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OUTLINE

- The ICE age - the birth of electron cooling at CE
* LEAR - electron cooling in operation
* From LEAR to LEIR

* AD — cooling for antimatter

« ELENA and the future
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— ELECTRON TRAJECTORIES
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Cylindrical water-cooled anode for absorbing the electrons

Iris shaped shunt at entrance to reduce the magnetic field

Repeller electrode to decelerate the electrons (set a few kV above Vcath)
The spike refelects electrons towards the collector

Mesh electrode repels the low energy secondaries



Cooling experiments

* Transverse cooling
» Longitudinal frictional force
« Equilibrium momentum spread

- To measure the cooled beam diametfers or angul
divergences, three methods were used:

» neutral beam profile
* beam scraper
« horizontal ionisation beam profile monitor

« Schottky signal used for the longitudinal measurements
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Profile observed on
horizontal IPM

Cross-sections of neutral
atom beam as seen by
the two-dimensional
MWPC

Schottky noise, taken at the
beginning and end of the cooling
process
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RELATIVE VELOQTY DIFFERENCE 91

The momentum cooling force, for small betatron amplitudes, was measured separately by first cooling
the beam and then suddenly increasing the gun voltage and observing the subsequent acceleration
of protons.

By voltage increases in the range 2-300 V fractional relative velocities in the range 5x10~ to 6x103
were created. The proton acceleration was observed as a change of revolution frequency, with the
longitudinal pickup



Horizontal betatron oscillations were excited artificially on
the cooled beam by a short (700 ns) coherent pulse from the
Full Aperture Kicker. Damping was then followed on the
horizontal beam profile monitor. Repeated excitation to
various amplitudes were made and the total damping time
measured as a function of excitation amplitude.

The figure on the top right shows an example of such
observations. The time between frames is 800 ms. The total
damping time, down to the resolution of the monitor, is here
about 7 s.

The damping could also be observed with the neutral atom
profile.

The horizontal acceptance of the storage ring, taking into
account closed orbit distortion, limited the excitation
amplitude to about 3.8 mrad. The minimum observable
amplitude was determined by the resolution of the horizontal
beam profile monitor.
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LEAR (Low Energy Antiproton Ri

The required static vacuum level of less than 10! torr meant that the cooler needed a majo
vacuum system.

its

. best obtainable vacuum was in the order of 10 torr on ICE
. the complete vacuum envelope was re-designed and built using high quality AlSI 3 inless steel
. designed to be bakeable at 300°C in situ (permanently installed jackets)

. use of NEG (non evaporable getter) strips
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longitudinal Schottky scan

REF 223.6 mV ATTEN 14| aB

LINEAR [

LA

/

"‘\w‘]-l“'fﬂf 1 v ‘\H‘mff J Amv lilt‘l’“'«‘f—\,—m 7 -
«.»N’w«-v"" p | P N e A e A e
i g 'n.w‘.m’L ' . 0 l.'u \ 'ﬁmﬂa.; i s ‘tmwj:ww.i. “""‘"*"i"’
b, ﬂf-',m:.['. h‘c‘i;m.. L ALY L ) J A AA AN
"a’\:f*w‘*mv-‘w'-'ff"\n'w’v ' ' s rr«’*.wﬂl-j‘t"m,.-‘m\ﬂ TN NP WS
N GRAl e =5 W‘T,Wﬁm - =

L4 4 v
T T AR A el I L?«»a.-_z‘»d-m-\f."u.,'-\v AP YLt oMY

CENTER 41.8000 MHz g

L PAN 500.0 kHz
RES BW 3 kHz VBW 30¢ Hz

WP 1.0 sec

1t cooling of 50 MeV proton from Linac 1 (October 1987)



New electron collector for reliable operation with full perveance gun (19291
New electron gun allowing the online control of the electron beam intensi

(1992)
Electron beam energy feedback system

10 ¢m
b—
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2 - vacuum valve 8 - collector
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4 - magnetc shielding 10 - feed through
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- repeller

Adiabatic optics
Fixed magnetic field of 600 G (easi
5 cm Cathode
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Anode (drift) at ground potential
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Operation (with antiprotons) of cooler was made in the “pulsed” mode

Electron cooling was applied at fixed flattops (plateaus) during deceleration
Required careful programming and synchronisation of the function generators

609 MeV/e Deceleration with electron-cooling in pulsed mode
\ and a 20 minutes slow extraction at 61.2 MeV/c
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Oxygen ion cooling and accumulation

11.4 MeV/nucleon

4 x 108 charges per Linac pulse
On average 8 x 107 charges accumulate
Damper needed to fight instabilities

Accumulation scheme based on
electron cooling and injection info empty bucket

2 bunching

T e

Current transformer reading during injection
sequence. The repetition rate has been set to
7.2 seconds. Saturation occurs when the
losses are of the same magnitude as the
injected batch.

X 13 x 107)




>

m----=-m
A

s e
EEEEEEEE R
EREEREEE N6
I P O Ve
,I-.HI--=Iw
| O8] [ [ | IY P

electron cooling

)

Longitundial beam distribution before (left) and after (right

- lons

Cooling of H

Beam intensity evolution without (left) and wit (right) electron cooling



Electron beam space-charge induces an azimuthal drift velocity which is de

cooling process.
This effect can be reduced by neutralising the electron beam.

Electron beam neutralisation is obtained by trapping ions from the residual ga
between two trap electrodes. These electrodes create a transverse electric field w
ions to be reflected at the level of the traps. The ions oscillate and accumulate bt
electrodes while low energy secondary electrons created through ionization esc
crossed electric and magnetic fields.

B

=Uc

The electrostatic trap. 1,1") metallic electrode, 2) glass insulators.

Principle of the electron-cooler set-up. 1: Cathode, 2: Steering electrode,
3: Cathode neutralisation electrode Elg, 4: Drift tube or drift space at
ground potential, 5: Collector neutralisation electrode El_c, 6: S:ollecta'.



Using the circulating ion beam as a probe it was
possible to measure the radial distribufion of the
electron beam potential. By displacing the ion
beam horizontally in the cooling section, the change
in electron energy needed in order to bring the
circulating beam back to its original momentum was
recorded. In this manner we were able to
reconstruct the potential distribution within the
electron beam. The left figure shows a classical
parabolic distribution which is measured when the
electron beam is not neutralised. On the right, one
sees that when neutralisation is switched on, the
potential is constant in the central part of the beam
and increases abruptly on the edges. The radius
over which the potential is constant depends on the
degree of neutralisation. Therefore the flatter the
distribution, the  greater the  neutralisation
coefficient.
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Influence of Lattice Function:s

TABLE II Lattice functions for the optical settings of LEAR used in the experiments

Machines used up to 1996 Machines used in 1997
(Machine no.) (Machine no.)
1 4 6 7 97-0 97-1 97-2
Twiss parameters at
injection septum B [m] 1.9 9.5 0.65 4.8 3.7 3.0 2.2
Gy [m] 6.4 10.5 5.5 5.0 6.5 6.6 6.3
D [m] 3.6 0 0 5.0 10 9.9 9.5
Twiss parameters at
electron cooler B [m] 1.9 9.5 0.65 4.8 5.0 5.0 5.0
By [m] 6.4 10.5 5.5 5.0 5.0 5.0 5.0
D [m] 3.6 0 0 5.0 0 —1.0 —2.0
Twiss parameters
maximal values Bgm] 11.2 13.6 28.7 16.0 20.5 21.6 25
By [m] 22.7 21.8 26.9 25.2 20.2 20.9 21.5
D [m] 3.6 9.9 10.2 5.1 10 10.1 10
Working point O 2.31 1.62 2.76 2.55 1.59 1.59 1.59

(0% 2.62 2.42 2.72 2.70 2.57 2.57 2.57
Transition ¥z -39 8.1 8.1 —28 8.1 18 —33




Cooling time [s]

5 10
Bp[m]

Cooling time [ms]

machine 4

Br [m]

Plot of the proton-beam cooling time
function at the cooler. The electron curre
cooling length 1.5 m. The measured time
to cool about 2 x 10° protons at 50 MeV
emittance of 400 mm mrad down to 4t m
vertical emittance and momentum spre
mm mrad and 2 x 103 respectively. The cur
afit = 0.2B, + 13/B,3?

Cooling-down time for Pb>*ions at 4.2 MeV/nucleo
horizontal beta function. The electron current was 350 m/
and the cooling length 1.5 m. The curve corresponds to
fit 7~ 3.2B, + 230/B,%>
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LEAR to LEIR

* pp*

200
Electron current [mA]

P3>3+ originally planned for @
However the short beam life
investigate the possibility of
more stable charge state.

us To
nother

P52t to P24t lifetimes were measured.
Vacuum lifefime in good agreemen
semi-empirical formula of Franzke for
composition: 82% H, and 18% hea
molecules (CO, N,).

From the slope one can estimate the
recombination rate coefficient.

Measured rates higher than what one
would expect for radiative recombination.
For Pb°3* the rate is even higher.
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Inverse cooling time[s™']

Machine 7
Ne=.02

Machine 1 1 Cooling rate of Pb%* ions n of the
De=-04 electron-beam current ent latti
] parameters and differ n =0.02, i
Machine 1 | -1.5m and 1 = 0.04, i.e. l.= 3m]. The
, Ne=-02 rate is defined as the inverse of time

Machine 97-0 _ cool from a horizontal emittance 40x
P down to 4r mm mrad. The initial v
-7 Machined | emittance and momentum spread were ab

Ne=.02 mm mrad and 0.5 x 103 respectively.
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High perverance g
Beam expansion
Electrostatic ben _,
Pancake structure gnets

NEG coated v chambers
NEG strips in gun/collector reqi
Static vacuum pressure 4 x |

E., up to 6.5 keV

le = 600 mA
k=3,r=1410 25mm
B (in cooling section) = 750 G
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1. 14mm convex cathode

2. Conftrol electrode (modifies
density distribution and intensity)

3. Pierce electrode

4. Grid electrode (fixes the intensity)

Veont/Vgun = 0.9

Veont/Vgun = 0.5
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Electron beam current normalized on the grnd voltage as a
function of Viu/Vgia for E. = 2.5 keV The solid line is
calculation of electron gun SuperSam code after fitting the
position of the gun electrodes.
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Grid voltage (controls
the-electroncurrent)
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Horizontal beam profile evolution during a complete LEIR cycle measured on the ionisation profile monitor.

Two LINAC pulses are cooled-stacked at 4.2 MeV/n in 800 ms, then the beam is bunched and accelerated to
72 MeV/n for transfer to the next machine in the chain, the PS. The measured emittance at extraction is

typically 0.4 pm
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Ie =210 mA

Ve=290V
Vg = 1450 V
Ve/Vg =0.2
Hollow electron beam gives b
S cooling at fixed energy (i.e. o
Vg =600V
e For stacking, a flat electron
gives the fastest cooling r
le=210mA
Ve =455V
Vg=455V
Ve/Vg=1.0
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Ie =291 mA, Vc/Vg = 0.94

Ie =297 mA, Ve/Vg = 0.5 Ie =294 mA, Ve/Vg = 0.197



| Influence of adiabatic expansion -
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The Antiproton Decelerator

FA429  1000kg

AT After the dedicated Pb ion

[ (W on LEAR in 1997 the ele
' i_m“': ' . cooler was moved to the

« S to U configuration

: (1L
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ECOOL deceleration

Beam successfully decelerated from 100 MeV/c
(5.3 MeV) to 95.3 MeV/c (4.8 MeV).
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-Electron cooler used to
antiproton beam to a lower energy.

- AD magnets ramped synchronously
with electron beam energy.

-Small emittances and momentu
spread are preserved during fthe
deceleration .

- No need for an RF cavity.
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(MeV/c) A l deceleration
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cooling
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electron
cooling extraction
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35 -
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time

« Small post-decelerator employing electron cooling for effici
deceleration down to 100keV kinetic energy. :

* Injection of a bunched beam followed by deceleration
« Beam cooling at intermediate momentum to counteract beam emittances and momentu

spread blow up

- Deceleration down to extraction energy, beam cooling, bunching at harmonic h=4, then
compression to provide required bunch length and fast extraction

 The final goal is delivering to experiments beam 1.3m long with 1lo~1mm



B 0.037 0.015
Electron beam energy (eV) 355 55
Electron current (mA) 5 1
Bgun (G) 1000
Baritt (G) 100
Expansion factor 10
Cathode radius (mm) 8
Electron beam radius (mm) 25
Flange-to-flange length (mm) 2330
Drift solenoid length (mm) 1000
35
3 y = -3E-06x3 + 0.0005x2 +0.0102x
R? = 0.9999
25
T 2
E
L 15
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0
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Cooling of antiprotons at 648 keV (35 MeV/c). Electron beam energy: 355 eV. Cooling of antiprotons at 100 keV (13.75 MeV/c). Electron beam energy: 55 eV.
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Horizontal emittance before (left) and after 4 seconds of electron cooling (right).

: T Horizontal emittance before (left) and after 2 seconds of electron cooling (right).
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Longitudinal Schottky signal of uncooled (left) and cooled (right) beam. Longitudinal Schottky signal of uncooled (left) and cooled (right) beam.



The Future<e A new cooler for

Maximum energy:

Electron beam energy:
Antiproton beam momentum:
Accelerating voltage:
Relativistic beta:

Maximum electron current:
Cathode radius:

Magnetic field in gun:
Magnetic field in drift:
Expansion factor:

Beam radius in drift:

N

e

80 keV
68.125 keV
500 MeV/c
68.808 kV
0.471
3.5A

1.25 cm
2400 G
600 G

2

2.5Ccm
7.9x 108 m3

Toroid bending angle:
Toroid bending radius:
Drift solenoid length:
Transition solenoid length:
Cooler orientation:

Vacuum chamber diameter:

horizontal (?)
140 mm



What's different?¢

71 Cooling at a higher antiproton momentum (500 MeV /c)
= Horizontal orientation

11 Electrostatic plates in each toroid.

7 NEG coated vacuum chambers.
[

Fast ramping of the expansion solenoid to adapt the
electron beam size during cooling.

1 New solenoid design using pancakes and iron bars for

the return-flux.

1 Compact orbit correctors (as used on ELENA).
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x6.6 adiabatic blow-up between
MeV/c

x3 blow-up between 300 MeV/c and 100 M

Most of the losses occur at arrival on the
plateau

Less blow-up by cooling at a higher momentt
and more efficient cooling without tails



Summary

Electron cooling has played a pivotal role in the success of the |OVM physics
program at CERN for nearly 40 years. The first electron cooler has seen two r
Incarnations and is still used today to provide cold antiproton beams to the
experiments. The heavy ion program for the LHC and the fixed target experi
would not be possible without the LEIR electron cooler which accumulates and cool
a variety of ions and is central in the whole injection chain. The future looks bright for
electron cooling at CERN with a new low energy cooler being commissioned on
ELENA and a new cooler foreseen for the AD such that the original ICE cooler can
finally retire after so many years of excellent performance



