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proposed PBR baseline injects small beam with large transverse offset
and deploys strong wigglers to enhance radiation — look for alternative

m O d e | use PyHEADTAIL to track 25k particles over 20k turns

SPS “Q40” optics, a..=8x10*, 400 MHz RF, V=20 MV, energy 6 GeV,
2x101% ppb, Q,'=+1, Q/'=+60, Q""" =-1.2x10° ,Q," =+1, Q,/’=+300, Q"=
+4x10%, “KOF” = +2, “KOD”=-1 (modeling the natural detuning with
amplitude)

Impedance: circular broadband resonator 10 MQ/m, f ..=1.3 GHz, Q=1

Beam parameters at injection into the SPS. Parameters at 6 GeV without and with wigglers.

Variable value Variable bare SPS  w. wigglers
Energy E}, 6 GeV Eq. emittance ., [nm] 2.43 0.13
Geometric emittance &, 2.5 nm Eq' e(rllergy. sprsad (T[fi] (%] 0'1051;8 06310

cos 7 s . Or. damping ume (s . .
Initial injection offset 12 oy Hor. damping time [turns] 80,000 4,400
Rms momentum spread o 0.2% Eneray loss / turn Up [MeV] T ‘
Rms bunch length o, 10 mm RE Vf)ltaoe IMV] 20 30

o

Betatron tunes Q. 40.13,40.18 Eq. bunch length o, ¢ [mm] 3 33
Momentum compaction ac 0.0008 Synchrotron tune Q, 6% 105 8% 103




e rms bunch length and energy spread
vs. turn number after 6 GeV injection for
the bare Q40 optics, no wigglers

45 3.5
a;
40' Uﬁ '—3‘3
35 -
2.5
30 -
E 25- 2.0 7"
= =
y 20 - 1.5 ©
15 - o
10 -
;| - 0.5
0 1+ 0.0

0 2500 5000 7500 10000 12500 15000 17500 20000



e” rms bunch length and energy spread vs.
turn number after injection at 6 GeV for the
Q40 optics with additional wigglers
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X & y bunch centroid position versus turn for bare Q40
optics, Q', , = +1 without damper, at N,= 2 x 10'°
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vertical charge-weighted slice position along the bunch on the last ten
turns of the simulation for bare Q40 optics, Q',, = +1 at the nominal
bunch population N, =2 x 1010

signal from a simulated
head-tail monitor

- instability dominated
by /=-1 head-tail
mode; analytical model
of DELPHI, based on
Sacherer theory,
predicts instability rise
time of ~1500 turns
for this mode, in good
agreement
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this transverse instability persists even when the wigglers are added,
and it gets worse with higher positive chromaticity



recalling the past: when SPS was used as a LEP injector, et and e’
beams were unstable at intensities above N, ~ 1.5 x 10%° due to TMCI

Y.H. Chin, prediction 1985
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Fig. 8. Mode frequencies versus te number of particles in a
bunch when operated as LEP imjector at 3.5 GeV (al
= 16 cm)

{a) Real part (b) Growth rate

threshold for Q26 at 3.5 GeV with 47 MQ)/m
~0.4 or 0.7 x10%0
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FAST INSTABILITY OF POSITROM BUNCHES IN THE CERN SPS

D.Brandt, J.Gareyte
CERN, 1211 Geneva 231, Switzerland

Abstract

LEP will be filled by repetitive injection of
slactron and positron bunches accelerated in the SPS
from 3.5 CeV, the energy &t which they are injected
from the CPS, up to 20 Ge¥ *). The nominal
intensity per bunch has been chosen to be just below

the predicted threshold for the transverse mode
coupling inctability, which eorresponds to a peak
current of about 1A. Above this value fast beam

losses are indeed observed after only 10 to 40 turns
in the machine. Fast growlng slgnals are detected in
the high frequency reglon above 1 GHz both on
longitudinal and transverse monltors. A description
of the phencmenon is given in terms of both the made

coupling and the Beam Break Up theory. Computer
simulations which reproduce well the observed
features, are used to refine previous estimates of

the SPS transvecse coupling impedance.
Introduction

The transve mode  coupling instability has
been observed in many e*e~ storage rings ?),%). These
machines are filled by repetitive injection and
accumulation of low intensity particle bunches;
when the accumulated current reaches the threshold
For instability a Fast, usually vertlcal increase in
the beam size is notlced, leading to partial beam
loss and thereby limiting the intensity which can be
accumulated in the machina. The explanation of this
phanomencn, whieh had remained mystericus for a
number of years, was given in 1980 by Kohaupt*)
in terms of coupling of head-tail modes. This was
an extension to the transverse motion of a theory
proposed by Sacherar * to explain the
longitudinal microwave instability through coupling
of the longitudinal coherent bunch modas

At low intensity the head-tail modes of arder
+m are standing-wave patterns which oscillate at

frequencies wy + Mwg, where wy is  the
betatron and wg the synchrotron frequency. The
signal induced by mode m in a transverse monitor

presents m nedes, so that its Fourler spectrum can
be approximated by the spectrum of the bunch line
density but displaced towards higher and higher
frequencies as |m| increases. At Thigher bunch
intensities the wake flalds change the oscillation
frequancy of the different modes by
different amounts, so that adjacent modes m and
m + L con merge and become coupled. Instead of two
indopondent stable standing waves, the oscillation
is then described by a travelling wave running along
the bunch, and the amplitude of this travelling wave
can grow oxponentially under the influence of the
wake Flelds.

In the SPS, when this machine ls used as LEP
injector, bunches of electrons and positrons are
injected in one shot at 3,5 GeV/c from the CPS.
while in e%*e~ storage rings the threshold for
the mode coupling instability can only be approached
from below, in the SPS it is possible to inject
directly bunches with Intensities up to Ffour times
the threshold value. In this cese @ fast beam loso
occurs after 10 ko 40 revolutions, that is within a
fraction of a synchrotron period. Under thesa
circumstances the concept of head-tail modes looses
its meaning; instesd of using the mode coupling
model which is adequate when the threshold is
approached from below, it seems more appropriate in
this case to describe the interaction of the bunch

with the accelerator structure in terms of the
Beam-Break-Up theory, which has been developed ta
calculate similar effects in linear accelerators.
In the following both approaches are used in a
complementary way to explaln the observed thrashold
walue. In addition the detalled Ffeatures of the
phenomenan  ars rather faithfully described by a
computer simulaticn using multiparticle tracking.

erimental ohservations

Fig.1 shows the evolution in time of the
intensity of a single bunch after its Injection into

the SPS. One observes a sharp loss after 11
revolutions, while after about 30 revolutions only
one third of the beam remains in the machine. The
relevant beam parameters are shown in table I. Tha

synchrotron tune is Qg = .015, and therefore one
oxpocts a negligible influence of the longitudinal
RF focussing on this fast phencmenon.  Indeed
awltching the BF veltage on or off doos not change
the loss pattern. Fig. 1 has boen racorded with RF

off. The chromaticity was closa to zero and
slightly positive. Fig.? shows the signal from &
wide band vertical position monitor. The signal

from the exponential directlonal couplar (band width
0 to 2 GHz) is Ffed to a battery of band-pass
microwave filters, amplifled snd peak-detected. The
hunch length is 4y = 64 cm, and therefore the
specktrum of the bunch line density extends to about
500 MMz. Indesd with filters tuned to [500 - 600]
MHz one aobserves, starting from injection, a
constant signal with small oseillations superimposed
(the signature of residual injectlon oscillations).
In contrast with this situation, when fllters are
tuned to (1.4 - 1.7] GHz one observes no slgnal on
the first turn (there is no component of the bunch
spectrum in this Frequency range) but the slgnal
grows on succeeding turns to reach a maximum at turn
11, which is where the flrst loss occurs in Flg.l.

Nrusns

.1 : Beam loss after injectlon as a function ¢
the number of turns

Such signals can be observed between 1 and 2 GHi
(which 1s the upper limit of our monitoring system)
with a broad maxlmum around 1.5 GHz. From this wi
infer that after entering the machlne the bunct

Fig. 3

Brandt & Gareyte EPAC 1988 —
observations and theory
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lowering intensity to N, = 5 x 10° the centroid motion almost
stable; however, w/o wigglers, a weak residual / = -1 mode
instability still drives significant vertical emittance growth

Geometrical Emittance
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x & y bunch emittance versus turn for bare Q40 optics, Q', , =
+1 at a reduced bunch population N,=5 x 10°



X & y emittance versus turn for bare Q40 optics with wigglers,
Q’,, = +1 at a reduced bunch population N,=10"°
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at a reduced bunch population,
wigglers can render the beam stable



X & y bunch centroid position versus turn for bare Q40
optics, Q', , = -5 with transverse damper, at N, = 2 x 10'°
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w/o wigglers, but with negative Q' & damper, beam is
rapidly damped and stable!



X & y emittance versus turn for bare Q40 optics, Q’X’y = -5

with transverse damper, at N, = 2 x 101°
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w/o wigglers, but with negative Q' & damper, also the
emittance is quickly restored!



stabilisation with negative Q" and damper was proposed for LEP

[ 'CERN LIBRARIES, GENEVA

Comparison of Theory and Experiment on Beam Impedances:

Zotter, EPAC’92

The Case of LEP

Bruno Zotter; CERN, Geneva, Switzerland

Abstract

The of LEP is ly limited by collecti
effects which restrict the amount of current which can be
stored in a single bunch. These effects are due to the in:
teras ction of the particles in the beams with wake ﬁeld

induced in the vacuum chamber. They can be cal,

nth frequency domainif the i mpedances are known. Pre-

dictions and measurements of the impedances in LEP are
discussed, as well as effects which bear on the machine
performance.

1 INTRODUCTION

LEP is now in
of machine development (MD) shifts have been spent to
study the collective beam behaviour. In addition, many
parasitic observations were made during physics runs in
order to obtain the required data. Comparison with pre-
dicted behaviour(1] is generally quite good.

operation for over 2 years, and a number

2 TRANSVERSE MODE COUPLING

TMC has been observed in most large electron storage

ings: PETRA[2], PEP[S] TR.ISTAN[-i] Ttis diiven n by
th I to the ma-
chine radius, and rsely to lh cube of the chamber
radius (the larger th machine, the smaller the chamber

tributions by D. Brandt, K. Comnelis, J. Hagel, A. Hof-
mmnR.P \than, L. Rivkin (PS1), E. Fossa and many EIC's
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Figure 1: Vertical Tune Shift versus Current

o
i 5, = The growth rate depends almost linearly on current and
. - for small € - on chromaticity (Fig.4), but in a more com-

0 10
RMS Bunch Leagts ¢ (mm)

plicated manner on bunch length. Stability is lost when
it exceeds the damping rate. At injection energy, radi-
ation damping in LEP is rather weak (7 = 0.4s), and

S Landau damping by tune spread is dominant. A value of
T AQIQ = 5. 10—* is compatible with the growth rate of the

@' sim * m — () mode at negative chromaticities.

The stable chromaticity range 0 < £ < &¢hr 1s thus quite

. limited, and reduces inversely with current. In order to

Figure 2: TMC Threshold versus Bunch Length

needs to be to keep magnet cost down). TMC was thu
expected to be a dominant current limitation in LEP, by
far the biggest electron storage ring ever built.
For short bunches in LEP, coupling of modes m = (
and m = -1 has the lowest threshold. It is expected &
ur first in the vertical plane, due to the larger vertica
lmpedan e of flat vacuum chambers (Fig.1). However, the

—
—

T 8f,Efe
T B)ikrils)
The form factor F increases with bunch length o,, bul
is also large for extremely short bunches. If several
impedances play a role, the second expression[6] with the
transverse loss factor k; is more convenient. More reliable
answers come from the computer program BB[[‘I] wl\lch
includes the TMC code MOSES[8] as subroutine.

shows the TMC thresholds computed with BBI as wel ll as
three measured points with the 90-degree lattice.

it e ot e avold frequent adjustment during accumulation, it mav ac-

portional to energy (E), with a minim

t;;,:..Jj‘.’,;;?t:?;,g“:‘;bz.:“?:...zf,gmm"&;. tually be preferable to work with a slightly negative chro-
maticity and stabilize with feedback.

CM-P00062664

but LEP practical experience was not so positive



Karantzoulis & Lonza,
EPAC2006
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later ESRF experience rather successful and promising
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transverse and longitudinal thresholds at LEP

Brandt et al.,
PAC 1989 —
measurements
& simulations

Table I
Simulation
t | B tE (as}o uB tranaversell calculated
threshold || longitudinal

ms| GeV | s | cm | co threshold
1{]10 lu.lﬂ
200) 3.57|4.24 |1.48 j|22.5 1.6 1.73
216| 3.59(4.17 (1.44 ||19.5 1.6 1.85
250| 3.83(3.44 |1.46 {18.6 1.6 1.70
283| 4.49(2.13 [1.55 |17.1 1.5 1.53
3l6| 5.80|0.99 |1.74 {|15.0 1.73 1.79
350| 7.60)0.44 (2.04 [|12.3 1.73 2.00
383|10.0 |0.19 |2.59 |} 9.9 1.73 2.18
416|12.8 |0.092(3.22 8.1 1.73 2.14
450(15.9 |0.048{3.73 || 6.9 1.73 1.95
483118.0 |0.033}4.30 5.0 1.90 1.85




a few conclusions:

* negative Q' & damper can stabilize the beam even better
than additional wigglers; in fact this scheme is more
efficient than wigglers and allows for nominal intensity

 studies should/could be repeated with a more precise SPS
impedance model (C. Zannini, H. Bartosik, G. ladarola, G.
Rumolo, and B. Salvant, IPAC’15)

* longitudinal u-wave threshold and other collective effects
being checked



Other collective effects in SPS PBR or new PBR (O. Etisken)

e Space charge - benign

* Longitudinal u-wave instability— OK? benchmark with LEP data

* Transverse mode coupling instability (TMCI) by resistive wall

- critical

e u-wave instability driven by coherent synchrotron radiation (CSR)
- OK?

One sextant of SPS

® IOn EffECtS — OK """""" — Ac@Equilibrium |~ T "= ===
40 - Acit@Injection
A = —N0ATHCTy Sl I S S ions are trapped
Ccritx,y Zo_x'y(o_x + O_y) -IE - N3, CO .
< 20/ along bunch train
FBII growth time 10.
~70 turns

0_

e e-cloud —critical? neutralisation density > blow up threshold
* coupled bunched instability by resistive wall — benign?

Ozgur Etisken, “Collective effect estimates for the FCC-ee pre-booster ring,” poster



