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Basis of hollow electron cooling
technique

* Theoretical model hollow electron beam cooling
advantages :

a- for low 1ntensity 1on beams (suppression recombination),
b- for high 10n intensity 1on beam (suppression “heating”)

« Vertical shift electron beam cooling of antiproton beam at
RECYCLER (FNAL)

* LEIR cooling experiments with Pb*>*
« CSRm cooling and accumulation C*®
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Advantages for low intensity beams
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« Low recombination for storage ion beam core where electron beam density low.

« Cooling at center not so fast for hollow electron beam and density of ion beam
lower (unwanted instability not so intensive) but cooling time at few time faster for
ion beam tail (the 1ons with high amplitude of oscillations).
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Cooling time: 1/l , ,~1/<n(x)> -average at transverse direction
electron beam density

Recombination time: t_~1/ne(0) — density at center of electron

TeC
beam. Decreasing density at centre increased life time.
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Plasma oscillations at cooling section
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Plasma
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The figure demonstrated that after come in electron beam the light electrons have high frequency of

plasma oscillations and practically compensated the ion space charge. The ions continue moved as free
and after come out from electron beam have amplitude of oscillation at 2 times more! Of course

200 m cooling section still not exists and so long cooling section taking for made effect more clear visible
on figure. At this case increment too fast 1 turn. At practica there is 1000-10000 turns at storage ring.
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Problems of cooling intensive electron and ion
beams

N =- I Fdt ~ — E * 7 Momentum loss at single pass cooling section

How large exited zone at the electron beam by action single ion? I

pmax=0.2 cm N=8000 ions
2 2 N =np’
Prmax = T\/V +Veff Niw =M 4713 For n,_=10° 1/cm?’

How large kick from neighboring ions N”
that generate the same kick field but for
itself do not worrv about others ions?

Red points 1ons at
0.2*0.2*0.2 cm’
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Ap F Single turn
— = (1 Q, C() T g ) cooling decrement
P and
- — heating term
47e°n :
— e —c.J4nr.n_, Electron and 1on beams plasma
a)e m e e

frequency

47€%Z°n, T 1s time of flight cooling section
Wi = MY 476N at beam system of reference

g = [E*dV /(47p), 13)(F /4Z)* ~1.4

g is numerical factor that can calculated by computer
simulation.

Example of calculation was made for Bi*®’ ion moves
with velocity 4.6E6 cm/s at an electron beam
with density 1E6 1/cm?, time of interaction 6.5E-8s,
length of path is Puw =V7 0.3 cm
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! Wave at electron beam by moving B1 1on
Electric field

Electric field around moving
ion B1 at plane (color map)
and Electric field
D along 1on trajectory
(down figure) at units cooling
P ————— force Fcooling

units of friction force E/(FCOO]IIlg/(Z*q))
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Heating parameter

S=ww’t" =@r)’nnrr(cr)’

J.

n — Electron beam density at beam
2 7/ﬁc %k q Reference system
N i
N, = 5 Ton beam density
I bunch 27 o,y
_ I cooler , , . .
T = Time of flight cooling section
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Electron heating limait
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Decreasing electron beam density at center n_(0)
opens space for increasing 1on beam density n,
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Project: Electron cooling for RHIC

Fast painting of an electron beam over 6 dimensional
coordinates can produce any distribution of the average

friction force and as result to control the 6-dimensional

density distribution of the 1on beam.

BNL, C-A/AP 47 Aprill 2001.
http://www.agsrhichome.bnl.gov/AP/ap notes/ap_note 47.pdf)



http://www.agsrhichome.bnl.gov/AP/ap_notes/ap_note_47.pdf

FNAL cooler experiments (2005) with vertical offset cooling

4 mm offset

no offset- beams centred

anti
proton
beam

 Aim was limited overcooling and stop degradation
life time of the storage antiproton beam at recycler
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Why shifted but not tilted?

For tilted cooling

all ions concentrated
around tilted angle

and have high amplitude
and low life time!!
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First experiments with vertical electron beam offset
cooling. September 26 2005 (15:10:00)

— VS GxPC 2 Recycler V3A EMITTANCE MONITOR

el | csting cooling
S8 with shift vertically
electron beam:
T Y (T W . 9.8,7,6,5,4,3,2,1.5 MM

v (blue line)

clear see that
longitudinal
S | 'PSUUNN PRV § RPN F— emittance cooled faster
| for close position
®M clcctron beam
| red line show fitting of
'_ cooling time:

= EBEAM K
oE_F&8 E18 5] j=3e]

=Ml [nitially 5 mm-40 hour:

11:568:88 122320266 142066 15 1@ 668

Tl = Mon Sep 26 11:38:88 2883 T2 = Mon Sep 26 13:18:88 2883 Final 1 5 mm_2 hours




Longitudinal cooling time versus offset
vertical position
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World Records
Initial Luminosity: 1.413 E32 [1/cm**2 sec],
4 Oct 2005. This was a Recycler-only shot and

a nhew worlds record
I

Experiments show high potential of offset cooling for control
Ion beam instability for intensive antiproton beam.
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New low energy coolers

For high energy cooler cooling time measured at hours and we
have time for “painting” e

= but for low energy cooler time scale 1s 0.1-1 s.
~* No time for painting!
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BASIC FEATURES OF THE COOLERs
Variable Profile of Electron Beam
Electrostatic Bending
Magnet System Design



1999 Idea of variable profile electron gun:

EPACO02, THE ELECTRON GUN WITH VARIABLE BEAM PROFILE FOR OPTIMIZATION OF
ELECTRON COOLING,

Wmin kEU]—
1=

3-Electrode for ”‘GT?SZ :

Wd~C=

profile control ¢

Photos of tungsten wire at
different position inside
electron beam



http://accelconf.web.cern.ch/AccelConf/e02/PAPERS/WEPRI049.pdf
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Electron beam distribution for different voltage on the control electrode
and the anode.




Cooler with tuneable coils sections




[LEIR cooler

experiments
2006
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= : Typical magnet cycle of LEIR with period 3.6 s

LEI:MDNOM t) 13823 dv: 605.26 my . E EDCAMC-TS i
EXLIN]-TRAIN || BEX. RF-TRAIMN

l
! Injection and electron cooling | _!;:! 0
i | | 400.0msfdiv || -1.0045

600.0my | | +slope | L

| ERMTR12-2 1u AS ]
| [z00 0mvydiv | -771.93my ||
| ;_-__-EH.GSECRID—,;_RS
[ 500.0mvjdiv_| -87.719mV |
| ER.GSBHN-AS
| 200.0my /iy | -1.645Y

line 1s intensity 1on beam (number 10ns)
Pink line 1s magnet field value

line is anode voltage (the electron beam current
control for cooling: on for injection, off acceleration)




Electron beam profile

Profile monitor signal for
Typical cycle of LEIR

Normalized emittance versus time
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Increasing electron current with the same profile Ucontr/Ugrid=0.5

Ugrid (V)= 300
Ucontr (V)= 150
Ugun (V)=

Je (mA)= 60
JO (mA/cm”2)= 3.6
Norm. Emittance
(mm*mrad)= 0.15
Cooling time (sec)= 0.5
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Cooling with different profile electron beam

Uanode (V)= 1000
Ucontr (V)= 200
Ucontr/Uanode 0.2
Je (mA)= 140
je(0) (mA/mm~n2)= 18
Cooling time (sec)= 0.3




P.R. China, Lanzhou Institute of Modern Physics
CSRm electron cooler
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The first evidence of the electron
cooling- July 2006

Inzpect |




CSRm cooling at the end of 2006
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« Accumulation C*® ions up to 1500 A
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Decay became exponentially only for low current
Decay time 400 sec! vacuum about 3-4x10-!! Torr
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CSRm accumulation and acceleration
Cto
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Experiment with different shape of electron beam
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Maximum accumulated and accelerated ion beam current C+6 versus
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Acclelerated current C+4 mkA

C** accelerated current
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Accumulation C™® at CSRm
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Table 1. Parameters of high intensive ion beam electron coolers

ae(cm)(9)

2.2(1)

2.12(2)

2.12(0.5)

2.12(0.4)

CELSIUS 2.12(1)

2.12(1)

RECYCLER 0.3(1?)




[Life time and interaction

. ° °
ot ——g Life time
6.508x10 N
110" ﬁ;\ (number of
i g ] 1 S turns at ring)
o N Versus
5; 1-10 . .
— | 1nteraction
1107 | .
6 parameter:
2.19%x10°, . o
T 0.01 0.1 1 10 Nturn~ 1 08/6 ' '
375310 g s Is 1t reality? or

S=w o't =@r)nnrr(r)’ just random?
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CONCLUSION

Decreasing the electron beam density at the
accumulating zone practically give improvement
at life time and maximal number storage ions.

Life time under electron cooling 1s function of the
space charge parameter.

At LEIR and CSRm coolers the accumulating
beams corresponded requirements of projects.

Optimization of the hollow electron beam cooling
will continue.
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