152) is not fulfilled. Therefore, results for small momentum offsets

and large drag rates underestimate the value that would be measured if a fast

measurement could be made (Figs. 7.69, 7.70, and 7.71).
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7.3.25 Drag Rate and the Longitudinal Cooling Force

The drag rate represents the longitudinal cooling force averaged over all antipro-

tons. Because these measurements were always made with a pencil beam, one can

expand the force near its value for a central particle. Assuming that the 6D
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Fig. 7.68 Left, evolution of the antiproton momentum distribution recorded by a Schottky

monitor after a 1.9 keV jump of the electron energy. Ie¼ 0.5A with ion clearing at 100 Hz. The

time between the first and the last traces is 7 min. January 2, 2011. Right, corresponding evolution
of the mean and rms values of the momentum distribution. The drag rate calculated with a linear fit

to the first four points is 71 (MeV/c)/h (not a standard measurement)
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Fig. 7.69 Drag rates measured on February 6, 2006 (blue circles). Np¼ 3.5� 1010 antiprotons,

transverse emittance (95 %, normalized, measured with a Schottky pickup) is

εp,95%n � 1.5p mm mrad, initial rms momentum spread δpp¼ 0.2 MeV/c, electron beam current

Ie¼ 0.1 A. The red solid line represents Eq. (7.138) at δWe¼ 370 eV, θe¼ 0.2 mrad and je¼ 0.94

A/cm2 (as predicted from the gun simulations), and Lc¼ 14. Contribution of the second derivative

term is shown by the dashed brown line (for the presentation purpose, it is negated and shown for

δpp¼ 1 MeV/c)
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Fig. 7.71 Drag rate as a function of the electron beam offset. The points are results from

December 31, 2010 (the same set as in Fig. 7.62b). The voltage jump was 2 kV, Ie¼ 0.3 A,

Np¼ 1.3� 1010. During the measurement, the emittance measured with a flying wire was<0.3 μm
(95 %, normalized), and the corresponding value of ap was estimated to be ~0.25 mm. The blue

curve is the best fit to the described model with F0¼ 80 MeV/c/h, a¼ 4.3 mm (from simulations),

and b¼ 1.2 mm. Also, to better fit the data, the curve is shifted by 0.47 mm in comparison with the

position reported by BPMs. The red curve shows for comparison the reconstructed cooling force
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antiproton distribution is symmetrical and identical in horizontal and vertical

directions, the instantaneous drag rate can be expressed as

_p ¼ Flz Δpp, xp, yp, ppx, ppy
� 	

� Flz þ ∂2
Flz

∂Δpp2
� Δpp

2

2
þ ∂2

Flz

∂ppx2
� p2px þ ∂2

Flz

∂xp2
� x2p

¼ Flz þ ∂2
Flz

∂Δpp2
� Δpp

2

2
þ ∂2

Flz

∂ppx2
� p2p
βCS

þ ∂2
Flz

∂xp2
� βCS

0

@

1

Aεpx ð7:153Þ

where all functions on the right side are estimated for the central particle

ðΔpp , 0, 0, 0, 0Þ, pp ¼ γβMpc, βCS � 30 m is the beta function in the cooling

section, and εpxis the antiproton transverse rms emittance. Note that both correction

terms in Eq. (7.153) decrease the drag rate.

To interpret a drag rate as a cooling force experienced by the central particle, the

antiproton beam needs to have a small rms momentum spread δpp ¼
ffiffiffiffiffiffiffiffiffiffi
Δpp2

q
and a

small transverse emittance. To estimate the contribution related to the finite

momentum spread, let’s assume the dependence on the momentum offset is the

same for of the drag rate and the cooling force and calculate the second derivative

from the fit to measured data. In the case of the example shown in Fig. 7.69, this

contribution is small (<10 %) if the momentum offset is >2 MeV/c at the typical
case of δpp< 1 MeV/c. The relative value of this correction does not change

significantly for lower transverse electron velocities and remained small also for

later measurements, when the electron beam quality had been optimized.

The relative contribution of the second correction term in Eq. (7.153) can be

expressed as

1

Flz

∂2
Flz

∂ppx2
� p2px ¼ f px contr �

ϑpx
ϑt

� �2

ð7:154Þ

where fpx _ contr is a function of the electron velocities and the antiproton momentum

offset and θpx is the antiproton 1D angle in the cooling section. For all interesting

parameters, estimations from Eq. (7.137) give fpx _ contr¼ 1.5/2, and in drag rate

measurements the antiproton angles were an order of magnitude lower than the

electrons’. Hence, this contribution is negligible.

The last term in Eq. (7.153) was found to be significantly more important and

can be estimated from the dependence of the measured drag rate on the radial

position with following assumptions:

1. The contribution of far collisions can be neglected, and the force is determined

by local values of the electron current density je and rms angle at the position of

the pencil antiproton beam as in Eq. (7.139), Flz≺
je
ϑt

2.
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2. The electron rms angle is determined by its value at the beam center, α0 and the

envelope mismatch angle added in quadratures. The latter is linear with radius,

and the total angle can be expressed as ϑt
2¼ α0

2(1 + (x2/b2)) (similar to

Eq. (7.150)).

3. The current density distribution is calculated from the gun current density

simulations (see Fig. 7.60) and approximated by a parabola

je ¼ j0
1� x2

ae2
, x 
 ae

0, x > ae

8
<

:
ð7:155Þ

.

4. Transverse distribution in the antiproton beam is Gaussian.

5. The cooling force can be presented as a product of a component determined by

the momentum offset F0(Δpp) and a radial dependence:

Flz xð Þ ¼ F0 Δpp
� 	 �

1� x
ae

� �2

1þ x
b

� �2
, x 
 ae

0, x > ae

8
>>>>><

>>>>>:

ð7:156Þ

.

6. The drag rate at a radial offset is the cooling force of Eq. (7.156) integrated over

a Gaussian antiproton radial distribution with the rms size ap.

Comparison of the model with the measured drag rates is shown in Fig. 7.70 as

the solid curve, which is calculated with ae¼ 2.9 mm from the gun simulations,

ap¼ 0.5 mm estimated form the flying wire measurements, and the best fitting

values of F0¼ 53 MeV/c/h and b¼ 0.68 mm. The cooling force in the center is

higher than the measured drag rate by almost a factor of 2. Correspondingly, the

relative contribution of the last term in Eq. (7.153)

1

Flz

∂2
Flz

∂xp2
� x2p ¼ 2x2p

1

a2
þ 1

b2

� �

¼ �4:56 � 0:52 ¼ �1:14: ð7:157Þ

is large, and the expansion is not valid.

This effect was creating a large scatter of the drag rates related to the difficulty to

accurately measure and control the transverse emittance. Eventually to decrease

this scatter, the transverse stochastic cooling system was left on during the
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measurements; the antiproton beam was scraped down to the limit at which a

reasonable resolution of the Schottky detector remained, Np ~ 1� 1010; and

between the measurements the electron beam was set into the state of the strongest

cooling. However, equally important was a decrease of the electron angles spread

across the beam as it was discussed above. These measures allowed improving the

reproducibility of the results, and the antiproton beam transverse emittance mea-

sured with the flying wire was <0.3 μm (the emittance measurements were

unreliable below this level).

An example of the improved measurement is shown in Fig. 7.71. In this case, the

measured drag rates were close to the longitudinal cooling force, and the estimation

from Eq. (7.157) gives a relative contribution of 8 %.

7.3.26 Drag Rates and Electron Beam Parameters

With all the difficulties associated with the drag rate measurements, they still

provided valuable estimations of the cooling force and, consequently, of the

electron beam angles at the location of the antiproton beam. Figure 7.72 shows

the dependence of the drag rate on the beam current recorded over the years. All

measurements were made with the same voltage jump, δUt¼ 2 kV, and on axis.

Each curve was recorded at a fixed set of focusing parameters. If the electron angles

stay unchanged, the cooling force should be changing proportionally to the local

current density (shown by the dashed curve). Significant deviations of the drag rates

from this trend was the strongest reason for measuring the transverse distributions

of the cooling force (as in Fig. 7.62a) and eventually developing the ion clearing

procedure described above. The results with ion clearing are presented in Fig. 7.72

by the curve labeled January 2, 2011. Note that most of the data points of this set do

not satisfy Eq. (7.152) and the flatness of the curve at larger currents can easily be

explained by the inadequacy of the procedure. We were not able to explain and

correct the dramatic deterioration of cooling around February of 2011 and the

corresponding decrease of the drag rate (curve March 7, 2011), partly because of

lack of resources toward the end of the run.

Measurements of the drag rate as a function of the voltage jump, interpreted as

the cooling force vs. momentum offset, give some information about the absolute

value of the electron angles in the cooling section. An example of measurements is

shown in Fig. 7.73. The data were fitted to Eq. (7.131) with the Coulomb logarithm

under the integral (curve 1) and Gaussian electron velocity distributions. For these

measurements, the estimated effect of the final size of the antiproton beam,

discussed in the previous section, was small, 
10 %, and was not taken into

account.

The only fitting parameter was the rms spread of the electron transverse veloc-

ities, σet, while the longitudinal velocity spread is assumed to be determined by the

measured voltage ripple, and the current density is estimated from the gun simula-

tions and magnetic measurements. The first point was excluded from the fit because
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it was far from satisfying inequality of Eq. (7.152). For comparison, curve 2 shows

a calculation (for the same σet) using the simplified Eq. (7.138) with the Coulomb

logarithm calculated for each momentum offset according to Eqs. (7.132)–(7.133),

and curve 3 is the same but with a constant value of the logarithm estimated at the

momentum offset of 10 MeV/c. The simplified formula gives a good approxima-

tion. The value of σet found in the fit, 0.13 mrad, is close to what has been found

from other measurements in Table 7.5, 0.1 mrad.

If the electron angle is artificially increased, for instance, by mis-steering at the

entrance of the cooling section, the drag rates decrease (Fig. 7.74), and the fitted
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value of the angle increases in reasonable agreement with the sum in quadrature of

the initial angle and the angle introduced by the trajectory perturbation (Table 7.9).

At the same time, the data points systematically deviate from the fitting curve by

more than the statistical measurement errors (which were typically 1–3 MeV/c/h). It
can be corrected by allowing one more fitting parameter. For example, the fit

becomes almost perfect if the constant in front of the integral in Eq. (7.131) is

artificially decreased by a factor of 2.5 and σet is set to 0.07 mrad. One may

speculate that it is due to a large difference in dipole electron angles existing

between modules in the cooling section; thus, only a portion of it works effectively.

However, we did not see so dramatic effects experimentally. More likely reasons

for the disagreement are the simplifications of the model itself.

One of them is the neglect of the longitudinal 105 G magnetic field. The field

should modify the dynamics of binary collisions with large impact parameters

(above the electron Larmor radius of ~0.2 mm), but we have not found a way to

estimate this effect quantitatively. An indirect indication of the importance of the

collisions with large impact parameters was seen in measurements with helix-like

trajectories reported in [88], where the drag rates grew when decreasing the helix

pitch at a constant helical angle.

Another possible cause of the disagreement is the assumption that the transverse

inhomogeneity of the electron beam affects identically the force at all momentum

offsets (Eq. (7.156)).

From these comparisons, we conclude that the model is capable of predicting the

drag rates for weakly magnetized electron cooling to within ~50 %. Using the

simplified formula of Eq. (7.138) makes analytical estimations and fitting much

easier and without significant sacrifices in accuracy.

The Recycler Electron cooler was the first and, during its operation, the only

relativistic (γ> 2) electron cooler. It significantly contributed to the success of Run

II, resulting in an immediate increase of the integrated luminosity by ~25 % and

removing a bottleneck in the antiproton production chain. An indication of the

importance of electron cooling was a drop of the integrated luminosity rate by a

factor of ~2.5 when the cooler was off for repairs.
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In addition, technical solutions found during the project and better understanding

of the peculiarities of the cooling process should help to build future coolers.

7.4 Cooling and Beam Manipulations in the Recycler

The Fermilab Recycler [47] is an 8 GeV ring using strontium ferrite permanent

magnets, which provided additional storage for the accumulation and cooling of

antiprotons. The main parameters are shown in Table 7.11.

The objectives of the Recycler were to accumulate and store antiprotons with

high efficiency (e.g., low beam loss during injection/extraction, high lifetime),

allow for fast and frequent transfers of antiprotons from the Accumulator, and

provide bunches with low emittance to the Tevatron. In order to meet these goals,

general machine improvements, operational optimizations, elaborate beam and RF

manipulations, and appropriate cooling schemes had to be devised. Note that many

other efforts, the installation of transverse dampers, for example (section instabil-

ities), were indispensable to achieve the stated goals. Many are covered in other

chapters of this book and will not be discussed here. Others go beyond the scope of

this document.

Among general machine improvements, reducing the RR base pressure and

changing the operating tunes had the most significant impact at the beginning of

the Recycler commissioning, in particular on the (anti)proton beam lifetime. Oper-

ational optimizations included automation of various manipulations between dif-

ferent machines during transfers in and out of the Recycler and adjustments to the

overall exploitation of the accelerator complex. Then, in the Recycler proper,

various and complex RF manipulations were needed for injections, storing, and

extractions of the antiprotons while limiting emittance dilution/growth and beam

loss. Finally, the cooling systems’ role was to mitigate heating mechanisms,

including from RF manipulations, but also further reduce the beam phase space.

More specifically, the missions for the cooling systems in the Recycler were to

neutralize multiple Coulomb scattering (IBS and residual gas); neutralize the

effects of heating due to the Main Injector ramps (i.e., stray magnetic fields); reduce

Table 7.11 Main Recycler

Ring parameters
Units Value

Circumference m 3,320

Acceptance π mm mrad 40.0

Fractional momentum aperture % �0.25

Maximum dispersion function m 2.0

Average βf m 40.0

Average beam pipe radius mm 23

Beam energy GeV 8.89

Average beam relativistic β 0.998

Average beam relativistic γ 9.48

Maximum energy loss GeV 0.089
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the emittances, in particular longitudinally, of the stored antiprotons between trans-

fers from the Accumulator; and reduce the phase space of the stored antiprotons in

preparation for a Tevatron store. While it is natural to expect that maintaining low

emittances would help preserve a good antiproton lifetime, some subtle effects,

positive and negative, associated with cooling—stochastic and electron—will be

discussed.

Most of the characteristics listed here are intertwined; however, beam cooling

has the largest leverage. For instance, the level to which emittance dilution and

other emittance growth mechanisms can be tolerated depends on the capabilities of

the cooling system. In turn, it imposes limits to the frequency of transfers in and out

of the Recycler. At the same time, the evolution of the lifetime must be taken into

account imposing in return restrictions on the way cooling may be used.

Thus, this chapter will present (1) a quick overview of an accumulation cycle,

(2) the main heating mechanisms found in the Recycler, (3) the beam cooling

schemes developed and applied, (4) a discussion of the antiproton beam lifetime

as it relates to the Recycler operation, and (5) the ultimate performance of the

Recycler ring.

7.4.1 Stashing7 Cycle

A stashing cycle is defined as the steps that take place from the time antiprotons are

generated to the time they are extracted to the Tevatron. Antiprotons are first

produced and stored in the Debuncher/Accumulator rings. Then, they are sent to

the Recycler in a series of small transfers, where they are accumulated and cooled

until extraction for collisions in the Tevatron. With stored beam in the Recycler,

barrier potential wells are used to time separate the “cold” stashed beam from the

“hot” injected beam or to prepare the beam destined for extraction. The transfers

and accumulation of antiprotons in the Recycler continue until an optimum stash

size is reached. Many factors (e.g., Tevatron luminosity lifetime, stacking rate in

the Accumulator, Tevatron availability, cooling performance in the Recycler)

determine this optimum with the aim of maximizing the integrated luminosity

delivered to the experiments. In turn, the stash size before extraction to the Tevatron

could be anywhere from 150� 1010 to 500� 1010 antiprotons, depending on the

accelerator complex conditions and performance.

For Run I and the beginning of Run II before the Recycler started to be integrated

into regular operation, all the antiprotons delivered to the Tevatron were directly

extracted from the Accumulator ring. During the commissioning of the Recycler

and cooling systems, in particular the electron cooler, antiprotons directed to the

7 To distinguish the antiprotons accumulated in the Accumulator ring from those accumulated

in the Recycler ring, the term “stash” was adopted to describe the antiprotons stored

in the Recycler (hence “stack” refers to antiprotons accumulated in the Accumulator).
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Tevatron were coming from both the Accumulator and the Recycler (so-called

mixed mode or combination shots). Eventually, once electron cooling became

operational, all available antiprotons were accumulated in the Recycler and

extracted from the Recycler to the Tevatron. It should be noted that at first,

“Recycler only” shots did not result in an increase of the overall number of

antiprotons available for collision. However, it delivered much brighter bunches

than the Accumulator could and reduced the duration of the stores because anti-

protons were produced faster in the Debuncher/Accumulator. At the end of Run II,

the optimum procedure to maximize the stashing rate was to accumulate small

stacks of ~25� 1010 in the Accumulator and transfer them to the Recycler every

40–50 min. In these conditions, a typical store duration was ~15 h.

7.4.2 Heating Mechanisms

Heating mechanisms can be divided into three categories: heating due to the Main

Injector ramp, heating from beam manipulations in the Recycler (i.e., nonadiabatic

RF manipulations), and heating due to beam interactions with its environment (i.e.,

beam-background gas interactions) or itself (i.e., IBS). In order to reduce the

burden put on beam cooling to a minimum, many efforts were directed toward

limiting heating from external sources.

7.4.3 Main Injector Ramp Compensation: Shielding
and Orbit Corrections

While it is not unusual to place multiple accelerators in a common enclosure to save

on civil construction costs, this often complicates operations, especially if acceler-

ators are affecting each other. At Fermilab, the influence of the Main Injector

(MI) on the Recycler, placed in a common tunnel, was initially found to be

unacceptable for a reliable operation of the Recycler.

1. Shielding [89]

Stray magnetic fields originate from both the quadrupole and the dipole bus

(supply and return) excitations during the MI ramp (8–120/150 GeV). At the top of

the ramp, the current in the quad and dipole busses are 3.5 and 9.2 kA, correspond-

ingly. Both busses contribute about equally to the transverse magnetic field at the

Recycler beam location. Figure 7.75 shows the measured transverse magnetic field

in the Recycler beam pipe without a magnetic shield during the MI ramp. It was

estimated that these fields can move the closed orbit of the 8.9 GeV/c Recycler

beam by as much as 30 mm. The original magnetic shielding (one layer of

Carpenter High Perm “49” alloy—“alloy 49” and one layer of silicone steel alloy

384 V. Lebedev et al.



AS-0 separated by a fiberglass cloth) reduced the transverse magnetic field on

average by a factor of 6 (Fig. 7.75). The measured rms Recycler closed orbit

excursion during the MI ramp with this shielding was 5 mm in both planes. This

was determined to be inadequate.

Consequently, several materials and wrapping techniques were tested on the

bench (using large diameter Helmholtz coil producing fields of up to 10 G) with the

goal of reducing stray magnetic fields by another factor of 10 or more. The final and

most effective configuration is as follows:

• One layer of “alloy 49” with one layer of AD-MU-80 (from Ad-Vance Mag-

netics, Inc.) wound directly on top of it

• 1/800 gap (fiberglass cloth)

• One layer of silicone steel alloy wrapped along the direction of the spool roll

It resulted in a reduction of stray magnetic fields by a factor of 30 with respect to

the field measurement without magnetic field shown on Fig. 7.75. The rms closed

orbit excursions for both planes were measured to be about 1 mm.

From this experience, a couple of useful considerations revealed themselves:

first, the attenuation coefficients for multiple layers of shielding material

(if separated by a small gap) add rather than multiply; second, it is important to

keep in mind that some materials can be anisotropic and the roll direction can affect

the shielding performance.

It should be noted that in addition to magnetically shielding the Recycler, the MI

busses themselves are shielded where possible (i.e., not interfering with beam line

components), although merely with steel covers.

2. Active ramp compensation [90]

While the improved shielding made the orbit excursions of the antiproton beam

manageable, an active compensation scheme was devised. With the powered

Fig. 7.75 Dipole bus current (red, 2.5 kA/div) and transverse magnetic field (green, 1.5 G/div) as
a function of time during the 150-GeV MI ramp. The quad bus was also energized. Left, without
shielding; right, after shielding (first implementation). On the right plot, the additional traces are a
120 GeV/c MI ramp and corresponding transverse magnetic field measurement
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correction elements, a base orbit is defined with the MI energized at its 8 GeV level.

Then, when the MI busses currents (dipole and quadrupole) increase during each

ramp, hence the transverse magnetic field experienced by the Recycler, the dipoles

correctors’ currents ramp accordingly such that the antiproton beam remains on the

previously defined 8 GeV orbit. However, because the bus current for the

defocusing quadrupoles and the focusing quadrupoles differ by ~60/80 A at flattop

(120/150 GeV), the net field induced by the quadrupoles busses needs to be

corrected globally around the ring. The orbit correction with dipole correctors,

which is local by definition, is not designed to address this issue. In addition, the

current output range of these correctors is not adequate. Another level of compen-

sation is therefore needed. This is achieved with the so-called Quad Compensation

Loop (QCL), which is a single wire wound around the MI in between the inter-

leaved focusing and defocusing quadrupole busses and cancels (on average) the

difference in current. Reciprocally, this cannot take into account local variations

(e.g., geometry of the beam line components), hence the need for the orbit correc-

tion with the Recycler correctors. Evidently, this current loop also ramps accord-

ingly with the MI cycle. This is illustrated in Fig. 7.76.

Note that the QCL current settings are not calculated based on the MI reference

bus current for each ramp but by actually measuring the current difference between

the two busses. The quads, skew quads, and sextupoles are not ramped.

Fig. 7.76 Dipole bus current (2 kA/div), quadrupole bus current difference (20 A/div), and QCL

current (20 A/div) as a function of time during the 120-GeV MI ramp

386 V. Lebedev et al.



In addition to the direct effect of the stray magnetic field from the MI busses, the

antiproton beam is subject to an energy variation due to the net vertical magnetic

flux that goes through its orbit. A mere 10 V per turn changes the Recycler beam

energy by 1 MeV during the MI ramp. Qualitatively, it had been observed that the

horizontal closed orbit moves toward the inside of the ring in the areas of high

dispersion. As a result, the beam trajectory breathes synchronously with the MI

ramp. In turn, the beam path length varies and a phase error develops with respect to

the RF frequency. While not too detrimental from the point of view of the beam

orbit (or the beam lifetime), if not corrected, it would be a strong source of

longitudinal heating. Thus, this phase error is compensated with a local 5-bump

which varies the path length of the beam accordingly to the energy gain/loss due to

the MI ramp. With this scheme, the phase error was reduced to less than 0.5�

(Fig. 7.77).

Fig. 7.77 Phase error

during the 120 GeV MI

ramp (2.4 s period). Left,
without path length

compensation; right, after
implementing the path

length compensation; red,
dipole bend bus current

(2.5 kA/div); blue, QCL
current (50 A/div); cyan,

current output from one of

the correctors within the

5-bump (0.75 A/div); green,
phase detector (1.25�/div).
Data taken with 6� 1010

antiprotons in a linear

bucket (as opposed to

barriers for normal

operation)
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7.4.4 RF Manipulations

With the constant goal of maximizing the number of antiprotons to be delivered to

the Tevatron, various RF manipulations have been developed for injection of fresh

antiprotons and their merging with the stored beam as well as for the extraction

process. One peculiarity of the Recycler is its use of a RF barrier system for all its

beam manipulations. These RF manipulations are described in detail in Chap. 4, for

both transfers into the Recycler and extraction to the Tevatron. Here, we will

merely highlight those with the biggest impact on the overall beam loss and, to a

lesser extent, beam heating.

While the antiprotons are accumulated and stored in the Recycler, the bunch

occupies a little bit more than half the circumference of the ring. This is a

compromise between maintaining the beam in a configuration favorable for (sto-

chastic) cooling and beam lifetime, and the necessary space for injections/extrac-

tions. The stochastic system is more efficient for long bunches, when the particle

density is the lowest. The beam lifetime typically improves in the long bunch

configuration. When new beam is injected or the stored beam extracted, one of

the most important feature of the RF manipulations described in Sect. 4.2 is the

formation of the so-called anti-bucket.

In the injection case, the creation of an anti-bucket effectively deepens the

potential well in the region of the stored beam. Consequently, high momentum

particles are trapped in this potential well, hence clearing up the injection region. As

a result only those particles not confined by the RF bucket, so-called DC particles,

are lost when the injection kicker fires. In fact, the injection losses decreased

significantly when it was realized that the anti-bucket was grown too rapidly for

adiabatic capture. By merely slowing down this RF waveform formation, the

transfer efficiency increased by ~3 % (Fig. 7.78).

Modified RF procedure

3%

Modified RF procedure

3%

Fig. 7.78 Transfer

efficiency as a function of

the transfer number. The RF

change was applied starting

from transfer #8276. Note

that the benefits from the RF

modification may not be

apparent at all times

because of the accelerator

chain conditions and

destructive studies taking

place concurrently
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In addition the modified RF manipulation significantly reduced the sensitivity of

the transfer efficiency on the number of stored antiprotons. Typically, as the stash

size increases, the population of the high momentum tails increases as well. In turn,

with the slower growth of the anti-bucket, hence the better capture of the high

momentum particles, the number of DC particles remains quasi-constant during the

entire accumulation cycle.

In the extraction case, the anti-bucket effectively raises the potential of the

bunches ready for extraction with respect to the mined bunches. Similar to the

injection case, the presence of this higher potential reduces the number of DC

particles present in the extraction region when the kicker fires, therefore reducing

the amount of beam lost. However, the trailing edge of the extraction kicker pulse is

long enough such as to seldom kick the particles contained in the high momentum

RF bucket and the last couple of mined bunches. More than beam loss, here the

kicker tail is a heating source for the affected bunches. To limit this effect, after

each extraction, the ensemble of the remaining mined bunches was moved away

from the extraction region, hence from the kicker pulse.

Before the advent of electron cooling, the longitudinal phase space of the stored

antiprotons could be significantly larger than the phase space available in the mined

buckets. Therefore, the momentum mining efficiency would be determined by the

ultimate longitudinal emittance that could be achieved before growing the mined

buckets. Thus, the amount of un-captured beam isolated in the high momentum RF

bucket could be significant (up to ~20 % of the total stash), somewhat increasing the

beam loss due to the kicker during extraction. Because the electron cooling rate is

sufficiently high to reduce the longitudinal emittance of the “cold” beam to a level

where virtually all the antiprotons are contained within the mined buckets—

typically, less than 2 % of the stash remains in the Recycler after extraction—the

high momentum bucket was deemed unnecessary and taken out of the RF

manipulations leading to extraction. While this did not reduce the extraction

beam loss further, it is believed that it increased the threshold limit to a resistive

wall instability which the Recycler is susceptible to at large number of antiprotons

and which results in a sudden, large beam loss.

7.4.5 Intra-beam Scattering

Small-angle multiple IBS is the dominant heating mechanism, which determines

the equilibrium emittance achievable in the Recycler. The longitudinal IBS heating

in particular has been of concern [47] because of a small longitudinal emittance

required for Tevatron collisions. Figure 7.79 shows the calculated longitudinal IBS

diffusion rate using the IBS theory and formalism from [91] (see also Sect. 6.1.2);

the measured Recycler lattice functions have been used. One can notice from

Fig. 7.79 (solid line) that longitudinal heating vanishes for a certain rms momentum

spread, δp0, and IBS has then a cooling effect above this momentum spread. For

comparison, also shown in Fig. 7.79 is the heating (cooling) rate calculated in a

smooth, round-beam, zero-dispersion approximation using the value of the average

7 Antiproton Production and Cooling 389



β-function, βave¼ 30 m and which shows the same characteristics. It has been

pointed out previously [47] that one can exploit this feature of the longitudinal

diffusion rate to minimize the longitudinal emittance growth by compressing the

bunch length, and thus increasing the momentum spread, until the diffusion due to

IBS vanishes or becomes negative (IBS cooling).

Figure 7.80 shows the value of the rms momentum spread, δp0, for which the

diffusion rate vanishes, as a function of the transverse beam emittance.

When stochastic cooling was the only cooling system available, “IBS cooling”

was exploited in the Recycler to improve the performance of antiproton accumu-

lation. Right after an injection, typical transverse emittances in the Recycler are 5–

7π mm mrad; from the above theory, the point at which longitudinal heating

vanishes for this range of transverse emittances—δp0¼ 6–7 MeV/c—cannot be

reached in the Recycler without losing particles at the momentum aperture, hence

deteriorating the beam lifetime significantly. However, a practical solution was

adopted and proved to be beneficial. After each injection, the bunch was expanded

so as to occupy the entire ring circumference (still contained within two RF pulses).

While this state is not favorable for longitudinal IBS cooling, it does make the

stochastic cooling system more efficient, in particular in the transverse direction.

Once the transverse emittances reached 3–4π mmmrad, Figure 7.80 shows that IBS
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Fig. 7.79 The calculated longitudinal IBS diffusion rate as a function of the rms beam momentum

spread in the Recycler for a coasting beam of 100� 1010 antiprotons with a constant 5π mm mrad

emittance. The solid line is modeled from [91]; the dashed line is the round-beam, zero-dispersion,

smooth approximation
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cooling would occur if δp0¼ 4–5 MeV/c. This range of the momentum spreads is

closer to what can be tolerated in the Recycler without beam loss. Thus, at this

point, the bunch was regularly shortened (or squeezed) in order to maintain the

momentum spread as high as possible, around 4 MeV/c, in a region where longi-

tudinal IBS cooling could take place. Note that this technique is limited because the

transverse diffusion rate due to IBS increases with increasing longitudinal charge

density; hence, longitudinal IBS cooling effectively stops and the beam is in an

equilibrium state, i.e., heating and stochastic cooling cancel one another. One

should also note that the longitudinal stochastic cooling system remains on, also

providing cooling in the longitudinal direction.

This technique allowed accumulating more antiprotons for a given longitudinal

emittance. This is illustrated on Fig. 7.81 where the longitudinal emittance before

mining is plotted against the number of antiprotons stored in the Recycler. In the

figure, the green and blue horizontal dash lines represent the maximum and goal

longitudinal emittances, respectively. The maximum value is dictated by the RF

voltage available in the Recycler.

The data show the Recycler cooling performance before (blue diamonds) and after

(orange triangles) changing the cooling procedure. Without IBS cooling, the

minimum longitudinal emittance requirement for nine mined bunch extractions to

the TeV could not be met for the number of antiprotons more than 60� 1010. With

IBS cooling, it would allow stashes of up to 180� 1010 antiprotons. The target

longitudinal emittance could be achieved for up to 55� 1010 antiprotons without

IBS cooling and 130� 1010 with IBS cooling. It should be noted that the limits shown

on Fig. 7.81 assume that nine mined bunches are formed and extracted. In other

words, if a lower number of mined bunches would be extracted, the longitudinal

emittance target would decrease proportionally, which was often the case during

mixed-mode operation. The IBS cooling procedure was abandoned when electron

cooling became operational.
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momentum spread in

MeV/c, for which the

longitudinal IBS heating

vanishes, as a function of

beam transverse emittance

(n, 95 %) in π mm mrad
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7.4.6 Beam-Background Gas Interactions

It is well known that elastic collisions between the beam particles and residual gas

molecules cause emittance growth (and eventually beam loss) and that ultrahigh

vacuum is of paramount importance for any storage ring to be viable. During its

early commissioning, the beams, protons, or antiprotons circulating in the Recycler

demonstrated poor lifetime (tens of hours, [92]) and a transverse emittance growth

of the order of 5π mm mrad/h [93], which was unacceptable for its implementation

into operation. After the number of ion pumps was doubled and the entire ring

baked to >110 �C to remove the water content, the vacuum level and composition

became adequate (currently <3� 10�10 Torr, except at some localized areas such

as the stochastic cooling pickup/kicker tanks where it can reach 10�8 Torr). Then,

for a coasting beam with a very low number of antiprotons (~1� 1010) in order to

limit IBS (discussed in the previous paragraph), a typical transverse emittance

growth would be of the order of 0.5π mm mrad/h, one order of magnitude lower

than initially measured. This is fairly close to the theoretical value of ~0.3π
mm mrad/h obtained from Eq. (6.55) which can be reduced to:
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dε ⊥ð Þn
dt

¼ 0:29� βave m½ 
P Torr½ 
β2γ

m � rad
s

� 

ð7:158Þ

with βave¼ 30 m, the average beta function of the Recycler ring, γ� 10 and

P¼ 10�10 Torr, and in which the residual gas is pure nitrogen (N2).

Similarly, as expected, the antiproton beam lifetime dramatically increased.

7.4.7 Beam Cooling After Electron Cooling Commissioning

The implementation of two cooling systems, stochastic and electron, was

envisioned from the beginning of the Recycler Ring design [47]. Details of the

stochastic cooling system and of the electron cooling system are described above,

along with their intrinsic cooling characteristics. In this section, their practical

implementations and operational performances are discussed. Because electron

cooling is much more efficient than stochastic cooling, more emphasis will be put

on the electron cooling system. Nevertheless, stochastic cooling is an integral part

of the cooling procedure. Before electron cooling was operational, stochastic

cooling was optimized accordingly to the requirements of the IBS cooling proce-

dure detailed above. When electron cooling came into operation, the role of the

stochastic cooling system somewhat changed. It became the primary system that

could actively improve the beam lifetime. This will be discussed more extensively

in the following section.

7.4.8 Procedure

As it was pointed out in the Introduction, the Recycler has mainly two goals: store

antiprotons efficiently and prepare the beam for extraction to the Tevatron. In

principle, electron cooling merely requires having the ion beam (i.e., the beam

that is being cooled) and the electron beam overlap concentrically, with the electron

beam transverse size larger than the ion beam’s. In other words, the central orbit of

the antiprotons in the cooling section and the electron beam centroid trajectory

coincide. However, during accumulation, it was quickly realized that this configu-

ration, which yields the maximum cooling rate, was neither beneficial nor required.

In fact, and most importantly, the lifetime deteriorates rapidly in this mode of

operation. Similar to low-energy coolers—see, e.g., [94]—the electron cooling

induces additional diffusion.

The most practical solution to alleviate this issue was to displace the electron

beam trajectory with respect to the antiproton beam orbit (a horizontal or vertical

shift). To first approximation, the center of the electron beam is where the current

density is the highest and the beam angles the smallest, hence the cooling force the
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largest. Therefore, when the beam is offset, the majority of the antiprotons do not

experience the maximum cooling force. On the other hand, with the beam offset,

large betatron particles are being cooled more effectively, bringing in the “tails” of

the beam distribution. This is particularly true when the transverse emittance of the

ion beam is relatively large and the ion beam transverse dimension is actually larger

than the electron beam cross section. This procedure can be regarded as “painting”

and, in fact, is almost equivalent to the “hollow beam” concept for low-energy

coolers. An illustrative cartoon is shown below (Fig. 7.82). Here, the “area of good

cooling,” or the lack thereof, is determined by various factors such as the beam

current density uniformity or the electron transverse angle distribution.

Thus, although the cooling rate is not maximal, it provides sufficient cooling to

permit efficient transfers from the Accumulator, and the lifetime does not deterio-

rate as much (see following section). When the stored beam needs to be prepared

for extraction, so-called final cooling, the goal for cooling is slightly different than

for accumulation. During “final cooling,” reaching as small emittances as possible

(without inducing an instability) takes priority over lifetime preservation (although

the latter was not ignored; see RF manipulations section at the beginning of the

chapter). Therefore, the electron beam offset is adjusted so as to obtain the

appropriate cooling for reaching a predetermined target longitudinal emittance

before mining; typically, it requires the electron beam to be brought closer to the

antiproton beam central orbit. Once the longitudinal emittance target is attained,

mining can occur and the electron beam brought to its final position, often on axis

(i.e., antiproton central orbit) or very close to it in order to reduce the 6D emittance

further. The electron beam offset positions both before mining and during extrac-

tion depend on the cooling performance. Then, during the whole extraction process,

the beam remains at the offset thus determined.

Even with the electron beam being the primary cooling system, stochastic

cooling remained needed. After extractions to the collider, the antiprotons left

behind occupy a large phase space volume not favorable to electron cooling, in

particular in the transverse directions. In addition, because stacking continues

during extraction and the resulting stack may be large, the emittances of the

Antipr

Fig. 7.82 Illustration of the cooling rate adjustment by a horizontal shift. The “area of good

cooling” represents the transverse section of the electron beam where the current density and the

beam angle are the most favorable for cooling. The arrows indicate the shift between the two beam
centers
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beam injected into the Recycler may also be relatively large. For low intensity,

large emittance beams, stochastic cooling is much more efficient than electron

cooling: many of the particles with large transverse action experience the friction

force from the part of the electron beam transverse distribution where cooling is the

poorest. Thus, stochastic cooling provides some sort of precooling such that

emittances enter a domain where electron cooling becomes dominant again.

Then, mostly for large stashes, stochastic cooling plays a fundamental role in the

lifetime management strategy.

7.4.9 Cooling Rates

While “drag rate” measurements were carried out to study and optimize the electron

beam characteristics for cooling, the most relevant measurement to assess the

efficiency of cooling during operation is what is referred to as a cooling rate in

this text. Figure 7.83 gives a typical example of such a measurement.

In order to make comparisons possible between various electron beam tunes, all

measurements were done in nearly similar beam conditions and followed a simple

standard procedure:

1. The antiproton beam, confined by rectangular RF barriers, is first cooled with the

stochastic cooling system only. This allows the antiprotons distribution to

become nearly Gaussian and reduce IBS effects.

2. The initial rms momentum spread, δp, is 3–4 MeV/c. The bunch can be adjusted
to reach this target.

3. The stochastic cooling system is turned off and the antiproton beam is let diffuse

for 15 min.

4. The electron beam is turned on and cools the antiprotons for 15 min. The

electron beam is “on axis.”

Then, the cooling rate is merely the difference between the time derivatives of

the momentum spread/transverse emittances before and after turning on the elec-

tron beam. For the transverse direction, both the diffusion and cooling are fitted

with straight lines. For the longitudinal direction, the data are fitted to an exponen-

tial decay curve. For the data shown on Fig. 7.83, transverse cooling rate (averaged

over both directions) for the Schottky data is �2.4π mm mrad/h and for the flying

wire data �5.6π mmmrad/h. For the momentum spread, the measured cooling rate

is �7.3 MeV/c/h. The relatively large difference between the transverse cooling

rate obtained from the Schottky data and the flying wire data is attributed to the

respective sensitivity of these devices and the cooling properties of the electron

beam. The Schottky pickup is more sensitive to tail particles than the flying wires.

So, qualitatively speaking, the weight of particles with large betatron oscillations in

the Schottky detector measurement is larger than for the flying wire, which princi-

pally captures the behavior of the core of the antiproton beam. Since electron

cooling is less efficient for particles belonging to the transverse tails of the
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antiprotons distribution, one should expect the measured cooling rate to be less

from Schottky data than from flying wire data.

Note that while the cooling rate measurements were carried out mostly to assess/

check the electron cooling performance, attempts were made to characterize the

stochastic cooling system as well. Issues encountered for the measurements of the

stochastic cooling systems were that rates are quite low, thus easily subject to

changes in the machine conditions, and the settings difficult to repeat from one

measurement to the next. In addition, as mentioned previously, with electron

cooling, the stochastic cooling rates are in effect irrelevant during normal operation.

Figure 7.84 summarizes most of the electron cooling rate measurements made

between 2006 and 2010. Over that duration, the cooling rate for a given transverse

emittance significantly increased due to several key improvements to the electron

beam quality and are highlighted on the plot: improvement of the electron beam

envelope through quadrupole magnets upstream of the cooling section, beam-based

alignment of the magnetic field in the cooling section, and, for high beam current

(>100–150 mA), ion clearing (in the electron beam). The arrows indicate the

potential cooling rate increase, resulting from each of these beam optimization

steps. Note, for instance, that the maximum cooling rate measured for a 3πmmmrad

transverse emittance antiproton beam (from flying wire data) is almost twice the

cooling rate obtained from the measurement shown on Fig. 7.84 �13.0 MeV/c/h
vs. �7.3 MeV/c/h.
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Also visible on the plot is fairly strong dependence of the cooling rate on the

transverse emittance of the antiproton beam. More details on how these adjustments

improved the electron beam quality, hence the cooling rate, are discussed in

Sect. 7.3.

7.4.10 Antiprotons Lifetime

In the Recycler, where antiprotons are typically accumulated for ~15 h, preserving

the antiproton beam lifetime is crucial. The lifetime depends on the residual

pressure, beam parameters, and tuning of the cooling systems. Below we will

consider mainly the case of normal operation, i.e., with the cooling systems.

7.4.11 Vacuum Quality

At the initial stages of the Recycler commissioning, the lifetime was determined by

interaction of the beam with the residual gas. During the September 2003 shutdown,

the entire ring was baked and the pressure improved to ~0.1 nTorr, dominated by

hydrogen [95]. Therefore, the lifetime calculations made in [92] (for the case of

“minimum pressure”) are applicable to the current state of the Recycler vacuum.

Assuming that the cooling systems are capable of suppressing multiple Coulomb

scattering, the main vacuum-dependent loss mechanisms (and the lifetime calcu-

lated in [92]) are single Coulomb scattering (~1,500 h), inelastic scattering

(~3,300 h), and nuclear scattering (~7,000 h). Their compounded effect results in
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the estimation of the best life time achievable in the Recycler of ~900 h, which

agrees, within measurement errors, with the best measured value of ~1,000 h.

Note that in the absence of cooling, multiple Coulomb scattering becomes

dominant. The typical lifetime observed in the time of stochastic cooling failures,

~100 h, is in a reasonable agreement with the estimation in [92] (~130 h) as well.

7.4.12 Beam Parameters

In operation, the beam is characterized by the following parameters:

1. Transverse emittances measured by Schottky detectors. Typically, horizontal

and vertical emittances are the same within the accuracy of the monitors’

calibrations, so their average value is used as a single beam parameter.

2. Transverse emittances measured with flying wire detectors, mostly employed

during injections and extractions. Their sensitivity to transverse tails is limited

compared to the Schottky detectors, and the measurements obtained from the

flying wires are deemed to be adequate for the core of the beam only.

3. Momentum spread measured by a Schottky detector and the longitudinal emit-

tance calculated from the momentum spread as measured and the bunch length.

4. Beam longitudinal distribution. The values derived from the distribution and

saved in the data logger are the length of the bunch, the maximum linear density

measured by a resistive wall monitor, and the so-called DC beam, a value equal

to the difference between the number of particles measured by a DC current

transformer (DCCT) and by the signal from a toroid, and which is an approxi-

mate measure of the amount of antiprotons not captured by the RF potential well.

5. Operating tunes
We have not found a single parameter from this list or a combination of these

parameters that would uniquely determine the lifetime and were not able to come

up with a cohesive model either. It is, in part, related to the fact that the lifetime

is determined by the behavior of far transverse tails, which are not measured

effectively. Below are some relevant empirical observations.

1. Large transverse emittance

The lifetime drops dramatically if the beam emittance is large. It was observed,

for example, after beam instabilities or after injections into a nearly empty Recycler

from a large antiproton stack. As a rule of thumb, the lifetime (calculated over

10 min) drops below 100 h if the Schottky emittance (95 %, normalized) is above

10 μm. Note that the measured acceptance of the Recycler (normalized) is 60/40 μm
(H/V).

2. Injections

Immediately after each injection into the Recycler, the antiproton beam lifetime

is poor. It is likely related to the incoming antiprotons higher emittances (the core
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95 %, normalized emittance measured with flying wires is 4–6 μm, while it is

≲3 μm for the accumulated stash) and the transverse tails created by injection

errors. Figure 7.85 shows the contributions of these effects on the lifetime for three

intervals between transfers at different stages of accumulation: immediately after

the Tevatron shot, in the middle of the cycle, and before the last injection (left to

right and top to bottom). For all cases, the beam loss before the lifetime reaches an

approximate equilibrium is nearly the same and on the order of 0.2� 1010 antipro-

tons. Since this value is independent of the stash size, it is reasonable to assume that

the lost particles primarily come from the freshly injected beam. Each transfer

delivers ~20� 1010 antiprotons to the Recycler in three “parcels” separated by

~3 min, and additional ~0.3� 1010 antiprotons are lost between parcels arrivals.

Therefore, the total lost portion of the injected beam is ~2 %.

3. Linear density

In operation, the beam is expanded to its maximum length when there are

significant delays with transfers. It came mainly from practical experience of a

noticeable increase of the life time for longer bunches. While it is difficult to make a

conclusive experiment, the data shown on Fig. 7.86 seems to favor the linear

density (Fig. 7.86a) rather than the transverse emittance (Fig. 7.86b) or 6D phase

density as the beam parameter most likely to correlate with the value of the beam

lifetime. One may speculate that it is related to peculiarities of the stochastic

cooling system performance.
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Fig. 7.85 Number of antiprotons and lifetime (10-min running average). October 10–11, 2010.

The average lifetime for the cycle is 427 h. The left upper plot shows the entire cycle, and others

present three intervals between transfers in more detail (in the same scale)
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4. High momentum particles

Tails of the momentum distribution can be lost if the particles reach the

momentum aperture of the machine. The total measured aperture was ~ 120 MeV/c
but, depending on tuning, was sometimes asymmetric with respect to the opera-

tional momentum, so that the particle loss was determined by the closest boundary

with a minimum value of ~35 MeV/c. This value was still significantly larger than

the typical rms momentum spread of the antiprotons, 2–4 MeV/c. Even during

mishaps with longitudinal manipulations when the rms momentum spread had

increased to up to 8 MeV/c, the lifetime was not affected (~500 h) for

low-intensity stacks. In similar cases with large stacks, the more prominent effect

on the lifetime was indirect and related to the resulting transverse emittance growth.

We interpret this effect as being caused by a large number of particles not captured

by the standard RF barriers of ~18 MeV/c height (DC particles). Traveling outside

of the RF bucket, they “shortened out” the ion clearing gap, allowing ion accumu-

lation, emittance growth, and eventually degradation of the life time.

5. Tunes

In regular operation, the Recycler tunes were ~0.414/0.418 in 2005–2006 and

~0.462/0.466 in 2006–2011. Dedicated scans with low-intensity beam did not show

any lifetime difference between these two tune regions. While no special measure-

ments have been made at the largest operational intensities, a direct influence of the

tunes on the lifetime was likely below the scatter related to other factors.
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7.4.13 Cooling Systems

Two Recycler cooling systems, electron and stochastic, contribute very differently

to the antiproton lifetime. A simplified description of operational experience is that,

properly tuned, stochastic cooling improves the lifetime, while applying of strong

electron cooling degrades the lifetime. While we do not have a quantitative model,

qualitatively this difference is understandable. The stochastic cooling system cools

effectively the far tail particles, which determine the lifetime. In contrast, only

antiprotons with small betatron amplitudes, comparable with the electron beam size

of a few millimeters, are cooled by electrons. Any diffusion caused by the electron

beam is compensated by its cooling effect for antiprotons in the core but drives

away the particles in the transverse tails. In addition, electron cooling typically

increases the density on and around the axis of the cooled beam, which may create

additional diffusion in itself. A dense core with long tails accompanied by the

combination of a shrinking emittance with worsening life time is a very reproduc-

ible feature of strong electron cooling.

Note that a deterioration of the lifetime in the presence of an electron beam has

been observed at low-energy coolers (so-called electron heating [94]), and different

explanations have been proposed ([96, 97]). It is difficult to accurately compare

these observations to the Recycler’s long lifetimes. Often, there are delays of tens of

minutes between changes in the operational conditions and the actual

corresponding response of the lifetime. However, in contrast to “electron heating,”

no strong dependence of the lifetime on the density of the either beam was found.

Two operational recipes were developed:

1. Properly tuned stochastic cooling systems is critically important for the lifetime

at any tested operational intensities (up to 6� 1010 antiprotons). In several

occasions, with a broken (and turned off to avoid heating) stochastic cooling

system, the lifetime would not improve beyond ~100 h for all the electron beam

configurations which were attempted.

2. Stronger electron cooling results (sometimes with a delay) in a more pronounced

deterioration of the lifetime. And it deteriorates the most when the beams are

completely aligned, i.e., propagate along the same axis. Therefore, the optimum

operation mode during accumulation is to keep the electron beam in the cooling

section at a parallel offset with respect to the antiproton axis. The value of the

offset approximately equal to the electron beam radius (1.5–2.5 mm) is chosen to

provide just enough cooling between the injections and depends on how well the

electron cooler is tuned.

7.4.14 Operational Results

To judge the efficiency of preserving antiprotons in the Recycler Ring related to the

finite lifetime, an average lifetime was calculated as follows:
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LT ¼
X

NiΔTi
X

ΔNi

, ð7:159Þ

where ΔTi is the time interval i between two transfers into or out of the Recycler, Ni

is the average number of antiprotons in the Recycler during this interval, ΔNi is the

total beam loss (calculated from the DCCT signal) over the same interval, and the

summation encompasses all intervals between two successive Tevatron accelera-

tions. The value of the average lifetime varied significantly over time and from one

storage cycle to another. An example is shown in Fig. 7.87.

One component of the scatter comes from the dependence of the lifetime on the

linear density as described previously. With the beam length being constant in

operation (5.8 μs during accumulation), the lifetime LT decreases as the maximum

number of antiprotons in the cycle increases. Another important factor is the rate of

transfers and quality of the incoming beam. Long delays with transfers decrease the

relative contribution of having a poor life time right after a transfer (as in Fig. 7.85),

and the large tails of the incoming bunches have a negative effect that may last for

many hours.

However, when these effects are excluded either by the choice of the accumu-

lation cycles to compare to or by averaging over many cycles, variations of the

calculated lifetime remain large. In several occasions, the reasons for a worse

lifetime were found to be due either vacuum leaks, a malfunction of the stochastic

cooling system, or improvements made to the strength of electron cooling

(corrected by applying a larger beam offset). On the other hand, we were not able
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to associate (and correct) the transition of the lifetime from ~400 to ~250 h

presented in Fig. 7.87 to any of the phenomena described in this section. For a

typical cycle duration of ~15 h, this change corresponds to loosing an additional

~1 % of the antiprotons sent to the Tevatron.

7.4.15 Antiproton Beam Parameters for Tevatron Shots

The characteristics of the bunches extracted from the Recycler correspond to both

requirements from the Tevatron and the optimization of the accelerator complex

operation. Table 7.12 lists the main beam parameters achieved in the Recycler as

well as those used routinely during normal operation. Because the cooling scenario

changed significantly with respect to the one initially envisioned, a comparison with

goals expressed during the design phase, or even later on, is not relevant. So, while

the “best achieved” column in the table shows the capabilities of the Recycler, the

normal operation values are the ones that ultimately lead to the best performance of

the accelerator complex in terms of integrated luminosity delivered to the experi-

ments. For instance, while it was shown that the Recycler could store 600� 1010

antiprotons with acceptable lifetime—actually one of the original goals—it would

not have fitted within the operational scenario when taking into consideration the

implications for the other rings, including the Tevatron and consequently for the

integrated luminosity.

Other than limitations resulting from the optimization of the accelerator complex

running conditions, several parameters could not be obtained concurrently purely

because of the Recycler properties. For instance, a large stash with low emittances

could lead to a resistive wall instability, which threshold depends on the phase

density of the antiproton beam. This instability was experienced a few times during

extraction, when cooling is the strongest. Also, as discussed above, a lot of attention

was brought to the beam lifetime. In turn, it imposed practical limits on the phase

space volume the most desirable for efficient accumulation. In addition, there are

beam parameters which somewhat depend on one another, living only a small

margin to work with. This is particularly true for the case of smaller stashes for

which very small emittances and large lifetimes were obtained, while larger stashes

had almost inevitably larger emittances and shorter lifetimes.

Therefore, the “normal operation” values in Table 7.12 are the result of multiple

compromises and were routinely achieved. However, varying accelerator condi-

tions required a flexibility that the Recycler could also provide. A good example is

the “partial mining” procedure (Sect. 4.2), which permitted to extract only the

number of antiprotons adequate for certain atypical situations. In these cases, the

beam parameters in the Recycler were adjusted accordingly.
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7.4.16 Final Performance

All the discussions presented in the preceding sections mostly focused on single

processes and procedures, their implementation and performance, but mainly

independently from one another. Ultimately, the Recycler performance is charac-

terized by its ability to store antiprotons efficiently and deliver adequate beam

parameters to the Tevatron.

In order to quantify the efficiency of the Recycler as a repository of antiprotons

overall, a storage efficiency can be defined as

Np extracted to MI � N0
p left in RR

Np transferred from MI to RR þ N0
p left from previous extraction

, ð7:160Þ

where Np is the number of antiprotons measured by the Main Injector DCCT and

Np0 is the number of antiprotons measured by the Recycler DCCT. Thus calculated,

the storage efficiency includes injection and extraction efficiencies from and to the

Main Injector, losses due to the antiprotons lifetime and accidental losses (e.g.,

correctors’ power supply trip, vacuum burst, and instability). On Fig. 7.88, the

curves show the total number of antiprotons in the Recycler (blue diamonds) and

losses (pink squares). For the beam intensity, the data points represent the number

of antiprotons before and after injections/extractions and not the straight evolution

over time. The losses are also discrete data and the zigzag pattern comes from the

fact that the successive data points represent two different loss mechanisms, with

one evidently more prone to result in losses than the other. The set of data points

with low value is the loss during injections/extractions. The set of data with high

value is the loss between injections, hence effectively due to the antiproton beam

lifetime.

Table 7.12 Main antiproton beam parameters achieved in the Recycler during Run II

Units

Best

achieved

Normal

operation

Number of antiprotons 1010 600 360–390

ε(s)n,95% (before mining) eV s 48/55a 60–75

ε(s)n,95% (average of the thirty-six 2.5 MHz bunches) in

MI at 8 GeV

eV s 0.8/1.1a 1.1–1.3

ε(⊥)n,95% (Schottky), stored beam π mm mrad N/A 3–4

Transfer efficiency (1 week average) % N/A 94–95

Extraction efficiency % 99 97–98

Equilibrium lifetime h >1,000 N/Ab

Time between transfers min N/A 40
aStrong dependence with the number of antiprotons, especially at the low end. The number of

antiprotons for the emittances quoted in the table is ~160/~375� 1010 particles, respectively
bDuring normal operation, there are no real equilibrium conditions
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The data shown on the figure is fairly representative of a typical stashing cycle,

where there is no accidental loss or operational issue. In this example, the total

beam loss is 15.7� 1010 antiprotons and the storage efficiency from Eq. (7.160)

92.9 %. Out of the 7.1 % of beam which is lost, 3.9 % is due to injection and

extraction inefficiencies. The other 3.2 % come from the antiprotons lifetime.

Figures 7.89 and 7.90 depict the antiprotons lifetime throughout a stashing cycle

from the first injection after loading the Tevatron to the last extraction to the

Tevatron for another store (Fig. 7.89) and the corresponding emittances while

accumulating the antiprotons (Fig. 7.90). Several features can be highlighted. The

lifetime of the remaining beam after extraction is low and emittances are high. This

is a direct consequence of the extraction process. In addition, because stacking

continues while the Tevatron is being loaded with protons and antiprotons, the

number of antiprotons transferred during the first set of transfers from the Accu-

mulator is relatively large. The beam quality of large stacks being poorer than for

smaller stacks, these first transfers also contribute to the poor lifetime and large

emittances in the Recycler. However, as cooling progresses, in particular thanks to

the stochastic cooling system, which as explained previously is more efficient than

electron cooling for large emittances, the lifetime reaches >1,000 h after a couple

more transfers. Concurrently, the emittances decrease, which also contribute to a

better lifetime. Then, while emittances remain quite constant, and well within the

acceptance of the Recycler, the lifetime decreases as a function of the antiprotons

intensity. Nevertheless, the lifetime does not drop below 200 h until the last

moments preceding mining and extraction, when strong cooling is applied—the

zero values and the large fluctuations are consequences of the DCCT; as the lifetime

degrades, the “noise” from the DCCT becomes negligible with respect to the

particles loss, hence leading to a more satisfactory calculation of the lifetime.

As various systems were being built and/or improved, the accumulation scheme

would evolve accordingly in order to maximize the integrated luminosity delivered

to the detectors. The stashing profiles of Figs. 7.89 and 7.90 represent the opera-

tional optimum for maximizing the integrated luminosity at the end of Run II.
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Fig. 7.89 Number of antiprotons and lifetime during stashing between two Tevatron stores. The

dashed orange line is a fit to the lifetime data (excluding data from the first 2 h and zeros, which

correspond to times of transfers into the Recycler and for which the lifetime is not calculable)

Fig. 7.90 Emittances (blue transverse, red longitudinal) evolution for the same period as in

Fig. 7.89
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In short, the rationale behind the stashing cycle that was adopted (and this is true

at any point during commissioning of the Recycler) can be expressed in the

following manner: Increasing the number of antiprotons that can be used for

collisions starts with increasing the stacking rate in the Debuncher/Accumulator.

Since the stacking rate decreases as the antiproton stack increases, emptying the

Accumulator into the Recycler regularly allows maintaining a relatively small

stack, hence improving the stacking rate on average. However, this also implies

that losses in the transfer lines during extractions/injections must remain at a level

where this procedure results in a net gain. Note that it is also true for extractions to

the Tevatron. In turn, the Recycler Ring has to be able to maintain a high/good

lifetime such that losses between Tevatron stores do not offset the gain in the

stacking rate. Or, in other words, the Recycler had to and did maintain the right

balance between cooling efficiency and storage efficiency until the end of Run II.
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Chapter 8

Beam–Beam Effects

V. Shiltsev and A. Valishev

8.1 Beam–Beam Effects in Tevatron: Introduction

Beam–beam effects became a subject of study as soon as there were colliders

beginning with the first e+e� collider AdA in Frascati that started operating in

1962 and the first p–p collider ISR at CERN that started operating in 1971. Over the

years many different issues related to electromagnetic interactions of colliding

beams have emerged. In the Tevatron collider, the beam–beam problems take

place in the context of beam losses and emittance growth due to long-range and

head-on interactions. A comparative review of beam–beam performance of a

number of hadron colliders [1] shows that the beam parameters operationally

achieved in the Tevatron correspond to record high incoherent tune shift due to

collisions (the figure of merit of beam–beam interaction):

ξ ¼ NIP

Nprp
4πε

� 0:025� 0:030, ð8:1Þ

where rp denotes the classical proton radius, Np and ε are the opposite bunch

intensity and emittance, correspondingly. Remarkably, the Tevatron working points

(vertical and horizontal tunes) lie above the half integer between the fifth- and

seventh-order resonances (between 3/5¼ 0.6 and 4/7¼ 0.571) and the beam–beam

tune spread fully covers the tune area.

During the Collider Run II, beam losses during injection, ramp and squeeze

phases were mostly caused by beam–beam effects. Figure 8.1 from [2] shows that
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early in Run II, combined beam losses only in the Tevatron (the last accelerator

out of total 7 in the accelerator chain) claimed significantly more than half of the

integrated luminosity. Due to various improvements, losses have been reduced

significantly down to some 20–30 % in 2008–2009, paving the road to a many-

fold increase of the luminosity. In “proton-only” or “antiproton-only” stores, the

losses do not exceed 2–3 %. So, the remaining 8–10 % proton loss and 2–3 %

antiproton loss are caused by beam–beam effects, as well as some 5–10 % reduction

of the luminosity lifetime in collision. Note that the proton inefficiency is higher

than the antiproton one, despite the factor of 3–5 higher proton intensity. That is

explained in the following chapters by significantly smaller antiproton emittances.

Beam–beam interactions differ between the injection and collision stages. The

helical orbits should provide sufficient separation between the proton and antipro-

ton beams in order to reduce detrimental beam–beam effects, e.g., tune shifts,

coupling, and high-order resonance driving terms. Each bunch experiences

72 long-range interactions per revolution at injection, but at collision there are

70 long-range interactions and two head-on collisions per bunch at the CDF and D0

detectors—see Fig. 8.2. In total, there are 138 locations around the ring where

beam–beam interactions occur. The sequence of 72 interactions out of the 138 pos-

sible ones differs for each bunch; hence the effects vary from bunch to bunch. The

locations of these interactions and the beam separations change from injection to

collision because of the antiproton cogging (relative timing between antiprotons

and protons).

Initially, there were six separator groups (three horizontal and three vertical) in

the arcs between the two main interaction points, B0 (CDF) and D0. During
collisions, these separators form closed orbit 3-bumps in each plane. However,

Fig. 8.1 Evolution of beam losses in 2002–2009. Red shows fractional loss of antiprotons between
injection into the Tevatron and start of collisions, next (blue) one is for loss of protons, green—
fractional reduction of the luminosity integral caused by beam–beam effects in collisions [2]
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the condition of orbit closure prevented running the separators at maximum volt-

ages with exception for horizontal separators in the short arc from B0 to D0. This
limited separation at the nearest parasitic crossings 59 m away from the main IPs

aggravating the long-range beam–beam interaction. To increase separation at these

parasitic crossings three additional separators were installed as to create closed

orbit 4-bumps both in horizontal and vertical planes in the long arc (from D0 to B0)
and in the vertical plane in the short arc.

There is more flexibility in the helix design for the preceding stages: injection,

ramp, and squeeze. There are still some difficulties at these stages, including:

1. Irregularities in betatron phase advance over the straight sections, especially A0.
2. Aperture restrictions (physical as well as dynamic) that limit the helix amplitude

at injection and at the beginning of the ramp.

3. The maximum separator voltage gradient of 48 kV/cm (limited by separator

spark rate) leads to a faster drop in separation, d ~ 1/E, than in the beam size,

σ ~ 1/E1/2, during the second part of the ramp above the energy of E¼ 500 GeV.

4. The polarity reversal of the horizontal separation during the squeeze (to satisfy

needs of HEP experiments) that leads to a short partial collapse of the helix.

A simple figure of merit is helpful when comparing different helix designs. The

conventional choice is theminimum value of the so-called radial separation, S, over
all possible parasitic interaction crossing points in units of the RMS betatron beam

sizes σx,yβ:

Fig. 8.2 Schematic of

proton (blue) and antiproton
(red) bunches in the

Tevatron and the two head-

on collision locations B0
and D0
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S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δx=σxβ
� �2 þ Δy=σyβ

� �2
q

: ð8:2Þ

The separation is normalized to a fixed reference emittance of 2.5 πmmmrad. Our

experience has shown that less than 5–6σ separation causes unsatisfactory losses.

Figure 8.3 shows the minimum radial separation S during the ramp and squeeze with

the initial helix design (blue, ca. January 2002) and an improved helix (red, ca. August

2004). The long-range interactions contribute a tune spread of about [3]:

ΔQ �
X

parasitic encounters

2ξ

S2
� 0:008, ð8:3Þ

as well as several units of chromaticity [4]. In the end of Run II operations, both

species had about the same beam–beam tune shifts and are effectively in the strong–

strong regime. That is because of much smaller antiproton emittances which were

available due to electron cooling of antiprotons in the Recycler, starting in 2005.

Consequently the antiprotons effectively experience only the linear part of the

head-on beam–beam force and do not suffer much from it. Since 2006, antiproton

losses due to beam–beam interactions during stores have been small, provided the

tunes are well controlled. Protons on the other hand have tunes closer to twelfth-

order resonances and are transversely larger than the antiprotons. Consequently

during head-on collisions, they experience the nonlinear beam–beam force enhanced

by chromatic effects and suffer beam loss and emittance growth. A review of beam–

beam observations in Run I can be found in [5, 6].

Fig. 8.3 Minimum radial

separation, Eq. (8.2), on

ramp and during the

low-beta squeeze. The

green line represents the
beam energy on the ramp

E(t). The blue and red lines
represent S(t) for the helix
configurations used

ca. January 2002

and August 2004,

respectively [7]
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8.2 Beam–Beam Phenomena in Tevatron Operation

8.2.1 Long-Range Beam–Beam Interaction Effects
at Injection, on the Energy Ramp and During
Low-Beta-Squeeze

Before being brought to collisions, the Tevatron beams are transversely separated

during the entire injection process, during energy ramp from 150 to 980 GeV and

low-beta squeeze. Long-range beam–beam interaction leads to particle losses at these

stages. In the absence of opposite beam, the combined losses are small, of the order of

~2–4 %, as measured during dedicated proton-only and antiproton-only stores.

Although both the proton and antiproton beams stay at 150 GeV for less

than an hour, a significant particle loss occurred during that time at the beginning

of the Run II. The particle losses for both beams were driven by diffusion and

exacerbated by small transverse and longitudinal apertures. Figure 8.4 presents

the intensity lifetimes of single antiproton bunches after injection for typical stores

in 2002 and 2004. It is clearly seen for both stores that the intensity decay is not

exponential. Figure 8.4 shows that the intensities are approximated well by the

expression N tð Þ ¼ N0e
�
ffiffiffiffiffi
t=τ

p
that was used for the lifetime fits. Similar

ffiffi
t

p
depen-

dence has been observed for the bunch length “shaving” (slow reduction of the rms

bunch length), while transverse emittances do not exhibit such dependence on
ffiffi
t

p
and usually either stay flat or slightly grow [7].

During approximately 20 min needed to load antiprotons into the Tevatron,

the proton lifetime degrades as more antiproton bunches are injected. Figure 8.5

shows an approximately linear dependence of the proton loss rate at 150 GeV on the

number of antiprotons in the Tevatron. The proton loss rate without antiprotons is

about 4 % per hour (25 h lifetime), whereas it grows to about 16 % per hour (6 h

Fig. 8.4 Decay of

(normalized) intensity for

antiproton bunch #1 at

injection. The red dots are
for store #1863 (October

16, 2002) and the blue dots
are store #3717 (August

8, 2004). The blue and red
lines represent fits
according to

N tð Þ ¼ N0e
�
ffiffiffiffiffi
t=τ

p
with

parameters N0¼ 32.5� 109,

τ¼ 7.4 h and

N0¼ 55.7� 109, τ¼ 69.8 h,

respectively [7]
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lifetime) when all antiproton bunches are loaded. A similar linear dependence of the

antiproton loss rate on proton intensity can be seen as well.

Besides being dependent on the intensity of the opposing beam, the particle losses

due to the long-range beam–beam interaction at injection, ramp, and squeeze are

found to be dependent on beam emittances and chromaticities, approximately as [7, 8]

ΔNa, p

Na,p
¼ 1� N tð Þ

N t ¼ 0ð Þ /
ffiffi
t

p � ε2a,p
Np, a

εp, a
Q02

a,p � F εL;Qx,y; Sa�p

� �
, ð8:4Þ

where the index a or p stands for antiprotons or protons, ε is transverse emittance,

N is total number of particles in the opposite beam, Q0 is the chromaticity on the

corresponding helix, and the factor F emphasizes the fact that losses also depend on

the longitudinal emittance εL, separation S (size of the helix and cogging stage), and
tune Q. Over years of operation, the betatron tunes on both helices at injection and

ramp were optimized to be close to Qx/Qy¼ 20.584/20.576, i.e., above seventh-

order resonances at 4/7¼0.5714, but close to the twelfth-order resonance

7/12¼0.5833. Significant variations of the tune (in excess of �0.002) often led to

lifetime reduction, especially if the vertical tune approached the 4/7 resonance.

Equation (8.4) above emphasizes the importance of chromaticity for reducing

the losses of both protons and antiprotons. Since the proton and antiproton orbits are

separated using the electrostatic separators, their tunes and chromaticities can be

controlled independently by using sextupole and octupole circuits, respectively.

The major obstacle in attaining the desired chromaticity reduction was a weak

head-tail instability in high intensity proton bunches [9]. Early in Run II, avoiding

this instability required chromaticities as high as 8–12 units at 150 GeV. Reducing

the proton chromaticities down to +(3–4) units became possible after removing

Fig. 8.5 Proton intensity

loss rate at the 150 GeV

helix in units of %/h

vs. total number of

antiprotons injected into the

Tevatron Na during shot

setup #3972 (February

8, 2005). The points are the

results of ordinary

exponential decay fits over

2 min after each antiproton

injection. The solid red line
is the linear fit 1/τp[%/h]¼
4 + 11.6(Na/1,000)

(from [1])
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unused high-impedance extraction Lambertson magnets, reducing the impedance

of the injection Lambertson magnets by installing conductive liners, and commis-

sioning active bunch-by-bunch instability dampers for the protons [10]. Decreasing

the chromaticities to zero has become possible after reconfiguring octupole circuits

to introduce Landau damping to suppress the head-tail instability. The antiproton

bunches do not suffer from that instability since the intensity is much smaller than

that of protons. Consequently, both Q0
x and Q0

y are set closer to 0 by using

differential chromaticity octupole circuits.

The observed
ffiffi
t

p
dependence of beam intensity decay (see Fig. 8.4) and bunch

length is believed to be due to particle diffusion that leads to particle loss at physical

or dynamic apertures. The major diffusion mechanisms are intrabeam scattering

(IBS), scattering on the residual gas, and diffusion caused by RF phase noise. For

example, if the available machine aperture is smaller than the beam size of the

injected beam, the beam is clipped on the first turn with an instantaneous particle

loss. Such a clipping creates a step-like discontinuity at the boundary of the beam

distribution that causes very fast particle loss due to diffusion. The diffusion wave

propagates inward, so that the effective distance is proportional to
ffiffi
t

p
. Conse-

quently, the particle loss is also proportional to
ffiffi
t

p
. To estimate such a “worst-case

loss,” consider an initially uniform beam distribution: f(I )¼ f0� 1/I0, where I0 is
the action at the boundary. For sufficiently small time, t� I0/D, where D is

diffusion coefficient, the diffusion can be considered one-dimensional in the vicin-

ity of the beam boundary. Solving the diffusion equation

∂f
∂t

¼ D
∂
∂I

I
∂f
∂I

� �

ð8:5Þ

gives the result:

f I; tð Þ ¼ 2f 0ffiffiffi
π

p
ð I0�Ið Þ= ffiffiffiffiffiffiffiffi4I0Dt

p

0

e�ξ2dξ: ð8:6Þ

By integrating it over I, one obtains the dependence of particle population on

time:

N tð Þ
N0

� 1�
ffiffiffi
t

τ

r

, τ ¼ πI0
4D

, t � τ: ð8:7Þ

In the transverse degree of freedom, the Tevatron acceptance at 150 GeV on the

helical orbit is about Itr0� 8–13πmm mrad, depending on the pre-shot machine

tune-up, while the emittance growth rate is about Dtr� 0.15–0.25πmm mrad/h

chiefly from scattering on residual gas. So from (8.7), one can obtain a lifetime of

τ� 30–80 h. In addition, diffusion in the longitudinal plane with a rate

Dlong� 0.03–0.3 rad2/h can lead to lifetimes of τ� 10–100 h in the case where

the longitudinal aperture is limited only by the RF bucket size
ffiffiffiffiffiffiffiffiffiffi
I0

long
p

� 2 rad. The

above numbers are not well known, but we believe they are in the indicated ranges.
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In reality, the machine acceptance is set by the interplay between the physical

and dynamic apertures. The latter is a strong function of the synchrotron action, and

beam–beam interactions drastically reduce the dynamic aperture for synchrotron

oscillation amplitudes close to the bucket size. Naturally, such an aperture reduc-

tion is stronger for larger values of chromaticity.

The problem was alleviated significantly by a comprehensive realignment of

many Tevatron elements in 2003–2004, as well as a reduction in the longitudinal

emittances due to improvements in the Main Injector’s bunch coalescing, and an

increase of the Tevatron’s dynamic aperture.

8.2.2 Beam–Beam Interaction Effects During Colliding HEP
Stores

After the beams are brought into collisions at the main IPs, there are two head-on

and 70 long-range collision points per bunch. Correspondingly, the beam–beam

phenomena in the Tevatron collider are characterized by a complex mixture of

long-range and head-on interaction effects, record high beam–beam parameters for

both protons and antiprotons (the head-on tune shifts up to about ξ¼ 0.03 for both

protons and antiprotons, in addition to long-range tune shifts of ΔQp¼ 0.003 and

ΔQa¼ 0.006, respectively), and remarkable differences in beam dynamics of indi-

vidual bunches. All that may result in the significant emittance growth and particle

losses in both beams. During the running prior to the 2006 shutdown the beam–

beam effects at HEP mostly affected antiprotons. The long-range collision points

nearest to the main IPs were determined to be the leading cause for poor lifetime.

Additional electrostatic separators were installed in order to increase the separation

at these IPs from 5.4 to 6 [10]. Also, the betatron tune chromaticity was decreased

from 20 to 10 units. Since then, the antiproton lifetime was dominated by losses due

to luminosity and no emittance growth is observed provided that the betatron tune

working point is well controlled. Electron cooling of antiprotons in the Recycler

and increased antiproton intensities and brightness drastically changed the situation

for protons. Figure 8.6 shows the evolution of total head-on beam–beam tune shift

ξp.a for protons and antiprotons. Note that prior to the 2006 shutdown the proton ξp
was well under 0.01 and a big boost occurred in 2007 when both beam–beam

parameters became essentially equal. It was then when beam–beam-related losses

and emittance blowup started to be observed in protons.

The analysis [11] showed that deterioration of the proton lifetime was caused by

a decrease of the dynamical aperture for off-momentum particles due to head-on

collisions. It was discovered that the Tevatron optics had large chromatic pertur-

bations, e.g., the value of β* for off-momentum particles could differ from that of

the reference particle by as much as 20 %. Also, the high value of second-order

betatron tune chromaticity Q00¼d2Q/d(Δp/p)2 generated a tune spread of about

0.002. A rearrangement of sextupole magnet circuits in order to correct the
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second-order chromaticity was planned and implemented before the 2007 shutdown

[11] and led to some 10 % increase in the luminosity integral per store.

Another step up in the proton ξp happened after the 2007 shutdown when the

transverse antiproton emittance decreased because of improvements in injection

matching. The total attained head-on beam–beam tune shift for protons exceeded

that of antiprotons and reached 0.028. This led to high sensitivity of the proton

lifetime to small variations of the betatron tunes, and to severe background condi-

tions for the experiments. The reason is believed to be the large betatron tune spread

generated by collisions of largely different size bunches [12]. Indeed, at times the

antiproton emittance was a factor of 5–6 smaller than the proton emittance. To

decrease the proton to antiproton emittance ratio a system has been commissioned

which increases the antiproton emittance after the top energy is reached by applying

wide band noise to a directional strip line [13]. At the end of Run II, the optimal

emittance ration was kept at εp/εa� 3. Below we summarize major beam–beam

phenomena during HEP stores.

The beam–beam effects in the Tevatron cause nearly every measurable indicator

of beam dynamics to vary as a function of position within a bunch train. As

mentioned, the 36 bunches for each beam are arranged in three trains of 12 bunches

each, and the variation of intensities and emittances among the proton bunches is

small. Consequently, a threefold symmetry is expected [14] in the antiproton bunch

dynamics. We have observed such behavior in essentially every indicator. For

example, Fig. 8.7 shows that the helical orbits of antiproton bunches at the

low-beta stage differ by some 40–50 μm in a systematic, ladder-like fashion (due

to symmetry, the plot refers only to a single train of 12 bunches). Such variation in

the closed orbits was predicted before the start of the Collider Run II [15] and

Fig. 8.6 Head-on beam–beam tune shift parameters for protons and antiprotons vs. time [8]
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agrees well with analytical calculations (see the comparisons in Fig. 8.7 and

discussion in the next section). Vertical variation is similar and of the same order,

proton orbits exhibit proportionally (to intensity) smaller bunch-by-bunch

variations.

Two (vertical and horizontal) 1.7 GHz Schottky detectors [16] allow continuous,

nondestructive measurements of betatron tunes and chromaticities for each proton

and antiproton bunch during HEP stores. The tunes measured by the detectors

represent an average over all particles in a bunch. The tune and chromaticity

accuracies for single bunch measurements are better than 0.001 and 1 unit, respec-

tively. A single measurement can be made in approximately 20 s.

Figure 8.8 presents the distribution of antiproton vertical and horizontal tunes

and chromaticities along antiproton bunch train. It is remarkable that bunches #1

and #12 have vertical and horizontal tunes, respectively, much lower (by more than

0.003) than the other ten bunches. Long-range beam–beam interactions at the

parasitic IPs produce such significant bunch-by-bunch tune differences ΔQLR.

The data shown in Fig. 8.8 agree with analytic calculations [17, 18] if one takes

into account that the measured tune is averaged over a weighted particle distri-

bution, and, thus, the effective head-on tune shift is approximately half of the

maximum beam–beam incoherent tune shift:

ΔQ � ΔQLR þ 0:5 � ξ, ξ ¼ rpNp

4πεp
� 2: ð8:8Þ

For nominal bunch parameters at the beginning of an HEP stores, the head-on

tune shift is about ξ� 0.020 for antiprotons. Figure 8.9 displays the Tevatron beam

tunes at the beginning of a high-luminosity HEP store on a resonance plot. Particles

with up to 6σ amplitudes are presented. Small amplitude particles have tunes near

the tips of the “ties” depicted for all 36 proton and 36 antiproton bunches. The most

detrimental effects occur when particle tunes approach the resonances. For

Fig. 8.7 Antiproton orbit

variations along the bunch

train: horizontal positions

measured by synchrotron

radiation monitor in

collisions in store #3530

(May 23, 2004) (red
squares) and calculated

(green circles); for
comparison, RMS

horizontal betatron size of

2.5πmm mrad normalized

emittance beam at the

location of the monitor is

equal to 0.3 mm [7]
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Fig. 8.9 Tevatron proton and antiproton tune distributions superimposed onto a resonance line

plot. The red and green lines are various sum and difference tune resonances of up to twelfth order.

The blue dots represent calculated the tune distributions for all 36 antiproton bunches; the yellow
represent the protons. The tune spread for each bunch is calculated for particles up to 6σ amplitude

taking into account the measured intensities and emittances (from [19])

Fig. 8.8 Antiproton tunes (top) and chromaticities (bottom) measured by the 1.7 GHz Schottky

monitor vs. bunch number for store #3678 (July 27–28, 2004). The tune data were taken over a

period of 3 h, starting 3 h after the beginning of the store and extrapolated linearly to the time

t¼ 3 h into the store. The chromaticities were assumed to be constant, and so the measurements

were averaged over the entire store. The symbol size reflects the size of the statistical error bars [7]
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example, an emittance growth of the core of the beam is observed near the fifth-

order resonances (defined as nQx+mQy¼ 5, such as Qx,y¼ 3/5¼0.6) or fast halo

particle loss near twelfth-order resonances (for example, Qx,y¼ 7/12� 0.583).

The measured antiproton tunes decrease over the course of a store by some

0.005–0.007 with characteristic decay times of 12–16 h, caused by the reduction of

the head-on tune shift, which itself is mostly due to the increase of proton emit-

tances (by more than factor of 2) and the decrease of proton bunch intensities

(by more than 25 %). Such excursions were found detrimental for luminosity

lifetime were minimized by manual tuning as soon as 1.7 GHz Schottky monitors

were made operational in 2005, resulting in increased beam lifetime. The chroma-

ticities measured by the 1.7 GHz Schottky monitor are remarkably stable within

1 unit during the store and vary by about 6 units in both planes along a bunch train,

and that is in acceptable agreement with theory.

It is not surprising that with such significant differences in orbits, tunes, and

chromaticities, the antiproton bunch intensity lifetime and emittance growth rates

vary considerably from bunch to bunch. As an illustration, Fig. 8.10 shows the

vertical emittance blowup early in an HEP store for all three trains of antiproton

bunches. One can see a remarkable distribution along the bunch train which gave

rise to the term “scallops” (three “scallops” in three trains of 12 bunches) for this

phenomenon—the end bunches of each train exhibit lower emittance growth than

the bunches in the middle of the train. Because of the threefold symmetry of the

proton loading, the antiproton emittance growth rates are the same within 5–20 %

for corresponding bunches in different trains (in other words, bunches #1, #13, and

Fig. 8.10 Antiproton bunch emittance increase over the first 10 min after initiating collisions for

HEP store #3231 with an initial luminosity L¼ 48� 1030cm�2 s�1 [19]
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#25 have similar emittance growths). The effect is dependent on the antiproton

tunes, particularly on how close each bunch is to some important resonances—in

case of the Tevatron working point, these are fifth-order (0.600), seventh-order

(0.5714), and twelfth-order (0.583) resonances. For example, “the scallops” occur

near the fifth-order resonances nQx+mQy¼ 5, such as Qx,y¼ 3/5¼0.6. Smaller but

still definite “scallops” were also seen in protons if the proton tunes are not

optimally set. After the initial 0.5–1 h of each store, the growth rate of each

bunch decreased significantly. Various methods have been employed to minimize

the development of scallops (including a successful attempt to compensate one

bunch emittance growth with a Tevatron Electron Lens—see [19] and next section),

but carefully optimizing the machine tunes was found to be the most effective—

e.g., the vertical tune changes as small as�0.002 resulted in significant reduction of

the amplitude of the “scallops.”

As mentioned above, significant attrition rate of protons and antiprotons due to

their interaction with opposite beam, both in the main IPs and in the numerous long-

range interaction regions is one of the most detrimental effects of the beam–beam

interaction in the Tevatron. The effect varies bunch-by-bunch and it is especially

large at the beginning of the HEP stores where the total proton beam–beam tune

shift parameter is peaked. Figure 8.11a shows a typical distribution of proton loss

rates (dNp/Np)/dt at the beginning of a high-luminosity HEP store. Bunches #12,

24, and 36 at the end of each bunch train typically lose about 9 % of their intensity

per hour while other bunches lose only 4–6 % per hour. These losses are a very

significant part of the total luminosity decay rate of about 20 % per hour (again, at

the beginning of the high-luminosity HEP stores). The losses due to luminosity

“burn-up” — inelastic proton–antiproton interactions dNp/dt¼� σint·L at the two

main IPs (σint¼ 0.07 barn) are small (1–1.5 %/h) compared to the total losses.

Losses due to inelastic interaction with the residual vacuum and due to leakage

from the RF buckets are less than 0.3 %/h. The single largest source of proton losses

is the beam–beam interaction with the antiprotons. Such conclusion is also

Fig. 8.11 (a) Left—proton-bunch intensity loss rates and (b) right—antiproton bunch intensity

loss rates at the beginning of the Tevatron store #5155, Dec. 30, 2006, with an initial luminosity

L¼ 250� 1030 cm�2 s�1 (from [19])
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supported by Fig. 8.11a, which shows a large bunch-to-bunch variation in the

proton loss rates within each bunch train, but very similar rates for equivalent

bunches, e.g., bunches #12, 24, and 36. On the contrary, antiproton intensity losses

dNa/dt are about the same for all the bunches—see Fig. 8.11b—as they are mostly

due to luminosity burn-up and not determined by beam–beam effects (the latter

indicated as “non-luminous” component of the loss rate).

The remarkable distribution of the proton losses seen in Fig. 8.11, e.g., partic-

ularly high loss rates for bunches #12, 24, 36, is usually thought to be linked to the

distribution of betatron frequencies along the bunch trains bunch. Bunches at the

end of the trains have their vertical tunes closer to the 7/12� 0.583 resonance lines,

and, therefore, the higher losses. The average Tevatron proton tune Qy of about

0.588–0.589 lies just above this resonance, and the bunches at the end of each train,

whose vertical tunes are lower by ΔQy¼�(0.002–0.003) due to the unique pattern

of long-range interactions, are subject to stronger beam–beam effects. The tunes Qy

and Qx are carefully optimized by the operation crew to minimize the overall losses

of intensity and luminosity. For example, an increase of the average vertical tune by

quadrupole correctors is not possible because it usually results in higher losses and

“scallops” as small amplitude particle tunes move dangerously close to the

3/5¼ 0.600 resonance. The Tevatron Electron Lenses did reduce by a factor of

>2 the proton losses out of the bunches #12, 24, 36 (see [19, 20] and next section).

The proton loss rate was also strongly affected by transverse size mismatch for

head-on collisions of larger size proton bunches with smaller size antiproton

bunches. Our studies of this phenomenon in 2003–2005 can be summarized by

the following scaling formulae [7]:

1

τp
¼ 1

Np

dNp

dt
/ Na � εp

εa

� �2

F2 Qx,y,Q
0,Q00,M

� �
, ð8:9Þ

where M stands for bunch position in bunch train. In order to avoid large emittance

ratio εp/εa, the antiproton emittances are routinely diffused at the beginning of HEP

stores by a wide band transverse noise to a directional strip line, so the ratio is kept

about 3. Factor F2 in Eq. (8.9) shows significant dependence of the losses on the

second-order betatron tune chromaticity Q00¼d2Q/d(Δp/p)2. As mentioned at the

beginning of this section, the second-order chromaticity was corrected in 2007 [11]

and that resulted in significant improvement of the proton lifetime.

At the end of Run II, the antiproton intensity lifetime deterioration due to the

beam–beam effects was much smaller than the proton one, and was found to scale

approximately as [7]

1

τa

� �

BB

¼ dNa

Nadt

� �

BB

/ Np

ε2a
S3

, ð8:10Þ

where S stands for beam–beam separation (helix size).
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8.2.3 Impact of Beam–Beam Effects on the Integrated
Luminosity

The collider luminosity lifetime is determined by the speed of the emittance growth,

beam intensity loss rates, and bunch lengthening (that affects hourglass factor H ):

τ�1
L ¼ dL tð Þ

L tð Þdt ¼
�
�τ�1

ε

�
�þ τ�1

Na þ τ�1
Np þ τ�1

H : ð8:11Þ

At the end of Run II, the luminosity loss rates were in the range 19–21 %/h at the

beginning of stores—see Table 8.1. For the 2010–2011 HEP stores in range of

initial luminosities between 3.0 and 4.3� 1032 cm�2 s�1, the largest contribution to

luminosity decay came from beam emittance growth with a typical time of τε ~ 9–
11 h. The growth is dominated by IBS in the proton bunches, with small contribu-

tions from the IBS in antiprotons and external noises. Beam–beam effects, if

noticeable, usually manifest themselves in reduction of the beam emittances or

their growth rates rather than in increases. The antiproton bunch intensity lifetime

τa ~ 16–18 h is dominated by the luminosity burn rate which accounts for 80–85 %

of the lifetime, while the remaining 10–15 % comes from parasitic beam–beam

interactions with protons. Proton intensity loss varies in a wide range τp ~ 25–45 h

and is driven mostly (~50 %) by the head-on beam–beam interactions with smaller

size antiprotons at the main IPs. The proton lifetime caused by inelastic interactions

with antiprotons in collisions and with residual gas molecules varies from 300 to

400 h. The hourglass factor decays with τH ~ 70–80 h due to the IBS, again, mostly

in proton bunches. Beam–beam effects may lead to reduction of the proton bunch

length growth (longitudinal “shaving”) in a poorly tuned machine. Combining all of

these loss rates together, one can estimate the hit on the luminosity lifetime τL due

to the beam–beam effects as 12–17 % (that is equal to (2.5–3.5 %/h)/(19–21 %/h)).

As concluded in [7], the luminosity integral I¼ R Ldt—the sole critical parameter

for HEP experiments—depends on the product of peak luminosity and the lumi-

nosity lifetime, e.g., for a single store with initial luminosity L0 and duration

T ~ 16 h, the integral is I� L0τLln (1 + T/τL). Therefore, the full impact of the

beam–beam effects on the luminosity integral should include beam–beam-driven

proton and antiproton losses at the injection energy (about 5 and 1 %,

Table 8.1 Tevatron luminosity and intensity loss rates averaged over the first 2 h of 2010–2011

HEP stores with initial luminosity from 300� 1030 to 430� 1030 cm�2 s�1 in 2010–2011

%/h Incl. due to beam–beam, %/h

Proton loss rate, 1/τp 2.8–3.2 1.5–2.0

Antiproton loss rate, 1/τa 5.5–6.2 1.0–1.5

Emittance growth rate, 1/τε 9–11 Small

H-factor decay rate, 1/τH 1.2–1.4 Small

Luminosity decay rate, 1/τL 19–21 2.5–3.5
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correspondingly), on the energy ramp (2 and 3 %), and in the low-beta squeeze (1–2

and 0.5 %) which proportionally reduce the initial luminosity L0. So, altogether, at
the last operational stage of the Tevatron collider present, the beam–beam effects

reduce the luminosity integral by 23–33 %.

8.3 Tevatron Electron Lenses for Compensation

of Beam–Beam Effects and Beam Collimation

Electron lenses employ electromagnetic fields of strongly magnetized high inten-

sity electron beams and were originally proposed for compensation of the head-on

beam–beam effects in the SSC [21] and for compensation of the long-range beam–

beam effects in the Tevatron [22]. The lens employs a low energy beam of electrons

which collides with the high-energy proton or antiproton bunches over an extended

length. Electron space-charge forces are linear at distances smaller than the char-

acteristic beam radius r< ae but scale as 1/r for r> ae. Correspondingly, such a lens
can be used for linear long-range beam–beam and nonlinear head-on beam–beam

force compensation depending on the beam-size ratio ae/σ and the current-density

distribution je(r). Electron lenses have also been proposed for compensation of

space-charge forces in high intensity hadron accelerators [23]. Main advantages of

the e-lenses are: (a) the electron beam acts on high-energy beams only through EM

forces, with no nuclear interactions; (b) fresh electrons interact with the high-

energy particles each turn, leaving no possibility for coherent instabilities; (c) the

electron current profile (and, thus, the EM field profiles) can easily be changed for

different applications—see Fig. 8.12; (d) the electron-beam current can be quickly

varied, e.g., on a time scale of bunch spacing in accelerators.

Two electron lenses were built and installed in two different locations of the

Tevatron p–pbar collider ring A11 and F48 [24]. They met specifications for the

bunch-by-bunch tune spread compensation [17] and were used to counteract beam

lifetime deterioration due to the long-range beam–beam effects [20] and for the

Proton path Bending coils Main SC solenoid BPMs Bending coils Antiproton path

2.69 m

Dipole corrector coils

Collector solenoid Collector

–4 –2 0 2 4

31

2

Electron beam

Gun solenoidCathode

Anode

σ

Fig. 8.12 General layout of the Tevatron electron lens; (right) transverse electron current profiles
for (1) space-charge and head-on beam–beam compensation, (2) for bunch-by-bunch tune spread

compensation, (3) halo collimation [19]
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abort gap beam removal [25] and for beam halo collimation [26]. Up to 3 A, 6–

10 kV e-beam was generated at the 10–15 mm diameter thermocathode immersed

in 0.3 T longitudinal magnetic field and aligned onto (anti)proton beam orbit over

about 2 m length inside 6 T SC solenoid. The deviations of the magnetic field lines

from a straight line are less than�100 μm over the entire length of the SC solenoid.

The electron beam, following the field lines, therefore does not deviate from the

straight Tevatron beam trajectory by more than 20 % of the Tevatron beam rms size

σ� 0.5–0.7 mm in the location of the TELs. In order to enable operation on a single

bunch in the Tevatron with bunch spacing of 396 ns, the anode voltage, and

consequently the beam current, is modulated with a characteristic on-off time of

about 0.6 μs and a repetition rate equal to the Tevatron revolution frequency of

f0¼ 47.7 kHz by using a HV Marx pulse generator [27] or a HV RF tube base

amplifier. The electron pulse timing jitter is less than 1 ns and the peak current is

stable to better than 1 %, so, the TEL operation does not incur any significant

emittance growth.

The high-energy protons are focused by the TEL and experience a positive

betatron tune shift:

dQx,y ¼ þ βx,yLerp
2γec

� je �
1� βe
βe

� �

: ð8:12Þ

In the long-range beam–beam compensation (BBC) experiments, large radius

electron beam was generated ae� 3σ; therefore, the tune shift was about the same

for most protons in the bunch. The tuneshift for the antiprotons is of about the same

magnitude, but negative. Maximum measured tuneshift for 980 GeV protons was

about 0.01.

In the BBC demonstration experiment [20], the electron beam of the TEL-2

installed at the A11 location with large vertical beta-function of βy¼ 150 m was

centered and timed onto bunch #12 without affecting any other bunches. When the

TEL peak current was increased to Je¼ 0.6 A, the lifetime τ¼N/(dN/dt) of bunch
#12 went up to 26.6 h from about 12 h—see Fig. 8.13. At the same time, the lifetime

of bunch #36, an equivalent bunch in the third bunch train, remained low and did

not change significantly (at 13.4 h lifetime). When the TEL current was turned off

for 15 min, the lifetimes of both bunches were, as expected, nearly identical (16 h).

The TEL was then turned on again, and once again the lifetime for bunch #12

improved significantly to 43 h while bunch #36 stayed poor at 23.5 h. This

experiment demonstrates a factor of two improvement in the proton lifetime due

to compensation of beam–beam effects with the TEL.

The proton lifetime, dominated by beam–beam effects, gradually improves and

reaches roughly 100 h after 6–8 h of collisions; this is explained by a decrease in

antiproton population and an increase in antiproton emittance, both contributing to a

reduction of the proton beam–beam parameter. To study the effectiveness of BBC

later in the store, the TEL was repeatedly turned on and off every half hour for 16 h,

again on bunch #12. The relative improvement R, defined as the ratio of the proton
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lifetime with the TEL and without, is plotted in Fig. 8.14. The first two data points

correspond to Je¼ 0.6 A (as is Fig. 8.13 and the above description), but subsequent

points were taken with Je¼ 0.3 A to observe dependence of the compensation effect

Fig. 8.14 Relative improvement of proton bunch #12 lifetime induced by TEL vs. time in store

#5119 [20]

Fig. 8.13 Intensities of proton bunches #12 and #36 early in store #5119 with

L0¼ 1.6� 1032 cm�2 s�1 [20]
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on electron current. The change of the current resulted in a drop of the relative

improvement from R¼ 2.03 to R¼ 1.4. A gradual decrease in the relative improve-

ment is visible until after about 10 h, where the ratio reaches 1.0 (no gain in lifetime).

At this point, the beam–beam effects have become very small, providing little to

compensate. Similar experiments in several other stores with initial luminosities

ranging from L0¼1.5� 1032 cm�2 s�1 to 2.5� 1032 cm�2 s�1 repeated these results.

The lifetime improvement due to the TEL can be explained in part by the

positive shift of vertical tune of protons dQy� 0.0015 which makes the detrimental

effects of the twelfth-order resonance Qy¼ 7/12¼ 0.583 weaker. The average

Tevatron proton tune Qy¼ 0.589 (which is carefully optimized to minimize overall

losses) is just above this resonance, and the bunches at the end of each train, which

have vertical tunes lower by ΔQy¼�(0.002–0.003) due to unique pattern of long-

range interactions, are subject to stronger beam–beam effects (see preceding sec-

tion). The TEL moves those protons away from the resonance, thus, resulting in

significant reduction of the losses. It is noteworthy, that the TEL operation with

Je¼ 0.6 A resulted in bunch #12 having one of the lowest loss rates among all

bunches, while its tune still remained lower dQy< |ΔQy|.

Results of many experiments with TEL are reported in [19], studies of nonlinear

BBCwith Gaussian electron-beam current profile are presented in [28]. TELs were not

used routinely for the BBC in the Tevatron because beam–beam losses were effec-

tively controlled by other means as described in Sect. 8.2. Numerical simulations [29]

predict beneficial effect of electron lenses on the ultimate intensity LHC beam lifetime.

8.4 Modeling and Simulation of Beam–Beam Effects

in Tevatron

In this section we describe the models and simulation tools, which were used to

study beam–beam effects in the Tevatron. Simulations correctly describe many

observed features of the beam dynamics, have predictive power, and have been

particularly useful for supporting and planning changes of the machine configura-

tion. For the sake of brevity we mostly concentrate on effects occurring during

high-energy physics operation.

8.4.1 Store Beam Physics Analysis

Beam–beam interaction is not the single strongest effect determining evolution of

beam parameters at collisions. There are many sources of diffusion causing emit-

tance growth and particle losses, including but not limited to intrabeam scattering,

noise of accelerating RF voltage, and scattering on residual gas. Parameters of these

mechanisms were measured in beam studies, and then a model was built in which
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the equations of diffusion and other processes are solved numerically. The model,

which is described in detail in Sect. 6.4, is able to predict evolution of the beam

parameters in the case of weak beam–beam effects. When these effects are not

small, it provides a reference for evaluation of their strength. This approach was

used on a store-by-store basis to monitor the machine performance in real time

because such calculations are very fast compared to a full numerical beam–beam

simulation. Figure 8.15 presents an example comparison of evolution of beam

parameters in an actual high-luminosity store to calculations. Note that there is no

transverse emittance blow up in both beams, and processes other than beam–beam

interaction determine the emittance growth. The same is true for antiproton inten-

sity and bunch length. The most pronounced difference between the observation

and the model is seen in the proton intensity. Beam–beam effects cause proton

lifetime degradation during the initial 2–3 h of the store until the proton beam–beam

tune shift drops from 0.02 to 0.015. The corresponding loss of luminosity integral is

about 5 %.

8.4.2 Weak-Strong Numerical Simulations

Simulations, in which the “strong” beam is considered as having constant and known

distribution and is usually represented by a formula, while the other, “weak,” beam is

modeled as a bunch of macro-particles, are a convenient tool for predicting evolution

Fig. 8.15 Observed beam parameters in store 6683 compared to store analysis calculation

(model). L0¼ 3.5� 1032 cm�2 s�1. (a) Single bunch Luminosity and Luminosity integral. (b)

Intensity of proton bunch no. 6 and of antiproton bunch colliding with it (no. 13). (c) Bunch

lengths. (d) Horizontal 95 % normalized bunch emittances [8]
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of beam intensity and emittance caused by incoherent effects. Since such simulation

does not necessitate multi-bunch treatment of beam dynamics, the tracking of 104

macro-particles through the Tevatron lattice with two head-on and 70 long-range

collision points for 107 turns (which correspond to approximately 3 min of real time)

takes about 20 h. One of the codes that found wide use for simulation of the Tevatron

beam–beam phenomena is Lifetrac [30]. Originally, Lifetrac was developed for

simulation of equilibrium distribution of particles in circular electron-positron col-

liders. In 1999 new features have been implemented, which allowed simulating

non-equilibrium distributions, for example proton beams. In this case the goal of

simulations is not to obtain the equilibrium distribution but to observe how the initial

distribution is changing with time. Number of simulated particles typically varies in

the range of 103–106. The tracking time is divided into “steps,” typically 103–105

turns each. The statistics obtained during the tracking (1D histograms, 2D density in

the space of normalized betatron amplitudes, luminosity, beam sizes, and emittances)

is averaged over all particles and all turns for each step. Thus, a sequence of frames

representing evolution of the initial distribution is obtained.

Another important quantity characterizing the beam dynamics is the intensity

lifetime. It is calculated by placing an aperture restriction in the machine and counting

particles reaching the limit. The initial and final coordinates of the lost particle are

saved. This information is valuable for analysis of various beam dynamics features.

The initial 6D distribution of macro-particles can be either Gaussian

(by default), or read from a separate text file. Besides, the macro-particles may

have different “weights.” This allows representing the beam tails more reliably with

limited number of particles. Usually we simulate the Gaussian distribution with

weights: particles initially located in the core region have larger weight while the

“tail” particles with smaller weight are more numerous.

When performing tracking through a head-on IP, the “strong” bunch is divided

into slices longitudinally. The higher are the orders of significant betatron reso-

nances, which make effect on the distribution, the greater must be the number of

slices. In our simulations 12 slices were used in the main IPs where beta-functions

are approximately equal to the bunch length and only one slice in long-range

collision points where beta-functions are much greater and one can neglect the

betatron phase advance on the bunch length.

The transverse density distributions within “strong” slices are bi-Gaussian,

allowing to apply the well-known formulae [31] for 6D symplectic beam�beam

kick. However, a simple modification allowed simulating non-Gaussian strong

bunches. Namely, the strong bunch is represented as a superposition of a few

(up to three) Gaussian distributions with different betatron emittances. The kicks

from all these “harmonics” are added. The calculation time is increased but the

transformation remains 6D symplectic.

To study the dependence of beam�beam effects on various machine parameters,

the following features were incorporated into the code:

8 Beam–Beam Effects 431



• Realistic machine optics via linear 6D maps calculated from actual beam

measurement data (Sect. 4.2), with full account of betatron coupling and optics

differences on the proton and antiproton orbits. It was estimated that resonances

generated by known Tevatron nonlinearities, such as the final focus triplets and

lattice sextupoles, are much weaker than those driven by beam�beam collisions

at the present betatron tune working point. Hence, inclusion of nonlinear lattice

elements into the simulation was deemed unnecessary. Still, the code has the

capability to include thin multipoles up to the tenth order.

• Collision point pattern individual for each bunch within the train, with beams

separations obtained from beam measurements.

• First- and second-order chromaticity implemented as symplectic “chromatic

drifts.” In the Hamiltonian theory the chromaticity of beta-functions does not

come from energy-dependent focusing strength of quads (as one would intui-

tively expect) but from drift spaces where the transverse momentum is large

(low-beta regions). The symplectic transformations for that are

x ¼ x� L � x0 � δ
y ¼ y� L � y0 � δ
z ¼ z� L x02 þ y02ð Þ=2

,

where x, y, and z are the particle coordinates, δ¼Δp/p is the momentum deviation,

and L is the “chromatic drift” length. Then, it is necessary to adjust the betatron tune

chromaticities, which are also affected by “chromatic drift.” For that, an artificial

element (insertion) is used with the following Hamiltonian:

H ¼ Ix 2πQx þ Cxδð Þ þ Iy 2πQy þ Cyδ
� �

, ð8:13Þ

where Ix and Iy are the action variables, Qx and Qy are the betatron tunes, Cx and Cy

are the [additions to the] chromaticities of betatron tunes.

• Diffusion and noise, in the form of a random Gaussian kick applied to macro-

particles once per turn. Strength of the kick on different coordinates is given by a

symmetrical matrix representing correlations between Gaussian noises. In the

Tevatron, the diffusion is rather slow in terms of the computer simulation—the

characteristic time for the emittance change is around an hour or 108 turns. In

simulations aimed at evaluation of the antiproton beam dynamics during the

2004–2005 run the noise was artificially increased by three orders of magnitude

in order to match the diffusion and the computer capabilities [4].

• Beam–beam compensator (electron lens) element implemented as a thin

nonlinear lens.

We have validated the code using available experimental data. As an example,

Figs. 8.16 and 8.17 show a good reproduction of the two distinct effects in bunch-

to-bunch differences caused by beam–beam effects: variation of vertical bunch

centroid position due to long-range dipole kicks, and variation of transverse emit-

tance blowup caused by difference in tunes and chromaticities.
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Lifetrac simulations proved to be a useful tool in justification and development

of machine upgrades, such as

• The decrease of antiproton betatron tune chromaticity, reduction of the β* from
0.35 to 0.28 m (both in 2005).

• Demonstration of the importance of separation at long-range collision points

nearest to the main IPs, and subsequent implementation of the new collision

helix.

• Identification of the large chromaticity of β* as a possible source of lifetime

deterioration following the increase of the antiproton intensity. Simulations

revealed an interesting feature in the behavior of the proton bunch length at

high values of beam–beam parameter ξ—the so-called bunch shaving, when the

bunch length starts to decrease after initiating head-on collisions instead of

steady growth predicted by the diffusion model (Fig. 8.18). This behavior was

Fig. 8.17 Bunch-by-bunch

antiproton emittance

growth. Measured in store

#3554 (red) and simulated

with lifetrac (blue) [8]

Fig. 8.16 Bunch-by-bunch

antiproton vertical orbit [8]
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observed multiple times during HEP stores in 2007, being especially pronounced

when the vertical proton betatron tune was set too high.

• With the use of Lifetrac, it was shown that a change of the tune working point

from 0.58 to near the half integer resonance would allow as much as 30 %

increase of intensities but such upgrade required a lengthy commissioning

period and was not realized during Run II.

• Lifetrac was routinely used to support beam physics studies, e.g., the experi-

ments on BBC with electron lenses (see preceding section 8.3). For instance,

Fig. 8.19 presents the measured and simulated particle loss rate during a trans-

verse separation scan between the circulating beam and the Gaussian TEL beam.

Fig. 8.18 Effect of

corrected second-order

chromaticity on the proton

bunch length evolution.

Solid lines—simulation for

different ξ, black dots—
experimental data [8]

Fig. 8.19 Measured (red
crosses, D0AH), and
simulated particle loss rate

during a vertical TEL-beam

separation scan
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8.4.3 Strong–Strong Numerical Simulations

Although coherent beam–beam effects did not present a limitation of the machine

performance, extensive work has been done to create an accurate model of multi-

bunch collective dynamics [32]. A comprehensive Tevatron simulation was created

including a fully 3D strong–strong beam–beam particle-in-cell Poisson solver, inter-

actions among multiple bunches with both head-on and long-range collisions, a linear

optics model using measured coupled lattice functions, a helical trajectory consistent

with beam-orbit measurements, and machine chromaticity and impedance.

The starting point for the simulation is the extended BeamBeam3d code [33,

34]. Bunches of macro-particles in two beams are generated with a random distri-

bution in phase space with parameters that match the lattice. The accelerator ring is

conceptually divided into arcs with potential interaction points at the ends of the

arcs. All bunches from both beams are individually tracked. When bunches from

two beams arrive at the same IP, a Poisson field solver is employed to determine the

electromagnetic forces on each particle produced by the charged particles in the

opposing beam bunch. Beam–beam forces in extended length bunches are com-

puted by slicing the bunch longitudinally and moving the bunches through other in

steps, applying the beam–beam forces at each step. The optics of each arc is

modeled with a 6� 6 linear map that transforms the phase space {x, x0, y, y0, z, δ}
coordinates of each macro-particle from one end of the arc to the other. For our

Tevatron simulations, the maps were calculated using the measured coupled lattice

functions (see Chap. 2). The synchrotron motion is put in as a sinusoidal oscillation

with the periodicity of the machine synchrotron tune. A shifted Greens function is

employed in the Poisson field solver calculation to efficiently account for the mean

beam transverse offset at each IP. The validity of the 3D beam–beam calculation

has been verified [34] by reproducing the evolution [35] of synchrobetatron modes

observed at the VEPP-2M e+e� collider as a function of beam–beam parameter ξ.
The impedance model applies a momentum kick to the particles generated by the

dipole component of resistive wall wakefields [36]. Each beam bunch is divided

longitudinally into slices containing approximately equal numbers of particles. As

each bunch is transported through an arc, particles in each slice receive a transverse

kick from the wakefield induced by the dipole moment of the particles in forward

slices. The impedance model has been verified to agree with analytic calculations of

instability thresholds and growth rates for the two macro-particle model of strong

and weak head-tail instabilities [34, 36].

During the Tevatron operation in 2009 the limit for increasing the initial

luminosity was determined by particle losses in the squeeze [37]. With proton

bunch intensities approaching 3.2� 1011 particles, the chromaticity of the Tevatron

had to be managed carefully to avoid the development of a head-tail instability. It

was determined experimentally that, after the head-on collisions are initiated, the

Landau damping introduced by beam–beam interaction is strong enough to main-

tain beam stability at chromaticity of +2 units. At the earlier stages of the collider

cycle, when beam–beam effects are limited to long-range interactions, the
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chromaticity was kept as high as 15 units since the concern was that the Landau

damping is insufficient to suppress the instability. At the same time, high chroma-

ticity causes particle losses, which are often large enough to quench the

superconducting magnets, and hence it is desirable to keep it at a reasonable

minimum.

The strong–strong simulation was used to determine the safe lower limit for

chromaticity. Simulations demonstrated that for the Tevatron parameters, long-

range beam–beam interactions provide stabilization of the head-tail instability.

Based on these findings, the chromaticity in the squeeze was lowered by a factor

of 2, and was kept at 8–9 units. This resulted in a significant decrease of the

observed particle loss rates (see, e.g., Fig. 5 in [37]).
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Chapter 9

Beam Instrumentation

A. Jansson, V. Lebedev, R. Moore, and V. Shiltsev

Operation of a superconducting magnet hadron collider, like Fermilab’s Tevatron,

requires a great deal of care, understanding of beam conditions, and trust in the

beam diagnostics, because comparatively innocent little imperfections can lead to

either beam blow-up and luminosity loss or to beam loss and quench of

superconducting magnets. In the Tevatron such a quench results in 2–4 h of magnet

recovery time and up to 8–16 h of no-luminosity time needed to produce the

antiprotons needed for the next high energy physics (HEP) store. Over 8 years of

operations we witnessed machine downtimes due to 0.5–1 % of beam intensity loss,

poor beam lifetime, 0.5–1 mm orbit error, collimator malfunctioning, sequencer

error, excursions of tunes or coupling of the order of few 0.001 or several units of

chromaticity, instability occurrences, or malfunctioning of kickers, separators, or

one of hundreds of power supplies, etc.—a detailed discussion can be found in

[1]. Naturally, these peculiarities were reflected in the kinds of beam diagnostics we

developed (e.g., minimization of their invasiveness) and the way they were

exploited (fast data-logging, convenience for postmortem analysis, etc.).

Challenges in operation of the room-temperature accelerators in the proton

injector chain machines are of a different sort and mostly related to necessity of

tight control of beam losses in order to keep residual level of beam-induced

radiation under certain limit, usually under 1 W/m. In addition, antiproton produc-

tion, accumulation, and cooling require reliable diagnostics of low intensity beams

and very slow beam cooling processes.
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9.1 Beam Position Monitors

In the Tevatron, the protons and antiprotons circulate within a single beam pipe, so

electrostatic separators are used to kick the beams onto distinct helical orbits to allow

head-on collisions only at the desired interaction points. At 150 GeV, separation is

limited to ~10–22mm by physical aperture, while the separation above 600 GeV, ~3–

6 mm, is limited by the breakdown (spark) rate of the separators at high voltage.

Long-range beam effects degrade beam lifetime and machine performance, and

having a good model of the optics is essential to understanding problems and how

to improve operations. Reliable beam position monitors (BPMs) with good resolution

are needed to measure the optics and construct the model (see chap. 2).

There were several problems with the BPM system developed for the Collider

Run I [2] that hampered machine operations and diagnosis of possible problems in

the Collider Run II. The orbit would deviate significantly from the desired reference

orbit, 0.5 mm RMS (root mean square) differences in only 1–2 weeks, so global

orbit smoothing was needed regularly. The BPM response to coalesced beam

(a transfer concentrated in a single 53 MHz bucket, used for HEP stores) and

uncoalesced beam (30 or so consecutive buckets, used for tune-up) differed enough

so that a direct comparison between orbits recorded during HEP stores could not be

compared easily to proton-only stores used to tune the machine or do orbit smooth-

ing. The BPM position resolution was only ~150 μm and limited optics measure-

ments to at best 20 % uncertainty. The turn-by-turn (TBT) capability was

unreliable, and the system was blind to antiprotons. All these issues motivated the

decision to upgrade the BPM electronics and take advantage of current technology

[3]. The 240 Tevatron BPM pickups remained unchanged.

Figure 9.1 shows a block diagram of the upgraded BPM electronics system. A

cross-sectional view of the pickup is shown on the left. Each detector has two

18 cm long copper electrodes in a 10.2 cm diameter stainless steel pipe. Each

electrode is bent to a 3.5 cm radius of curvature, and subtends 110� of arc for a

Fig. 9.1 Block diagram of the upgraded Tevatron BPM electronics. Signals from the BPM

pickups go through a 53 MHz bandpass filter before being digitized and down-converted on an

Echotek model ECDR-GC814-FV-A digital receiver board. A Motorola MVME-2400 processor

provides the interface to ACNET for BPM readings and configuration control [1]
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centered beam. The available aperture is about 7 cm, the same as the accelerator

beam pipe. The arc length and the spacing from the wall of the stainless steel pipe

were selected to provide a uniform position response (including lack of sensitivity

to motion in the orthogonal plane), while rigorously maintaining a 50Ω trans-

mission line impedance. RG-8 coaxial cables carry the signals from both ends of

each pair of BPM pickups to VME racks in service buildings. In the VME crate

are analog filter boards (53 MHz bandpass and attenuation), Echotek 8-channel

80 MHz digital receiver boards (ECDR-GC814-FV-A), as well as a Motorola

MVME-2400 processor and a module providing clock and trigger signals. The

new electronics were installed and commissioned bit by bit, usually between HEP

stores, so that only a small number of BPMs would be affected at any one time.

This strategy minimized the impact on operations and led to a successful imple-

mentation of the new system.

a

b

Fig. 9.2 (a) (top) Simultaneous horizontal position measurements from one BPM for protons (left)
and antiprotons (right). (b) (bottom) Simultaneous vertical position measurements from one BPM for

protons (left) and antiprotons (right). The given RMS values include all effects: resolution of the

BPM and electronics, real beam motion (especially synchrotron oscillations for the horizontal data),

and imperfect cancellation of the proton contamination into the antiproton signal [1]
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An example of the improved resolution of the new BPM electronics is shown in

Fig. 9.2. The plots show distributions of the proton and antiproton closed orbit

position measurements for one horizontal and one vertical BPM. The noted RMS

values include the effects of true beammotion, e.g. synchrotron oscillations, and the

imperfect cancellation of the proton signal onto the signal from the smaller intensity

antiprotons. The intrinsic resolution from the BPMs themselves is �5 μm, much

better than the 150 μm resolution of the old system.

The new electronics provide up to 8192 TBT position measurements at injection

and on-demand. Figure 9.3 shows TBT measurements from one horizontal and one

vertical BPM after intentionally kicking the beam horizontally in order to measure

coupling during machine tune-up. The effect from coupling and synchrotron oscilla-

tions are clearly visible. The TBT capabilities are being exploited to develop faster

and more reliable methods of measuring and correcting the beam optics.

The improved resolution of the BPMs has allowed better measurements of the

machine optics which has led to lattice corrections and improvements [4, 5]. For

example, the beta-functions can be measured to better than 5 % accuracy, and a new

low-beta lattice with smaller β*¼ 28 cm was created and increased luminosity by

�10 %.

We have observed significant beam orbit motion during stores caused by motion

of the low-beta quadrupoles and have been able to understand the source and

implement an automated orbit-smoothing algorithm [6] that keeps the orbit from

wandering during stores (see Fig. 9.4). In addition, the BPM response no longer

a b

Fig. 9.3 (a) (left) Example of turn-by-turn measurements (top—horizontal, bottom—vertical)

from the upgraded BPM electronics after intentionally kicking the proton beam. (b) (right)
Measurements of minimum tune split during attempts to reduce coupling during machine tune-

up. The red points are data from tune measurements made by looking at Schottky signals using a

spectrum analyzer, while the green points are derived from turn-by-turn BPM measurements after

kicking the beam. The turn-by-turn measurements achieve better results more quickly and more

reliably than the spectrum analyzer method [1]
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depends on the bunch structure, so we can use orbit data from HEP stores to make

global orbit corrections when needed.

9.2 Diagnostics for Low-Beta Quadrupoles and IPs

As mentioned above in Chapter 2.4, vibrations of low-beta quadrupoles are pri-

marily responsible for orbit oscillations in the Tevatron, so we equipped each of the

magnets with a fast 1 μrad resolution tiltmeter and 0.1 μm resolution hydrostatic

level sensors (HLS) to detect vertical motion [7].

Some remarkable examples of orbit and magnet vibrations excited by fire trucks

passing by the CDF building and remote earthquakes are shown in Fig. 9.5a, b. The

HLS systems also track magnet motion due to continuous sinking of the CDF detector

with rate of 0.25–0.5 mm/year. Such movements lead to a slow drift of the interaction

point (IP) position inside the CDF silicon vertex detector (SVX). This and other

beam-related information (like loss rates of various counters) can be monitored by

Tevatron operators and physicists. For example, both CDF and D0 detectors provide

data on the beta-functions at the IPs [8] (see Fig. 9.6) which is very helpful and

Fig. 9.4 Proton beam positions from a horizontal BPM (top) and a vertical BPM (bottom) over a
24-hour period during a high-energy physics store. The vertical scale is 400 μm per division.

Before an orbit stabilization algorithm was enabled at 10:00, the orbit could wander by over

400 μm in a short period. After orbit stabilization was turned on, the orbit drift was reduced

successfully to less than 50 μm. The algorithm uses several dipole correctors near the interaction

regions to counteract motion of the low-beta quadrupoles caused by thermal and pressure differ-

ences between the Tevatron tunnel and the experimental halls [1]
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provides an additional insight into beam collision effects. Vertex analysis also allows

separate determination of the proton and antiproton RMS bunch lengths [9].

9.3 Schottky Monitors

Measuring Schottky noise is a powerful nondestructive diagnostic for the Tevatron

accelerators. It can be used for both continuous and bunched beams, in transverse

and longitudinal degrees of motion, and for determination of a number of important

beam parameters.

Fig. 9.5 (a) (left) 200 μm orbit oscillations, beam losses, and low-beta quadrupole vibrations

excited by a 40,000 lb fire truck passing near the CDF Detector Hall. The effect was greatly reduced

after installation of new quad girder supports in the 2005 shutdown; (b) (right) Disastrous M8.9

earthquake in Sumatra December 25, 2004 resulted in �50 μrad motion as seen by the tiltmeters on

CDF and D0 low-beta quadrupoles. The Tevatron beam (lower red line with a step down) was

intentionally terminated before the arrival of the S-wave. The event lasted over 2 h [1]

Fig. 9.6 (a) (left) RMS horizontal width of D0 luminous region vs longitudinal position. The

parabolic fit is for hour-glass effect with β*x¼ 27 cm; (b) (right) January 2004–March 2006 history

of the horizontal beta-function at the D0 IP measured by the D0 silicon vertex detector [1]
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9.3.1 Schottky Noise in Continuous Beam

We start our consideration from the continuous beam. For the case of

non-overlapping Schottky bands the spectral density of fluctuations of the beam

current in the pickup in vicinity of n-th harmonic is [10]:

Pn δωnð Þ ¼ 1

εn δωnð Þ
e2f 0Nψ δωn=ω0nηð Þ

2π nηj j , δωn ¼ ω0nη
Δp
p

: ð9:1Þ

Here N is the number of particles in the beam, η¼ α� 1/γ2 is the slip factor, f0¼ω0/

2π is the revolution frequency, Δp/p is the relative momentum deviation, and

εn(δωn) is the beam dielectric function describing particle interaction. We also

assume that the particle distribution function, ψ(Δp/p), is normalized to 1,
Ð
ψ(x)

dx¼ 1, and that the spectral density and the correlation function are related by the

following equation:

Kn τð Þ � In tð Þ�In tþ τð Þh it ¼
ð1

�1
Pn ωð Þeiωτdω: ð9:2Þ

Here In(t) is the complex amplitude of the beam current fluctuations, and * denotes

a complex conjugate. The magnitude of beam current fluctuations has a Gaussian

distribution:

f I Ij jð Þ ¼ Ij j
Kn 0ð Þ exp � Ij j2

Kn 0ð Þ

 !

, ð9:3Þ

while the rate at which the amplitude and phase of fluctuations are changing is

determined by the correlation function of Eq. (9.2). It is assumed in Eq. (9.3) that

the harmonic number takes both positive and negative values, n¼�1, . . .1. If one

considers only positive n, the result of Eq. (9.3) has to be multiplied by factor of 2.

If the particle interaction is sufficiently small at the revolution harmonic where

measurements are performed, the beam dielectric function is close to 1 and it can be

neglected in Eq. (9.1). In this case the beam longitudinal distribution is proportional

to the spectral density of beam current fluctuations. If, however, the particle

interaction cannot be neglected, the analysis of the beam spectra becomes much

more complicated task. For a low energy machines their longitudinal impedance is

dominated by the beam space charge impedance. In this case |Zn/n| stays constant up
to very high frequency, ω� πcγ/a, and beam interaction is equally strong for all

harmonics. Here a is the vacuum chamber radius, and γ is the relativistic factor.

However for high energy machines |Zn/n| is usually decreasing with frequency and

therefore measurements at higher frequencies can reduce an effect of particle

interaction. The first work devoted to the extraction of beam parameters from the

longitudinal Schottky noise of deeply cooled beam, where Schottky spectrum is
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completely dominated by particle interaction, was reported in [11]. Below we

assume that the particle interaction is sufficiently small and can be neglected.

A choice of data acquisition technique used for measurement of beam spectrum

depends on time available for measurements. If time is large enough, a general

purpose scanning spectrum analyzer addresses the problem. If time allocated for a

measurement is small, the beam signal is usually down-converted to a smaller

frequency where a vector signal analyzer (VSA) can be used. If the beam distribution

changes fast, the process is not repeatable, and a detailed evolution of beam distri-

bution is desired, a direct digitization of down-converted beam noise by fast ADC

with subsequent digital Fourier transform can be a better choice. In this case the entire

process is recorded to a single data array resulting in no loss of information. After the

measurements the data are split into smaller arrays, and the Fourier transform is

performed for each of them. After averaging of nearby spectra one finally obtains a

sequence of spectra representing an evolution of particle distribution.

Let us estimate the time required for a single measurement of the distribution

function. Let the noise be digitized with sampling rate fs. After the measurement the

data are split into M arrays of length N; each array is subjected to a digital Fourier

transform and corresponding spectral densities of the beam noise are computed for

each array, Sn¼ |an|
2; and finally the obtained M spectral densities are summed to

find an average. Such procedure determines that the maximum frequency in the

spectrum is fs/2, and the frequency resolution is fs/N. After Fourier transform the

complex amplitude of each harmonic, an, has a random values of phase and

amplitude. The distribution over phase is uniform, and the distribution for modules

of squared amplitudes, |an|
2, is described by Eq. (9.3). Typically the frequency

resolution, δf¼ fs/N, is chosen to be much smaller than a width of the spectrum Δω.
In this case the decoherence time, ~1/Δω, is smaller than the time required to

sample one array, 1/δf, and, consequently, amplitudes of each next spectrum are

statistically independent. Therefore the final spectral density obtained by averaging

of M initial spectral densities has a relative value of statistical fluctuations equal to

1=
ffiffiffiffiffi
M

p
. Thus we finally obtain that the time required to obtain the distribution

function with relative accuracy √hδψ2i/ψ is:

T ¼ 1

Δω
Δω
δf

1

δψ2h i=ψ2
: ð9:4Þ

For a typical measurement the accuracy is ~10 % (M¼ 100) and a relative

frequency resolution δf/Δω� 0.06/(2π)� 0.01. That results in that the required

time is �104/Δω. That determines that the measurement time is inversely propor-

tional to the harmonic number.

In difference to the longitudinal Schottky noise taking place at the revolution

harmonics the transverse Schottky noise comes at sidebands of the betatron fre-

quencies, ω⊥ n ¼ω0(n+Q). For the case of non-overlapping Schottky bands the

effective spectral density of beam current transverse noise is:
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P⊥n δω⊥nð Þ ¼ 1

ε⊥n δω⊥nð Þ
e2f 0Nψ δω⊥n=ω0 nηþ ξð Þð Þ

2π nηþ ξj j
x2

A2
, δω⊥n

¼ ω0 nþ Qð ÞΔp
p

, ð9:5Þ

where we assume that the transverse distribution does not depend on the momentum,ffiffiffiffiffi
x2

p
is the rms value of particle transverse motion (in x- or y-plane), A is the effective

aperture of pickup, Q is the betatron tune, and ξ is the tune chromaticity. The

transverse Schottky noise is completely determined by the rms particle amplitude in

the pickup and is not coupled to the details of transverse particle distribution. For high

frequencies, f/f0� ξ/η, where the Schottky noise is less affected by particle interaction
the distribution width is determined rather by the revolution frequency spread than by

the betatron frequency spread. The noise integral over one transverse Schottky band is

directly related to the rms beam size and, consequently, to the beam emittance; and the

difference of widths for the positive and negative sidebands, (n�Q) f0, (also called

lower and upper sidebands) is directly related to the tune chromaticity:

ξ ¼ nη
Δfþ � Δf�
Δfþ þ Δf�

: ð9:6Þ

Here Δf+ and Δf� are the Schottky band widths for positive and negative betatron

bands. Thus, measurements of transverse Schottky noise yield simple and nonin-

vasive measurements of the beam emittance and the tune chromaticity.

9.3.2 Longitudinal Schottky Noise in Bunched Beam

In difference to the continuous beam the electromagnetic signal of bunched beam

consists of two parts: the bunch coherent signal (observed on the revolution

frequency harmonics) and the incoherent signal of particles (observed in vicinity

of these harmonics).

Firstly, let us consider the spectrum of a single particle. We assume that the

particle performs a synchrotron motion so that its position relative to the bunch

center is described by a periodic function z(t) with period Ts¼ 2π/ωs. Then, the

spectrum of particle current is:

S ωð Þ ¼ e

2π

ð1

�1
dte�iωt

X1

n¼�1
δ t� nT0 � z nT0ð Þ

βc

� �

¼ e

2π

X1

n¼�1
exp �iω nT0 þ z nT0ð Þ

βc

� �� �

: ð9:7Þ
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Here to find the time of pickup crossing by the particle we assumed that the

synchrotron tune is small, νs�ωs/ω0	 1. To compute the sum in the right-hand

part of Eq. (9.7) we expand the exponential term in the Fourier series:

exp �i
ωz tð Þ
βc

� �

¼
X1

m¼�1
zme

imωst, zm ¼ 1

Ts

ðTs=2

�Ts=2

exp �i
ωz tð Þ
βc

� �

e�imωstdt:

ð9:8Þ

Substituting Eq. (9.8) into Eq. (9.7) and using the following identities,

X1

n¼�1
exp ixnð Þ ¼ 2π

X1

n¼�1
δ x� 2πnð Þ,

ð
δ axð Þdx ¼ 1

a

ð
δ xð Þdx, ð9:9Þ

we finally obtain:

S ωð Þ ¼ e

T0

X1

n¼�1

X1

m¼�1
zmδ ω� nω0 � mωsð Þ: ð9:10Þ

The beam current in the pickup can be presented as a sum of currents of

individual particles:

I tð Þ ¼ e
X

k

X1

n¼�1
δ t� nT0k �

zk nT0kð Þ
βc

� �

,

where the index k numerates particles (from 1 to Np), and we assume that different

particles have different synchrotron amplitudes, phases, and periods. Performing

the inverse Fourier transform of each particle spectrum [see Eq. (9.10)] one obtains:

I tð Þ ¼ e
X

k

X1

n¼�1

X1

m¼�1

zmk

T0k

exp i nω0k þ mωskð Þtð Þ: ð9:11Þ

In the further consideration we will neglect the difference in particle periods in

the denominator in the right-hand side of Eq. (9.11) (T0k! T0). Taking into account
the relationship between the spectral density of beam current and its correlation

function:

P ωð Þ ¼ 1

2π

ð1

�1
K τð Þe�iωτdτ: ð9:12Þ

We obtain for the beam spectral density:
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P ωð Þ ¼ e2

2πT0
2

ð1

�1
e�iωτdτ

X1

k, l¼�1

X1

n, p¼�1

X1

m, q¼�1

zmk
zql

�exp i nω0 þ mωskð Þtð Þexp �i pω0 þ qωslð Þ tþ τð Þð Þ� �
t

¼ e2

2πT0
2

ð1

�1
e�iωτdτ

X1

k, l¼�1

X1

n, p¼�1

X1

m, q¼�1

exp �i pω0 þ qωslð Þτð Þ zmk
zql

�exp i n� pð Þω0 þ mωsk � qωslð Þð Þtð Þ� �
t
;

ð9:13Þ

where * denotes the complex conjugate, and h. . .it denotes the averaging over time

and initial distributions. The averaging over t leaves in the sum only terms with

k¼ l and n¼ p if both m and q are not equal to zero. For m¼ q¼ 0 and n¼ p all

terms with k 6¼ l also contributes. That yields:

P ωð Þ ¼ e2

2πT0
2

ð1

�1
e�iωτdτ

X1

k, l¼�1

X1

n¼�1
z0k z0l

�h ie�inω0τ

"

þ
X1

k¼�1

X1

n¼�1

X

m¼�1
m 6¼0

1
zmk

zmk

�h ie�i nω0þmωskð Þτ
#

: ð9:14Þ

After integration one obtains:

P ωð Þ ¼ e2

T0
2

X

k, l

X1

n¼�1
z0k z0l

�h iδ ω� nω0ð Þ
"

þ
X

k

X1

n¼�1

X

m¼�1
m 6¼0

1
zmk
j j2
D E

δ ω� nω0 � mωskð Þ
#

: ð9:15Þ

Note that Eq. (9.8) directly results in that for m¼ 0 the amplitude zm is a positive

real number which does not depend on the initial particle phase, while for m 6¼ 0 the

amplitude is a complex number which argument depends on the initial phase of

particle synchrotron motion. That yields that z0k z0l
� is a real and positive number even

for different particles (k 6¼ l). Averaging over initial distribution sets and replacing the
summing in Eq. (9.15) by integration over the distribution finally results in:

P ωð Þ ¼ e2

T0
2

Np Np � 1
� � X1

n¼�1
δ ω� ωn0ð Þ

ð
dJz0 J;ωð Þ f Jð Þ

	
	
	
	

	
	
	
	

2
"

þNp

X1

n¼�1

X1

m¼�1

ð
δ ω� ωnmð Þ zm J;ωð Þj j2f Jð ÞdJ

#

, ð9:16Þ
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where ωnm¼ nω0 +mωs(J), J is the action of longitudinal motion so that
Ð
f(J)

dJ¼ 1, NP is the number of particles in the bunch,

zm J;ωð Þ ¼ 1

Ts Jð Þ
ðTs Jð Þ=2

�Ts Jð Þ=2
exp �i

ωz J; tð Þ
βc

� �

e�imωs Jð Þtdt, ð9:17Þ

and the function z(J, t) describes a dependence of longitudinal particle position on

time. The first addend in Eq. (9.16) represents the coherent signal of the bunch, and

the second one represents the incoherent signal or the Schottky noise. Taking into

account large number of particles in the beam we omit 1 in the product Np (Np� 1)

in further consideration

Using Eqs. (9.9) and (9.17) one can easily prove that in the general case

X1

m¼�1
zm J;ωð Þj j2 ¼ 1: ð9:18Þ

Integrating the spectral density of Schottky noise [second addend of Eq. (9.16)]

over one revolution harmonic one obtains:

ð nþ1=2ð Þω0

n�1=2ð Þω0

Pic ωð Þdω¼ e2

T0
2
Np

ð nþ1=2ð Þω0

n�1=2ð Þω0

dω
X1

m¼�1

ð
δ ω�ωnmð Þ zm Jð Þj j2f Jð ÞdJ¼ e2

T0
2
N,

ð9:19Þ

where Eq. (9.18) was used to perform the summation over m. One can see that the

Schottky noise integral over one revolution harmonic does not depend on particle

motion and is equal to the integral of Schottky noise of continuous beam with the

same number of particles.

The coherent part of beam signal presented by the first addend in Eq. (9.16) can

be expressed as sum of revolution frequency harmonics

Pc ωð Þ ¼ e2

T0
2
Np

2
X1

n¼�1
δ ω� ωn0ð Þ Anj j2, ð9:20Þ

where coefficients An can be expressed as corresponding Fourier harmonics of

bunch longitudinal density as follows from the string of equations below.
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An ¼
ð
dJz0 J,nω0ð Þf �J�¼

ð
dJf
�
J
�ωs Jð Þ

2π

ðTs Jð Þ=2

�Ts Jð Þ=2
exp �i

nω0z J; tð Þ
βc

0

@

1

Adt

¼
ð
dJf Jð Þωs Jð Þ

2π
2

ðzmax Jð Þ

�zmax Jð Þ
exp �i

nω0z

βc

0

@

1

A dz

dz=dtð ÞI
¼
ð
dzf z

�
z
�
exp �i

nω0z

βc

0

@

1

A:

ð9:21Þ

Here the factor of 2 appearing at the transition from integration over t to z is related
to the integration over half of synchrotron motion period for the integration over z,
and we used the following equation relating distribution functions over action, f(J),
and over longitudinal coordinate, fz(z),

f z zð Þ ¼ 1

π

ð
dJ

f Jð Þωs Jð Þ
dz=dtð ÞI

, ð9:22Þ

where
Ð
fz(z)dz¼ 1.

The second addend in Eq. (9.16) represents the incoherent part of beam signal.

For sufficiently high frequencies it can be reduced to the form which directly relates

the spectral density to the distribution function over momentum. In this case the

major contribution to the integral of Eq. (9.17) comes from the area where

mωs ¼ � ω

βc

dz J; trð Þ
dt

: ð9:23Þ

There are two points in one revolution period where this condition is satisfied.

That yields that Eq. (9.17) can be approximated as following:

zm J;ωð Þ¼ 1

Ts Jð Þ
X

r¼1,2
exp �i

ωz J;trð Þ
βc

þmωs Jð Þ
� �� �ð1

�1
exp �i

ω

2βc

d2z J;trð Þ
dt2

τ2
� �

dτ,

ð9:24Þ

where time tr is determined by Eq. (9.23). Here and below we do not imply the

symmetry of potential well. For a symmetric potential well the modulus of d2z(J,
tr)/dt

2 would be equal for both resonance points (r¼1, 2). Performing integration

and squaring the result one obtains:

zm J;ωð Þj j2 ¼ 2π

Ts Jð Þ2
βc

ω

X

r¼1, 2

d2z J; trð Þ
dt2

	
	
	
	

	
	
	
	

�1

, ð9:25Þ

where we omitted the interference term between two addends. This interference

term oscillates fast with m and J and makes negligible contribution after averaging

over distribution. Substituting Eq. (9.25) to Eq. (9.16) one obtains:
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Pic ωð Þ ¼ e2

T0
2
Np

X1

n¼�1

X1

m¼�1

ð
δ ω�ω0n�ωsmð Þ 2π

Ts Jð Þ2
βc

ω

X

r¼1,2

d2z J; trð Þ
dt2

	
	
	
	

	
	
	
	

�1

f Jð ÞdJ:

ð9:26Þ

At high frequencies the synchrotron number m is large and summing over m can

be replaced by integration.1 Introducing the momentum asep ¼ dz J; tð Þ=dt, replacing
the integration variable m by ep and using Eq. (9.23) one obtains:

Pic ωð Þ ¼ 2πe2

T0
2
Np

X1

n¼�1

ð
ω

ωs Jð Þ
dep
βc

ð
δ ω 1þ ep

βc

� �

� ω0n

� �

ωs Jð Þ
2π

� �2 βc

ω

X

r¼1, 2

1

dep J; prð Þ=dt
	
	
	
	

	
	
	
	 f Jð ÞdJ: ð9:27Þ

Taking into account that the distribution function over momentum is equal to

f p epð Þ ¼ 1

2π

ð X

r¼1, 2

1

dep J;epð Þ=dt
	
	
	
	

	
	
	
	ωs Jð Þf Jð ÞdJ, ð9:28Þ

and performing integration one finally obtains:

Pic ωð Þ ¼ e2

T0
2
Np

X1

n¼�1
f p

nω0 � ω

ω0n
cβ

� �

: ð9:29Þ

where

ð
f p epð Þdep ¼ 1. Note that by definition the momentum ep is related to the

particle momentum deviation as ep ¼ R0ηω0Δp=p, where R0 is the average machine

radius.

Although the functional form of Eq. (9.16) is quite different from Eq. (9.1) the

corresponding spectral densities are numerically close if frequency is sufficiently

large as it follows from Eq. (9.29). To demonstrate the considered above formalism

we consider Schottky spectra for cases of two quite different potential wells: (1) a

barrier bucket with the rigid walls and (2) a parabolic well where particle motion is

linear and the synchrotron frequency does not depend on frequency.

In the case of barrier bucket a dependence of particle position on time during one

synchrotron period can be expressed in the following form:

1 It implies that the resolution of the measurements is larger than the synchrotron frequency, ωs, or

sufficiently large dependence of synchrotron frequency on the action, J, so that an averaging over

particle distribution makes a smooth spectral density.
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zm Δp, tð Þ ¼ Lb
2t

Ts Δpð Þ
	
	
	
	

	
	
	
	�

1

2

� �

, tj j < Ts Δpð Þ
2

, ð9:30Þ

where Lb is the span of longitudinal particle motion, Ts(Δp)¼ 4πκb/(ω0ηΔp/p) is the
synchrotron period, κb¼ Lb/2πR0 is the fraction of the orbit taken by the particle

motion. Substituting Eq. (9.30) to Eq. (9.17) and performing integration at frequen-

cies ωnm¼ nω0 +mωs(Δp) one obtains the spectrum of a single particle motion:

znm ¼ e�iπm=2 sin π m� 2κbnð Þ=2ð Þ
π m� 2κbnð Þ þ eiπm=2

sin π mþ 2κbnð Þ=2ð Þ
π mþ 2κbnð Þ : ð9:31Þ

One can see that the amplitudes znm do not depend on Δp/p but the spectrum

width is proportional to ωs(Δp) and, consequently, to Δp/p. In the case of contin-

uous beam the single particle spectrum in vicinity of n-th harmonic is presented by

a single line shifted by nω0ηΔp/p. In the case of particle in the barrier bucket the

particle is moving back and forward with momentum deviation of �Δp/p but

instead of being presented by only two lines with frequency shifts �nω0ηΔp/p its

spectrum is presented by large number of lines. However for sufficiently large

frequency, 2κbn� 1, the relative width of this spectrum is narrow and the spectrum

is peaked in vicinity of these two lines. For harmonic numbers above n� 1/

κb� 2πR0/Lb the spectrum of bunched beam is close to its momentum distribution.

In the case of parabolic potential well a dependence of particle position on time

during one synchrotron period is:

zm Δp, tð Þ ¼ Lb
2

cos ωstð Þ: ð9:32Þ

Substituting it to Eq. (9.17) and performing integration one obtains the spectrum

of a single particle motion:

znm ¼ e�iπm=2Jm πκbnð Þ, ð9:33Þ

where the same as for a beam in the barrier bucket, κb¼ Lb/2πR0. A larger spectrum

width for the case of parabolic well is related to the π/2 larger maximum momen-

tum deviation for the same values of bunch length and synchrotron period. One can

see that |znm| is a fast oscillating function ofm. However in practical applications the
observed spectrum is created by signals of many particles having different ampli-

tudes which effectively smears these fast oscillations in the spectrum. Applying

Eq. (9.25) to the parabolic potential well one obtains the high frequency asymptotic

znmj jHF2 ¼
1

π2κbn
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� m=πκbnð Þ2

q , mj j < πκbn: ð9:34Þ

which describes the averaged distribution sufficiently well.
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Thus, in most practical applications the Schottky noise properties of the bunched

beam are not much different from the case of continuous beam. If frequency is not

sufficiently high ( f< ln(Np)/(2πστ)), the coherent peak at the revolution frequency

harmonics is well visible but does not distort the spectrum if electronics has

sufficient dynamic range. Here στ is the rms bunch duration. However, in the case

of intense beams a small amplitude coherent longitudinal motion can persist for

very long time (many hours in the case of normal colliding bunches in Tevatron at

980 GeV). In this case an observation of “true” Schottky noise requires significantly

higher frequencies than is determined by the above estimate.

9.3.3 21 MHz Tevatron Schottky Detectors

There are several systems that measure tunes in the Tevatron. The 21 MHz Schottky

monitor [12] is the workhorse for tune measurements during shot setup and studies.

The tune is determined by the operator, looking at the Schottky spectrum on a signal

analyzer in the Control Room—see Fig. 9.7. The result may be somewhat subjective,

since the spectra typically contain numerous coherent peaks, and it may not be

Fig. 9.7 Schottky spectra from the 21.4 MHz pickups. The spectrum typically contains many

peaks, and it may be hard to determine which one is the tune. The system is also unable to resolve

antiprotons, due to the much stronger proton signal [1]
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immediately clear which one (if any) represent the real tune. To enhance the signal

and make the tunes visible, noise can be injected into the beam through the transverse

damper system.

The 21 MHz Schottky system was originally designed with movable pickup

plates to maximize sensitivity. The original incarnation also had two pickups which

could be added with a variable phase to suppress the proton tune in favor of the

antiproton tune, although the practical usefulness of this feature in operation was

very limited. The pickups are resonant with a tunable resonance frequency. This

was intended mainly to compensate for the change in capacitance when the plates

were moved. In Run II, the plates are left in a fixed position, and hence tuning is

only done occasionally. The 21 MHz Schottky system is used to measure the

horizontal and vertical tunes of the proton beam (antiproton signal is attenuated

by 20 dB) without the possibility of gating on individual bunches. It has high

resolution of about 0.0001.

9.3.4 1.7 GHz Tevatron Schottky Detectors

The 1.7 GHz Schottky pickups [13] are slotted waveguide structures (see Fig. 9.8).

The high operating frequency was chosen to be above the coherent spectrum of the

beam, thus measuring “true” Schottky signals. Since the devices are not resonant, it is

possible to gate on select bunches, making it possible to measure the antiproton tune

in the presence of protons. Chromaticity, momentum spread, and emittance can also

be extracted from the signals, making the 1.7 GHz Schottky a very versatile tool [14].

An advantage of these pickups is that they can be used to measure tunes during

normal operation without additional beam excitation. In order to maximize the

usefulness of these devices, open access client (OAC) software was developed to

Fig. 9.8 (a) (left) Schematic of a 1.7 GHz slotted waveguide pickup. (b) (right) Schematic of the

electronics and readout system [14]
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run continuously, analyze the data, and publish the resulting tune, chromaticity,

momentum spread, and emittance on ACNET. Among other things, this allows the

tunes to be logged. The 1.7 GHz tune readings are also used in everyday operation

to adjust the antiproton tunes as the beam–beam tune shift changes over the course

of a store (see Fig. 9.9).

A peculiarity with the system is that due to the high frequency, the Schottky

bands are very wide, and therefore it is not possible resolve the normal modes by

frequency. The effect causes an underestimation of the tune separation in the

presence of coupling (it can be shown that it approximately measures the uncoupled

tunes). Though the 1.7 GHz Schottky monitors are capable of measuring the

horizontal and vertical tunes of individual proton and antiproton bunch but to get

to the precision of 0.0001, a few minutes of averaging time is required.

One of the original reasons for developing the system was to be able to extract

emittance from the Schottky spectrum during stores. However, it has been observed

that even in the microwave range, the Schottky spectrum still has a significant coherent

contribution. The reason for this has yet to be fully understood. In the meantime, new

thinner carbon filaments have enabled the use of the “flying wires” (see below) during

stores, reducing the need for Schottky pickups for this particular task.

Identical 1.7 GHz Schottky detectors are used to monitor the betatron band

power of the 8 GeV antiproton beam in the Recycler ring. The computed betatron

power is scaled to reflect the transverse emittance of the beam based on the

constants obtained from calibration with the mechanical scrapers.

Fig. 9.9 (a) (left) Schottky spectra from the 1.7 GHz Schottky, showing both upper and lower

betatron sidebands; (b) (right) Logged antiproton tune values over several weeks showing

the effect of tune compensation during stores. Before the operators started using the 1.7 GHz

Schottky tune readback to compensate for tune drifts, the tune would change significantly during a

store as a result of the decreasing beam–beam parameter (top line—horizontal tune, bottom—
vertical tune) [1]
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9.4 Other Tune Diagnostics

9.4.1 Digital Tune Monitor and Tunetracker

It has been estimated that the beam in the Tevatron oscillates with �0.1 μm
amplitude at betatron frequencies; at lower frequencies, the oscillation amplitudes

can be larger ~1–10 μm due to various noise sources, not all well known, including

ground motion, jitter in magnet and separator power supplies, and vibrations from

the cryogenic system (see Sect. 2.4). In an attempt to use this effect to measure the

tune without excitation, a very sensitive system called Digital Tune Meter (DTM)

has been developed. This system is quite similar to the 3D-BBQ (Direct Diode

Detection Base Band Tune) system developed at CERN in that it uses a diode-based

sample and hold circuit, but it includes some novel features. Rather than measuring

only the positive or negative peak from a stripline doublet, it measures both and

takes the difference. It also employs slow feedback to remove baseline variations

that can be quite large, thus enhancing the dynamic range. Fourier transformation of

the position signal allows to determine the tune. The RMS position resolution of the

DTM in the FFT averaging mode was estimated to be of the order of 100 nm. The

averaged spectra for all 36 individual bunches are available from the DTM in about

80 s (2.2 s are required to record 25 sets of 4,096 turns [15]). The DTM has been

successfully tested with proton beam, showed very good tune resolution for indi-

vidual bunches of about 0.0002 at a low level of beam excitation by external noise,

and has been used during dedicated beam studies [16].

The Tunetracker system uses a phase-locked loop (PLL) around the beam

response. The beam is excited at a given frequency using a stripline pickup as a

kicker, and the response is measured on another stripline. The PLL locks to a given

frequency in the tune spectra, defined by a pre-selected phase response value, and

tracks any changes in the tune. A typical tune tracking rms error is of about 0.0003–

0.0006. A novelty in the Tevatron system compared to previous tune tracker

implementations is the capability of pulsed excitation. When measured with high

resolution, the beam phase response exhibits large excursions from the synchrotron

sidebands, which can cause the PLL to jump from one synchrotron band to another.

By pulsing the excitation, the measured phase response is smoothed out to follow

the slow underlying phase response more closely, resulting in a more reliable

measurement [17].

9.4.2 Tune Measurements from Turn-by-Turn Data

Tune determination from turn-by-turn beam position measurements after a trans-

verse kick still remains the most reliable diagnostics in many Fermilab accelerators.

In fast ramping synchrotrons like the Fermilab Booster the conventional method of
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betatron tune evaluation does not work due to rapid changes of the tunes (some-

times in a course of a few dozens of turns) and a high level of noise. Standard

method for tune evaluation using fast Fourier transform (FFT) has resolution ~1/N,
N being the number of turns, which is insufficient in the case of rapid changes of the

tunes and/or fast decoherence of the betatron oscillations. Much better precision can

be achieved with the so-called Continuous Fourier Transform (CFT) method [18]

which consists in evaluation of the sum:

X νð Þ ¼ 1

N

XN

n¼1

xne
�2πν n�1ð Þ ð9:35Þ

as a function of continuous variable ν and finding the maximum of |X(ν)|. In absence
of random noise CFT provides precision ~1/N2. There are methods—i.e. the

Hanning windowing technique—which further improve precision, up to 1/N4, but

they fail in the presence of noise. In the case of white noise the CFT provides tune

with the r.m.s. error of σν �
ffiffi
6

p
σ

πN3=2a
where σ is the r.m.s. value of BPM errors and a is

the betatron oscillations amplitude, which is better than the FFT error even in

absence of noise. But it may be still not enough in a situation when the noise

level is high and only a small number of turns are available.

A new technique based on phasing of signals from a large number of BPMs

which significantly increases the signal to noise ratio has been proposed in [19] and

implemented for routine operational use in the Booster. The turn-by-turn position

data from many (all) BPMs are used to construct a phased sum (phasor)

exn ¼
XNBPM

k¼1

x kð Þ
n e�iφ kð Þ ð9:36Þ

where k being the BPM index and ϕ(k) is the betatron phase advance between. It

was shown that the phase advances from a theoretical optics model can be used as

effectively as real measured ones. Performing the CFT analysis of the phased sum

gives the tune value. One can easily see that the proper part of the signal propa-

gating with expected phase advance is amplified by a factor of NBPM whereas the

alien modes and random noise are amplified only as √NBPM so that the signal to

noise ratio is improved by a factor of √NBPM.

In the Booster, a kicker—horizontal or vertical—is set up to kick the beam every

500 turns. On completion of the ramp the application reads out the turn by turn

BPM data for all turns and all BPM’s. The horizontal or vertical BPM’s readings are

then combined for each turn according to Eq. (9.36) and the moments of pings on

the beam are identified by the oscillation. CFTs are then performed for each ping.

Each spectrum is normalized so that the peak value is the same for all pings.

Figure 9.10 compares contour plots of the CFT spectra obtained from a single

BPM and from the phased sum. The achieved clarification of the spectra allowed
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better tuning of the Booster which resulted in noticeably improved performance.

The remaining fuzziness in the second part of the ramp is a result of systematic

noise probably produced by the BPM electronics.

9.5 Data-Logging and On/Offline Presentation

Online and offline access to the vast amount of accelerator data is crucial to

evaluating and improving machine performance and diagnosing failures. Retaining

bunch-by-bunch values is especially useful since the beam dynamics vary over the

bunch positions within a train. In the Tevatron collider complex, the readings and

settings of accelerator devices are obtained via Fermilab’s own ACNET control

system. Device data can be plotted live at up to 1,440 Hz. Device data can be logged

at various fixed rates or periods, e.g. 15 Hz or 1 min, or on a specific event,

e.g. when the energy ramp is complete. Logged data is stored in circular buffers

on ~70 nodes hosting a MySQL database and ~80 GB of storage for compressed

data. The data in the circular buffers wrap-around in a time that depends upon the

number of devices and their logged rate for a given logger. Logged data up to a 1 Hz

maximum rate is also copied to a “backup” logger for long-term storage.

There are several means of accessing and plotting accelerator data: standard C-

language based console applications used in operations, Java applications via a

web-based interface, exports to Excel spreadsheets and Java Analysis Studio files,

as well as programmatic APIs. Each method has its own advantages and disadvan-

tages, but the flexibility allows users, both on-site and off-site, to access the data

Fig. 9.10 (a) (left) Contour plot of the CFT spectra of the horizontally pinged beam obtained

from one BPM; (b) (right) Contour plot of the CFT spectra of the phase-combined sum from

24 BPMs [19]
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how they want or need. Figure 9.11 shows two examples of accessing Tevatron

data.

In addition to the above data-logging scheme, data for all Tevatron shots is

automatically collected and stored via a package called SDA, for Sequence Data

Acquisition. The desired data and plots for all stages of a shot (injection, low-beta

squeeze, etc.) can be easily configured. SDA also stands for Shot Data Analysis;

SDA software automatically generates summary reports and tables for each store.

These data are readily accessible by various means and allow for convenient

analysis of the accelerator complex on a shot-by-shot basis [20].

9.6 Longitudinal Beam Diagnostics

The Tevatron resistive wall current monitors (WCM) [21] consists of a short ceramic

vacuum pipe with 80 resistors across it. A copper casing around the ceramic break

filled with ferrite provides a low impedance bypass for DC currents while forcing AC

currents to flow through the resistors. There are also ferrite cores inside the vacuum to

improve the signal quality. With the larger number of bunches and higher intensities,

the resistive wall monitors developed vacuum problems early in Run II. The cause

was beam-related heating of the ferrite cores. This problem was solved by replacing

the ferrite with a different type. Signals from four locations around the ceramic pipe

are summed to provide an intensity measurement. There are two resistive wall

monitors in the Tevatron. One is dedicated to the Fast Bunch Integrator (FBI) and

Fig. 9.11 (a) (left) The window of a Java applications showing live, bunch-by-bunch data for

Tevatron proton bunches including intensity, RMS bunch length, and transverse emittances; an

instability during antiproton injections had caused emittance growth and beam loss for particular

proton bunches. (b) (right) A Java application showing a snapshot of logged proton bunch centroid

positions within their RF buckets; a longitudinal, coupled-bunch instability with �4� of RF phase

oscillation amplitude was occurring at the time [1]
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Sampled Bunch Display (SBD), and the other is for general use. This is to avoid

errors in intensity readings due to improper terminations.

The schematic of the Tevatron SBD [22] is shown in Fig. 9.12a. The source of

the signal is a wide-band resistive WCM installed in the F0 straight section of the

Tevatron which also houses the RF cavities. In the Tevatron, since protons and

antiprotons circulate oppositely within the same beampipe, the WCM is located at

F11 where the proton and antiproton bunches are maximally separated (~30 m from

the center of the straight section). The WCM has a >4 GHz bandwidth with a ~1 Ω
gap resistance. The WCM signal travels from the tunnel to an above ground service

building through a 7/8 in. Heliax cable. There it is split and digitized by two

separate channels of LeCroy Corporation Wave Runner 6200 series digital scope

having a 2 GHz bandwidth and 5 GSamples/s sampling rate. The splitter produces

two identical signals which are captured by high-gain and low-gain channels in the

oscilloscope that allows to effectively increase the dynamic range. In the Tevatron,

where the coexisting protons and antiprotons vary in intensity by more than a factor

of 3, the disparate gains allow simultaneous measurements of both particle species

with equal sensitivity. The oscilloscope trigger generation is controlled by a

separate board which is programmed to send 64 triggers to the oscilloscope, once

every other revolution. The first 32 are triggered by the proton beam marker and the

second 32 are triggered by the antiproton beam marker to obtain the relative

antiproton timing. After digitizing the total number of beam revolutions, the

digitized data is sent to an Apple Mac Pro computer for signal processing (com-

bining of the 2 different gains to form one signal, correction of the dispersion in the

cable from the WCM to the oscilloscope, and subtraction of the baseline) and

extraction of longitudinal beam parameters (individual bunch intensity, the mean

phase and rms width, the skew and kurtosis, and the emittance and momentum

spread). All the processing is done within the National Instruments LabVIEW

framework and the results are made available to the Accelerator Controls Network

(ACNet) once a second continuously.

The longitudinal phase monitor (LPM) [23] is using the signal from a stripline

pickup. The original idea was to use the antisymmetric shape of the bunch signal

Fig. 9.12 (a) (left) Schematics of the signal acquisition from resistive wall current monitor. (b)

(right) Raw and corrected signals for a Tevatron proton bunch and satellites. One can easily see the

effect of removing the dispersion [1]
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from a stripline pickup, by multiplying it with a sine and cosine function locked to

the RF. The two signals are then integrated over the bunch, and the phase can be

extracted from the ratio of the two integrals. This was implemented in analog

electronics using mixers and gated integrators, and the result was digitized and

processed in an FPGA. The FPGA calculated the average over all bunches and

output it as an analog voltage through a DAC. Turn-by-turn values were also saved

in buffer memory and could be retrieved via an Ethernet interface (Fig. 9.13).

9.7 Abort Gap Monitors

Longitudinal instabilities, RF noise, and intra-beam scattering can cause particles to

leak out of RF buckets and into satellites or into the abort gaps [24, 25]—see

Fig. 9.14. There are three 2.6 μs gaps between 3 trains of 12 bunches each separated
by 396 ns. The presence of even a small fraction (few 109 or 0.0001 of the total) of

the beam in the abort gaps can induce quenches of the superconducting magnets, as

these particles are sprayed onto the magnets when an abort kicker fires, and inflict

severe radiation damage on the silicon detectors of the CDF and D0 experiments.

Synchrotron radiation (SR) from these unwanted 980 GeV protons is collected for

monitoring their intensity.

A very sensitive gated monitor of the SR from the beam in the gap was

developed on the base of Hamamatsu R5916U-50 micro-channel plate (MCP)

PMT with a minimum gating time of 5 ns. This tube can be used to measure DC

beam intensity immediately following a bunch of protons. The DAQ system

consists of a fast integrator, to which the anode of the PMT is connected, and a

VME digitizer that is read by an application on a processor board residing in the

Fig. 9.13 (a) (left) Longitudinal phase monitor readings during an instability. (b) (right) Shapes
of all 36 proton bunches as detected by the Tevatron SBD after longitudinal instability had

developed [1]
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VME crate. Data is collected for 1,000 revolutions and averaged in the processor

board. This cycle is repeated every 3 or 4 s. The application controls the timing of

both the PMT and integration boards. Figure 9.14a shows how the intensity of the

beam outside of the main 36 bunches is growing over a course of a HEP store. A

standard synchrotron light monitor equipped with an image intensifier can see the

DC beam profile, but only if enough camera frames can be summed together. A

LabVIEW-controlled Windows PC system does such integration of CID camera

RS-170 video images captured by a frame-grabber card. Figure 9.14b presents an

example of the proton DC beam profile in the Tevatron. Details of calibrating and

measuring the intensity of beam in the abort gap using synchrotron light and a gated

photomultiplier tube can be found in [26].

9.8 Intensity Measurements

In the Tevatron, a DC Current Transformer (DCCT) and a Resistive Wall Current

Monitor (RWCM or RWM) are the pieces of instrumentation that allow beam

intensity measurements [27, 28]. The DCCT can only provide a measurement of

the total beam intensity (sum of proton and antiproton currents). The RWM does

distinguish between protons and antiprotons because of its high bandwidth and

location where the protons and antiprotons are well separated in time.

The DCCT front-end contains an Interactive Circuits and Systems (ICS)

ICS-110BL-8B 24-bit, 8-channel ADC to digitize the DCCT signal and a Motorola

MVME-2401 processor. The ADC samples at 6.9 MHz and outputs a 128-sample

average measurement at 54 kHz. The crate CPU performs additional averaging and

Fig. 9.14 (a) (left) Time evolution of beam in the gaps and between main bunches during a store

(sample #200 corresponds to about 20 h, position # reflects 340 ns gap synchronization with

respect to the revolution marker. Intensity is given in the units of equivalent number of particles if

uniformly distributed around the circumference). (b) (right) Profile of DC beam in the gap imaged

by a CID camera [1]
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provides the interface to ACNET. There is also a circular buffer that can be stopped

upon a beam abort in order to help diagnose the cause of beam loss. The DCCT

provides the most precise intensity measurements with a resolution of �0.5
 109

for typical Tevatron total beam intensities of 1011–1013 particles. The DCCT is

calibrated via an external pulser.

Bunched-beam intensity measurements are made by the FBI and SBD systems,

both of which use the RWM as their signal source. The FBI uses ADCs to integrate

the RWM output gated on the individual RF buckets and obtain baseline measure-

ments taken in the gaps between each train. A Motorola MVME-2401 processor

performs the baseline correction and acts as the interface to ACNET. The FBI

system provides narrow-gate (single bucket) and wide-gate (five buckets) intensity

measurements for all proton and antiproton bunches at a rate of up to a few hundred

Hz. Comparing the narrow and wide-gate values provides a measure of the intensity

of satellite bunches, typically a few percent of the main bunch intensity.

The SBD configuration was described previously. The resolution of the bunch

intensity measurements is �0.5
 109 for present typical intensities of 20–80
109

for antiprotons and 240–300
 109 for protons. The SBD can update measurements

at approximately 1 Hz rate.

Both the FBI and SBD intensities can be calibrated via the very well-known

measurement provided by the DCCT via the equation:

IDCCT ¼ IP, true þ IA, true ¼ IP,RWM 
 1þ IA,RWM

IP,RWM

� �


 Acalib, ð9:37Þ

where the DCCT intensity should be equal to the sum of the measured bunch

intensities. A few percent correction needs to be made for satellites and other

beam observed by the DCCT but not the FBI or SBD. This method requires no

knowledge of the RWM, but only the relative gains of the proton and antiproton

channels of the system being calibrated.

9.9 Beam Loss Monitoring System

Careful diagnostics and control of beam losses is crucial for the operation of the

collider. Beam-Loss Monitors (BLM) are installed at each quadrupole magnet and

at a number of critical components. The physical particle detector is an Ar-filled

glass cylindrical ionization chamber with nickel electrodes and was chosen to be

extremely radiation hard [29]. The gas is 1 atm pure Ar with an active volume about

110 cm3. No CO2 was used, because CO2 could eventually dissociate under

ionizing radiation and alter the response. The detector calibration is 70 nC/Rad

and is extremely stable. The ionization chamber design was a compromise among

high gain, fast response, size, and low cost. The design included placing the anode
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(center electrode, positive high voltage) and cathode (outer electrode, signal)

feedthroughs at opposite ends of the glass bottle with a guard ring on the glass

envelope to minimize the dark current leakage (roughly 100 pA at 2,500 V). Pulsed-

beam measurements at Argonne National Lab showed that the chamber could

detect an instantaneous radiation dose (in 1 or 2 μs) of about 10 Rads with less

than 20 % charge loss. This large amount of space charge (about 700 nC) severely

modifies the electric fields in the gas as the ions and electrons drift toward the

electrodes, leading to both recombination losses and gas multiplication. For com-

parison, the inter-electrode capacitance is about 2 pF, leading to a displacement

charge on the electrodes of about 5 nC at 2,500 V. The signal from the cathode is

brought out of the tunnel enclosure on RG-58 cable, which is not particularly noise

resistant. Complicating the noise situation is the legacy high voltage distribution

which is supplied via a single RG-58 cable daisy chained through typically 12 ion-

ization chambers producing myriad ground loops with the signal cables. Addition-

ally, noise sources vary depending on the location within the accelerator. To

combat the noise conditions, a variety of schemes are utilized to reduce the noise

pickup to acceptable levels. An inductive choke is used on each signal cable just

before the acquisition electronics to reduce large common-mode noise pickup on

the cable. The size of the choke was chosen to give the proper frequency response.

In parallel with the hardware efforts at noise reduction, a software algorithm was

developed to subtract coherent noise from the signal in cases where the analog noise

rejection techniques were insufficient [30].

The original BLM system ca 1980s was not adequate to the challenges of high

luminosity Collider Run II operation, the BLM system was disabled during collider

operation and protection of the Tevatron magnets relied on the quench protection

system. In 2008, it was replaced by a sophisticated VME-based data acquisition

system [30] which allowed appropriate abort logic and abort thresholds on losses to

be set over the full set of collider operating conditions. The upgrade also provided

better post abort diagnostics through its turn-by-turn buffer and the three buffers of

integrated loss types. The upgrade has proven to be robust resulting in less down-

time and maintenance requirements.

9.10 Chromaticity Diagnostics

High intensity proton and antiproton beam stability and lifetime depend strongly on

machine chromaticity [31]. So, one of the operational challenges in the Tevatron is

to measure accurately and control both vertical and horizontal chromaticities so that

they are high enough to keep beam stable, yet low enough to avoid high beam

losses. Several methods are employed.

The standard one—observation of the tune change while changing RF

frequency—works well and is accurate to ~0.5 unit of Q0 with �40 Hz change of

the fRF¼ 53.1 MHz if measured by 21 MHz Schottky tune detector. A much faster,
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but just as accurate head-tail method has been developed [32]. In that method, beam

is kicked (causing a slight ~5 % emittance growth) and the differential motion of

bunch head and bunch tail, as measured by a stripline pickup, is recorded by a fast

digital scope (Tektronix TDS7000, 1.5 GHz analog bandwidth, 5 GS/s). An example

is shown in Fig. 9.15a. The amplitude of the motion has a maximum at half of the

synchrotron period (about 300 turns in Fig. 9.15a), and is proportional to Q0.
Chromaticity found by that method agrees with the RF method to within ~�0.5

unit. Another fast and even less destructive technique is to take advantage of the

superb accuracy and precision of the Tune Tracker for the RF method. Figure 9.15b

shows BTF function measurements with the TT for different RF frequencies—again,

chromaticity can be found from the tune shift as Q0 ¼�dQ/(dfRF/fRF)/η, where
η¼ 0.00283 is the Tevatron lattice momentum compaction factor. The tune measure-

ment accuracy is better than 0.0001 with 3 Hz bandwidth, resulting in Q0 accuracy of
about 0.2 units. There are systematic Q0 differences of about 0.5 unit between the

three methods which are due to the second-order chromaticity induced by octupoles.

9.11 Beam Profile Monitors

9.11.1 Flying Wires

The so-called Flying Wires [33] have been the main source of determining trans-

verse emittances and profiles of the protons and antiprotons. There are three flying

wire cans in the Tevatron: one horizontal and one vertical at a low dispersion area,

Fig. 9.15 (a) (left) Differential motion (in mm) between the head (+4 ns off bunch center) and tail

(�4 ns) of a high intensity proton bunch in the Tevatron at 150 GeV vs turn number after a 1 mm

vertical kick. (b) (right) Tune Tracker Beam Response Function spectra measured with

�200
 109 per bunch at 150 GeV, the zero-crossing frequency (betatron frequency) varies with

the RF frequency change of �40 Hz
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and one horizontal at a high dispersion location. The original flying wire cans had

33 μm diameter carbon fibers, but those thick wires caused high loss spikes in the

experiments when they were used during HEP stores and therefore were of limited

use. Since the original fibers were changed to 5 μm, the wires are used routinely in

every stage of operation. Wires are flown following most proton injections, after

each pbar injection, several times during ramp, squeeze and halo removal (scrap-

ing), and every hour during HEP stores. The flying wires provide the rms normal-

ized emittance measurements with about 0.2 π mm mrad uncertainty. Uncertainties

in the lattice parameters at those locations were a major systematic error for the

emittance measurement. Similar Flying Wires systems are also in daily operation in

the Main Injector (one vertical and one horizontal), and in the Recycler ring (one

vertical and one horizontal).

9.11.2 Synchrotron Light Monitor

The synchrotron radiation emitted by protons and antiprotons from the edges of the

Tevatron dipoles is enhanced in the blue optical region, one can point a telescope at

it and produce a transverse image of the beams. The Synclite system [34] does this

and thus offers a nondestructive method for measuring the transverse beam emit-

tances. For the Tevatron, synchrotron radiation is non-negligible only when the

beam energy gets above 600–700 GeV. The physical layout of the Synclite system

is shown in Fig. 9.16 and comprises a vacuum insertion mechanism to which is

attached a pickoff mirror, and a light tight box containing the necessary optics for

forming an image. The optical path contains a single lens for focusing, motorized

Fig. 9.16 (a) (left) 3D view of the SyncLite systems; (b) (right) Image of the synchrotron light

emitted by 980 GeV antiprotons; the peak on the left is the dipole edge radiation which is used for

beam size calculations, the tail on the right is radiation from the body of the magnet which is

omitted in the image analysis [34]
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mirrors for positioning the image, a 440/10 nm band pass filter (400/40 nm for

pbars), and a gated, Image Intensified CID (Charge Injection Device) camera for

obtaining the image. The image is retrieved from a frame grabber in a PC running

Windows XP and LabVIEW. The image has its background subtracted before the

beam sizes are extracted from fits to the horizontal and vertical profiles in a window

around the peak. The fits are simple Gaussians with linear baselines. The values of

the fits are then corrected for nonlinearities in the intensified camera response and

for theoretical distortions in the image (most notably, the broadening of the peak

due to diffraction—the impact is about 100 μm on a beam size which for pbars is in

the range of 200–400 μm—and the impact from the longitudinal extension of the

source). Comparisons have been made with the profile measurements from the

flying wires and reported emittances agree within �10 % [35].

9.11.3 Ionization Profile Monitors (IPM)

The Tevatron IPM’s [36] were designed to be single turn, single bunch devices, in

order to resolve any turn-by-turn beam size oscillation caused by injection

mismatch—see Fig. 9.17—as well as to allow noninvasive, nearly continuous

measurement of the beam profiles at all stages of operation. The IPM data from

multiple turns can be combined in software to create an average beam profile from

which the emittance can be calculated. The IPM measures ionization electrons

collected using a parallel electric and magnetic field. A localized pressure bump

obtained by controlled injection of pure N2 is required to obtain single turn

sensitivity. The magnets and gas injection is left on continuously, while the high

voltage sweep field is pulsed only for acquisitions. The detector granularity is
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Fig. 9.17 (a) (left) TBT vertical profile of a coalesced proton bunch at injection using the IPM.

The bunch was injected at turn #15 on this plot. This horizontal coordinate corresponds to �1 cm.

(b) (right) Measured profile widths calculated from the turn-by-turn data. Black dots are IPM data,

red line is a fit to cos((2νy� 41)n), black line is a fit to cos(2νyn) [1]
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1/4 mm, and the readout uses electronics borrowed from HEP experiments,

enabling close to single electron sensitivity. Similar IPM systems but without

bunch-by-bunch diagnostics capability are used for the emittance measurements

in the Main Injector and Booster.

9.11.4 Optical Transition Radiation Detector

The Optical Transition Radiation (OTR) instrument [37] was installed close to the

Tevatron IPM and used as a cross-check of the IPM at injection; we cannot leave

the OTR foils inserted for routine operation as they tolerate only a few turns of

beam. The OTR could also in principle be used for multi-turn acquisition, but the

camera that is currently used does not have enough time resolution. However, by

injecting a mis-steered beam, non-overlapping profiles from the two first turns can

be obtained (see Fig. 9.18).

9.12 Special BPMs

9.12.1 Injection Beam-Line Tuners

To reduce emittance dilution caused by mis-steering at injection, dipole corrector

magnets are adjusted by a beam-line tuner system, based on measurements of turn-

Fig. 9.18 (a) (left) Transverse 2D bunch profile as measured by the OTR. (b) (right) Vertical
profiles of a single proton bunch from the OTR on two consecutive turns. The second turn profile is

offset from the first, and the images are summed together by the slow camera. Note that over the

two first turns, the OTR does not show evidence of the quadrupole oscillations seen in the IPM.

However, from the IPM data only a 5 % effect is expected between these two turns [1]
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by-turn orbit positions from directional stripline pickups. The 1 m long striplines

are separated by an 83 mm gap, have �30 dB directionality and 0.65 dB/mm

sensitivity. Measurements from one injection are used to make corrections for

the subsequent shot, and usually injection offsets can be reduced from 1 mm to

less than ¼mm. Measurements of synchrotron oscillations can be used to correct

energy and RF phase differences between the Main Injector and Tevatron. In

addition, the tunes and coupling at injection can also be extracted from the stripline

signals. Two different beam-line tuners have been used. In the first, a Tektronix

TDS7104 oscilloscope digitizes the sum and difference signals from the striplines,

and the embedded PC performs the signal processing. That system has been used

only for closure of antiproton injections; it was too slow for the more frequent

proton injections. A faster system, based on the Struck SIS3300 digital receiver

module, provides 20–40 μm position measurements for 1,000 turns [38]. The

digitized data is transferred to a PC which performs digital down-conversion at

30 MHz and calculates the positions and time-of-arrival for the transferred bunches.

This system can be used for both proton and antiproton injections. During stores, it

can also continuously store position data into a circular buffer that is stopped on a

beam abort. The buffered data can be used in the postmortem diagnosis of a lost

store.

9.12.2 AC Dipole

An AC dipole is a magnet with a field oscillating close to the betatron frequency. By

exiting the beam close to a resonance, a relatively small field can drive a large

amplitude oscillation, and keep the oscillation amplitude constant over many

turns—as demonstrated in Fig. 9.19—allowing precise measurements of the beam

response without any emittance blow-up. Dedicated AC dipole magnets have been

built before, e.g. for RHIC. In the Tevatron, an existing vertical “pinger” magnet

was converted to a resonant circuit using an external capacitor bank, and driven by a

commercial high-power audio amplifier. While very successful R&D project, both

demonstrating the use of commercial audio equipment for this purpose and further-

ing the understanding of the analysis of driven oscillation data to extract the beam

optics [39, 40], much like the kicked beam method, the AC dipole in the Tevatron

has not been used much in operation. This is partially due to the fact that the system

only measures one plane, but to a larger degree it is due to the success of the orbit

response method. However, the tests performed in the Tevatron were carried over to

the LHC, where a very similar system (based on audio amplifiers and resonant

kicker magnets) is the prime method for measuring optics [41].
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9.13 Discussion on the Beam Diagnostics for Tevatron

Collider Accelerators

Development of many new diagnostic tools for the Tevatron Collider accelerators

was needed to provide insights into serious issues of coherent instabilities, beam

losses, and beam–beam interactions. As a result, almost two dozen various instru-

ments were either developed or significantly improved, and that eventually paid off

in the integrated luminosity delivered to the CDF and D0 detectors.

There are several lessons learned during this campaign. First, we realized the

importance of multiple instruments for cross-checking and cross-calibrating one

another. For example, there are several instruments to measure beam intensity: DC

Current Transformer (DCCT), FBI, and SBD. The DCCT is the most precise but it

has limited application range, e.g. it cannot report individual bunch intensities. The

FBI and SBD are not as precise but they are really multi-functional, operating on a

bunch-by-bunch basis, and calibrating them within 1 % of the DCCT made them

trustworthy and very useful in operations. In addition, the fast LPM was cross-

checked with the SBD. Three tune monitors—21 MHz Schottky (used for injection

tune-up), 1.7 GHz Schottky (most versatile) detectors, and Tune Tracker (the fastest

and most precise of the three)—are employed in operations for different tasks after

being carefully cross-calibrated. A lot of effort over many years was needed to

bring the three emittance measurement tools—Flying Wires (FWs), Synchrotron

Light Monitor (SyncLite), and 1.7 GHz Schottky detector—into satisfactory agree-

ment; currently, they agree within �5 %.

Another lesson is the need for noninvasive beam diagnostics for nearly contin-

uous monitoring of beam parameters. The lack of any natural damping in proton

Fig. 9.19 Measured turn-

by-turn oscillations of the

beam driven by an AC

dipole in the Tevatron. In

contrast to a kicked beam,

the driven particles do not

lose the coherence. By

adiabatically ramping up

and down the amplitude of

the AC dipole’s field, an

excitation is produced

without increasing the beam

size [39]
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accelerators and the sensitivity of SC magnets to beam losses (quenches) restrict the

use of invasive techniques that often have better resolution than noninvasive ones.

For example, flying wires is the most precise and understood technique for emit-

tance measurements, but the resulting background spikes and emittance growth

limit their use to only once per hour during high-energy collision stores. The

complementary, noninvasive Synchrotron light monitor and 1.7 GHz Schottky

can report measurements every second.

A third lesson is that the Collider operation team needs fast data collection rate

of all diagnostics and control channels (at least 1 Hz) for all channels at all stages of

the machine cycle for all bunches all the time—and the data should be saved forever

(for years)! That greatly helps to correlate machine behavior now with the past.

We have learned the usefulness of fast access to beam-related information that

can be provided by the experimental detectors (CDF and D0, in our case), so good

communication between the accelerator and experiment control systems and per-

sonnel is important. The luminous region parameters information noted above is a

good example.

We also have benefited from help and ideas from other groups and laboratories

that have expertise in a number of specific areas: for example, Fermilab’s Com-

puting Division experts took a leading role in development of DAQ for the

Tevatron BPM upgrade; FNAL Particle Physics Division leads Tevatron BLM

upgrade and provides luminous region analysis data (β* monitors); Berkeley Lab

contributed in the development of the MCP-PMT based Abort Gap Monitor, etc.

And finally, we realized that constructing a new instrument is fast compared to

the time needed to make it “fully operational,” i.e. satisfactory to operators and

physicists. A lot of effort went into the debugging, tune-up, cross-calibration, and

“polishing” of beam diagnostics. So, we teamed up diagnostics developers and

users (physicists and engineers) from the very start of instrument development until

the end of its commissioning. Such teams of two to four were very efficient in

developing or overhauling about two dozen beam diagnostics instruments for the

Tevatron Run II.
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Appendix: Ph.D. Theses on Accelerator Physics

at the Tevatron

1. M. Syphers (1987), University of Illinois, Chicago

An improved 8-GeV beam transport system for the Fermi National Accelerator
Laboratory.

2. Leonid Sagalovsky (1989), University of Illinois in Urbana, Champagne

Third-order charged particle beam optics.
3. Nikilitsa Merminga (1989), University of Michigan

A study of nonlinear dynamics in the Tevatron.
4. Xiao-Qing Wang (1991), Illinois Institute of Technology

A study of longitudinal coherent effects of unbunched beams near transition in
the Fermilab accumulator.

5. Peilei Zhang (1991), Houston University

A study of tunes near integer values in hadron colliders.
6. Steven Stahl (1991), Northwestern University

Beam dynamics in the Fermilab booster in the presence of space charge.
7. John Palkovic (1991), University of Wisconsin

Gabor lens focusing and emittance growth in a low-energy proton beam.
8. Katherine Harkay (1993), Purdue University

A study of longitudinal instabilities and emittance growth in the Fermilab
booster synchrotron.

9. Ping Zhou (1993), Northwestern University

A study of ion trapping and instability in the Fermilab anti-proton accumulator.
10. Todd Satogata (1993), Northwestern University

Nonlinear resonance islands and modulational effects in a proton synchrotron.
11. William Graves (1994), University of Wisconsin

Measurement of transverse emittance in the Fermilab booster.
12. Xian-Ping Lu (1994), University of Colorado

Study of a longitudinal coupled bunch instability in the Fermilab main ring.
13. Ping-Jung Chou (1995), Northwestern University

The nature of transverse beam instabilities at injection in the Fermilab main
ring.
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14. Donna Siergiej (1995), University of New Mexico

Beam-beam interaction effects in the Fermilab collider.
15. Linda Spentzouris (1996), Northwestern University

Direct measurement of diffusion rates in high energy synchrotrons using
longitudinal beam echoes.

16. David Olivieri (1996), University of Massachusetts

A dynamic momentum compaction factor lattice for improvements to stochastic
cooling in storage rings.

17. Oleg Krivosheev (1998), Tomsk Polytechnic University, Russia

Object oriented integrated system for beam induced energy deposition simu-
lations for Tevatron and upgrades.

18. Christina Dimopoulou (2001), CERN

Experimental tests of a high perveance gun at Fermilab.
19. Kip Bishofberger (2005), UCLA

Tevatron beam-beam compensation.
20. Ludovic Nicolas (2005), University of Glasgow, UK

Radiation environment simulations at the Tevatron, studies of the beam profile
and measurement of the Bc meson mass.

21. Sergei Seletskiy (2005), Rochester University

Attainment of electron beam suitable for medium energy electron cooling.
22. Robert Zwaska (2005), University of Texas, Austin

Accelerator systems and instrumentation for the NuMI neutrino beam.
23. Xiaobiao Huang (2005), Indiana University

Beam diagnosis and lattice modeling of the Fermilab booster.
24. Pavel Snopok (2007), Michigan State University

Capture of a large phase space beam.
25. Phil Yoon (2007), University of Rochester

Error-induced beam degradation in Fermilab’s accelerators.
26. Alexei Poklonsky (2008), Michigan State University

Optimization and control of Tevatron parameters.
27. Ryoichi Miyamoto (2008), University of Texas, Austin

AC dipole diagnostics of Fermilab’s Tevatron.
28. Valentina Previtali (2010), University of Milano, Italy

Performance evaluation of a crystal enhanced collimation system for the LHC.
29. Dan McCarron (2010), Illinois Institute of Technology

Measurement and simulations of intensity dependent effects in the Fermilab
booster synchrotron.
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ACNET. See Accelerator Controls Network
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420, 421
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