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Beam Cooling > Teomediginncs

Beam cooling is synonymous for a reduction of beam temperature.

Temperature is equivalent to terms as phase space volume,
emittance and momentum spread. N ewmSamce

Beam Cooling processes are not following Liouville‘'s Theorem:

“in a system where the particle motion is controlled by external
conservative forces the phase space density is conserved”

(This neglects interactions between beam particles.)

Beam cooling techniques are non-Liouvillean processes which
violate the assumption of a conservative force.

e.g. interaction of the beam particles with other particles
(electrons, photons, matter)
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Cooling Force

Generic (simplest case of a) coollngm}.}ﬁ.&m

F, — s 4 y.s Velocity in the rest
T,y,s = ~ wy,sVzy,s frame of the beam

non conservative, cannot be described by a Hamiltonian
DRI

For a 2D subspace distribution function f(z.z',t)
F,=—-a,v, z=z,y,8 v,=vy7

d 't Vo
f(zgitz ) = =X, f(z, 2 t) A, cooling (damping) rate < 00‘3’“”}

—_— — Lt
in a circular accelerator:

—/

Ayt
Transverse (emittance) cooling €x,y(to T 1) = €xy(to) €7

op oP| or| A
Longitudinal (momentum spread) coolin o+t to) e At
4 ) ) 8 Po ( ) Po ( 0) —
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Beam Temperature

Where does the beam temperature originate from?
The beam particles are generated in a ‘hot’ source

U hggm\ @ Tremmah

‘—7‘/ e —_—
\ # W‘W;Am -
== w2 -
— e _—
\ / -
at rest (source) at low energy at high energy

In a standard accelerator the beam temperature is not reduced
(thermal motion is superimposed the average motion after acceleration)

-

L
but: many processes can heat up the beam @N&ww & cpuheone

e.g. heating by mismatch, space charge, intrabeam scattering,
internal targets, residual gas, external noise

— —
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Beam Temperature Definition

Longitudinal beam temperature

1 1 1 dp
—/CBT” :L—mfyﬁ>— —chBQ( | )2
2 9 9 D

—_— ,_)

Transverse beam temperature

‘1 I L 5 5 9.9 Ul

QkBTJ_ —<2meJ_§ ch /6 Y QJ_ 4 667 -L(S) /BL(S)
—

Distribution function ,

mv] Y

2kpT,  2kpT|

)

flv, UH) ox exp(—

Particle beams can be anisotropic: kgl # kg1’ =
e.g. due to laser cooling or the distribution of the electron beam

~—~Don‘t confuse: beam energy <> beam temperature
(e.g. a beam of energy 100 GeV can have a temperature of 1 eV)
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Benefits of Beam Cooling

= Improved beam quality T e
- Precision experiments ¢ oA (f%\w
» Luminosity increase —— = | v &7 4

—

= Compensation of heating
« Experiments with internal target
« Colliding beams

* |ntensity increase by accumulation
* Weak beams from the source can be enhanced
« Secondary beams (antiprotons, rare isotopes)
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. Cold qon = e beawm
1. Electron Cooling = . vadess e

electron collector

| ‘ electron gun
high voltage platform
[ ] | 1 , I A e|| = Bec— BC V|||

@'|'deceleration acceleration | o E.=m./M;E,

e.g.: 220 keV electrons

cool 400 MeV protons
magnetic field e

electron beam

electron temperature
ion beam KkgT;~0.1eV

el
o ,@M - ™ keT| ~0.1-1meV
\

j\/\{//“/\ ‘\) N F D ST
-~ 4™ =~ N\ =v . | inthe beam frame: K
/@O\Q&S\ & g 4‘\ W TR E § e —_— 3 q _) WQ}(‘MQA
L\/V LT N @, 7 ¢ | cold electrons interacting with v
e P4 TSR
/ \/-_\\ PR ,_t\,\’: hot ions W(_EEE
g 3 = B g s = =

superposition of a cold momentum transfer by Coulomb collisions
intense electron beam cooling force res om energy loss
with the same velocity in the co-moving gas of free electrons
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Simple Derivation of . |
the Electron Cooling Force = W .
electron in reference frame o

- target of the beam
Anal . enerqgy loss in matter
alogy elegyos. mater . //
(electrons in the shell) __—
faster ion slower ion

. V) 2212262
Rutherford scattering: 2 ¢ )
J anf 2 ) dmeq Apub

(Ap)? 2Q%e¢* 1
Energy transfer:  AE(b) = om, = (dmeo)Zmon? b2 (for b>> bnin)

g . . Qe? - -
Minimum impact parameter: b,,;,, = tdb
il e ﬁ\ )
from: AE(bpin) = AF ez ™ 21, v° '

Energy loss: \

b 2 4
e ! bmaaz \
et 277/ bn.AFE db = me N In o =
i >

dx (47T€0)2me’l)2 Oimin

Coulomb Iogaritr@) Lo=In (Ba/brmin) 10 (typical value)

71 =@ (ion), Zy = —1 (electron)

1L LT
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Characteristics of the

u
Electron Cooling Force oo
cooling force F ,
(o ArQen, - = Urel 5 | for small relative velocit
) = ~lireopm, | LTI @) Vi < Vel
O/ e rel for large relative velocity: o« Vrel :
— = =
Urel = U/ — Ve increases W|th charge o 02 = (o
1000 g -
T T IFI m V IFI m 1/V

0,04 |- = 100 3 -g
proton F ]
0.03 | 400 MeV A 1o f
0,02 : LE ;
| Fol E L
0.01 | . 3 ;
-g' - =001 E )
%JIO’OO I - 1E3 | 1
oo b | — ArY 400 MeV/u
4 F —g’ I=1A E
002 - - . ... SN :

1000 & 10000 100000

0,03 | - v [m/s]

el [ —— L TTTT m ax|mum of coohng force

200000 100000 0 100000 200000 at effective electron temperature

— v_ [m/s]
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Electron Cooling Time

first estimate: , — 3 kple + kBTi)3/2
(Budker 1967) 8v2mne.Q?roricLe Mec?  m;c?
. . lcbwidbe B 6

for large relative velocities “ ; _%vx,y ok 52 oL 2

i — —= N
cooling time ,Uﬁc—/7 Q N W

by e

cooling rate (t): (O ~e \ , Yhe PK\/@SQ \5(2

* slow for hot beams o 0-3 (% e N />

« decreases with energy oc y2 (B-y-0 is conserved)
* linear dependence on electron beam intensity n, and cooler length n=L_/C
- favorable for highly charged ions Q%/A
* independent of hadron beam intensity &

P

for small relative velocities

cooling rate is constant and maximum at small relative velocity

Focv,, = 1=At=p,/F = constant
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Models of the
Electron Cooling Force

* binary collision model

description of the cooling process by successive collisions of two particles
and integration over all interactions

analytic expressions become very involved, various regimes

(multitude of Coulomb logarithms)

* dielectric model

interaction of the ion with a continuous electron plasma
(scattering off of plasma waves)

fails for small relative velocities and high ion charge

« an empiric formula (Parkhomchuk) derived from experiments:
232 , T
ﬁ — _4 ne (Qe ) ln b’rTLCLCL" + bmzn + TC) v Tomn

2 2
me (4mcg)? bin + 7c (vs,, + ’Ueff)3/2
2
b . Q€ /471'60 . A . Vion 2 .2 2
min — ) ’ max — . T ? Ueff R UCaH T UevJ—
mevs,, min(wpe, 1/Teool)
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Electron Beam Properties

electron beam temperature
transverse kgT | = kgT, With transverse expansion (< B/B,,) 13
longitudinal kg Ty = (KgTea)/4Eq << KgT lower limit : AT} > 2647750
pical values kBT ~ 0. 1 eV (1100 K), kgT = 0.1 - 1 meV
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Electron Motion In

Longitudinal Magnetlc Field o
MN v
single particle cyclotron motion i Wbswy_ﬁ_ {3{@) “W/N‘_M §O\@[§
cyclotron frequency o, = eB/ym, \> Feag
|

cyclotron radius r, = v, /o, = (kgT,m.)"2y/eB

electrons follow the magnetic field line adiabatically i
, , , , B
Important consequence: for interaction times long compared to — L .
the cyclotron period the ion does _not sense_ the transverse lov G)wp@w
electron temperature = magnetized cooling ( T~ T <<T)) oy
I
. v’
electron beam s.pa.ce charge: VTP T C2 Wy
transverse electric field + B-field = azimuthal drift Yazi = "Wazi =T e Kx ?r?‘";
. c 7
—> electron and ion beam should be well centered F&AWM
Favorable for optimum cooling (small transverse relative velocity): fé::
» high parallelism of magnetic field lines AB /B, v n Q
* large beta function (small divergence) in cooling section @Qa /ff_
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Imperfections and Limiting
Effects in Electron Cooling

technical issues:

ripple of accelerating voltage
magnetic field imperfections

beam misalignment

space charge of electron beam
and compensation

losses by recombination (REC)

physical limitation:
Radiative Electron Capture (REC)

E \
bound states
L
ho
~“~VWW>

o Y

lossrate 7
1.92 x 10713 Q?

= v 2arpcnen
5.660

Y —
REC ]{BT

vVkpT

kT

+ 0.196 (— 02 )1/3’) [em?s™ 1]
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Examples of Electron Cooling

fast transverse cooling at TSR, Heidelberg measured with residual gas
“ - s @ lonization beam profile monitor

al 40F { 40 40

ol I ol transverse cooling at ESR, Darmstadt

o o ; " ; o L ; ”
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100 160 250 350 1 400 -
140 | p 300 | B 40 A_r18+
80 200 -
120 1 250 | - - t_400
2 1200 | =400's
s} oo ] 100 150 r 350 MeV/u
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wl T el T el T e T position [mm]
! ! ol = cooling of 350 MeV/u Ar'é+ jons

pmﬁleevery iy [ 6 ] o 0.05 A, 192 keV electron beam
A5 X Imin _ 6 3
n, = 0.8 x10° cm

note! time scale, the cooling time
0.24 A, 3.4 keV electron beam  \5rjeg strongly with beam parameters
n, = 1.56 x107 cm™

cooling of 6.1 MeV/u C®¢* ions
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Accumulation of Heavy lons
by Electron Cooling

standard multiturn injection

40F Particle Motion

Injection ]

y=0,x+f, x' [mm]
(=]

30 Acceptance |
40 200w mm mrad ]
1 1 1 1 1
40 -20 0 20 40
X [mm]

fast accumulation by
repeated multiturn injection
with electron cooling

40 b Injection Region

y=0,x+B x' [mm]
o

Acceptance

.40 | Storage Region 200 & mm mrad

1 1 L S 1 " L
40 -20 0 20 40
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Ien Current [mA]

horizontal vertical
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10005 ---==~b-- e S
b A o el
0 i at1173 0 I gr ’ i
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| " M | |
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3 & K "U §
10 _| : :
b : \
1000 2000 7 1&00 2||JUD
Time from Ev 32 / [ms] Time from Ev 32 / [ms]

65+

Au

11.4 MeV/u

intensity increase in 5 s
by a factor of ~ 10

limitations:
space charge tune shift,
recombination (REC)

M. Steck (GSI) CAS 2015, Warsaw



Accumulation of Secondary Particles

basic idea: confine stored beam to a fraction experimental verification at ESR
of the circumference, inject into gap and apply '
cooling to merge the two beam components

— fast increase of intensity (for secondary beams)

Xe54+
154 MeV/u

#p tau[sec] Energy[eV] at2.000000e+00 [s] Cooling

2 T T 1 3
sl freshinjection
w0 12 longit. position
1 . ey —
174y Saen e B . oy injected beam
% ol : . L,S_:[ﬁlﬁ,k 0 ?_4‘ 5x10® ———
< o5 . 1 = 4x10°{ beam current increase
a1k y 1. “ ,,,,, E
R = 3x10°
s : 12 o
15 - T e )
i f : Ll
R barrier voltage 2 kV 1, = 2x10°
-0.4 -0.2 0 0.2 04 X
& 1x10° .
© [sec] ) Stacking with Barrier Buckets:
. . e . . V=120V, f =5 MHz, |=0.1 A
~ simulation of longitudinal stacking T o 3 40 % & i
with barrier buckets and electron cooling t(s)
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Examples of Electron Cooling

high energy electron cooling of 8 GeV antiprotons
longitudinal cooling with 0.2 A, 4.4 MeV electron beam

First e-cooling demonstration - 07/15/05

Pbar beam: 63.5e10
Barrier-bucket bunched.
Bunch length 1.7-us
Tr. emittance (95%. 1) kept at 4-p1 mm-mrad

measured by detection
of longitudinal Schottky noise

wfﬁu at relativistic energy
M at Recycler, FNAL

% V\\ resulting in increased
| luminosity in the

0.002 -0.001 0 0.001 0.002 Tevatron collider

Fract. momentum spread

I

-“é’ Electron beam current: 200 mA
= Traces are 15 min a];_aart

2 n} k\ '

= 1

= nﬁ first electron cooling
= 1

=

-

%

O

cooling time of some ten minutes has to be compared
with the accumulation time of many hours
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Electron Cooling Systems

High Energy:
Low Energy: 35 keV SIS/GSI 4.3 MeV Recycler/FNAL

—~ 4 = E ’
-8 e
A |

2 -

Medium Energy:
300 keV
ESR/GSI
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2. lonization Cooling [tt “ﬁ@;w :
G N 4

energy loss in solid matter

BT - - - - - _
v 2 ~a » —
T~ - -
T -~ —
. >
v S -
—:,_\> - ‘\ _’_ X
Ay - - . =
Large \ mall emittance final optimum momentum
emittance  \ 1 V}\/
?k % ﬁator not useful for heavy particles
Momentum loss is ¥ Momentum gain due to strong interaction with matter
opposite to motion, is purely longitudinal

P, Py, Pv, AE decrease

transverse cooling
——

deny —L@e . ByB1 (62, ) = small , at absorber in order
ds 32E ds 2 ds to minimize multiple scattering
___ 1 ab BLE? large Ly, (dE/ds) = light absorbers (H,)

32FE ds N+ 20°m,,c2LrpE
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lonization Cooling

increased longitudinal cooling
by longitudinal-transverse emittance exchange

Dipole (bend) . 2
%\ dog, _ 5 Jd(dFE/ds) -2 d(AEZ )
\ ds OF o ds
p—beam 0 \
= \ cooling term heating term
—3e__ L\
. B(dE/ds)
Dipole XX+ DBPID o er cooling, if 5 > ()
m_troduc.:es reduces energy spread
dispersion (n)
Incident Muon Beam i Incident Muon Beam emittance EXChange
g : o :
=1l o increased longitudinal cooling
0% _ 0%,  dE Dy
‘ — = |() +
g oOF oOF ds (Bcppg
reduced transverse cooling
de N 1 dFE ( Dy )
Wedge Absorber — = = - - - €N
ko ds #2E ds 00
Figure 1. Use of a Wedge Absorber Figure 2. Use of Continuous Gaseous
for Emittance Exchange Absorber for Emittance Exchange
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Scenarios with lonization Cooling

Muon Collider
16 GeVic -

Accelerator

' <%— Pion Production Target
and Capture Solenoid

Pion Decay
Channel

55 ¥ |

Nuon Tonization
Cooling Channel

\J

1,5x 1071
muons / vear

o 100 MeVic o | STOpped Low

muons Fnerey Muoons

Muon

Accelerators :
Neutrinos from

10 GeV - | 10N storage
muons cinge

Intense High
Euergy Muon &
Neutrinoe Beams

Up to
2 TeVic —
muons

1

—'{Hiug\,Tl,\\\\_,,,

1.1 km

y

1
Proton Driver @ b

Neutrino Factory

FFAG/synchrotron option Linac option

Neutrino Beam

Hg Target

Buncher

Bunch Rotation ©
H
Cooling 1°

0.9-3.6 GeV Linac to

RLA 0.9 GeV Muon Storage Ring

Muon Storage Ring

1.5 km >

M. Steck (GSI) CAS 2015, Warsaw




Scenarios with lonization Cooling

Neutrino Factory (NuMAX)

Proton Driver Front End |Cool- | Acceleration i Storage Ring Factory Goal:
ing 102" +&  peryear
o Gnfl0
g 2£ 2 £, v, within the accelerator
-.::_—-——_—<l 5 GeV i acceptance
_ _ B0 = 5| i 0.2-1 1-5 = Y
2 g 2 SoSE B[S | v o -
= o S > %6 £ 5 S: — -Collider Goals:
o E 3 82> 7 gl5i 126 GeV =
g 388 S E: |Accelerators: ~14,000 Higgs/yr
§ o a = i |Single-Pass Linacs Multi-TeV =
....... Lumi > 1034cm2s"
< Share same complex & T
Muon Collider i T . v
Proton Driver Front End :Cooling Acceleration Collider Ring

__OOA

!

4 e (- -B
U— v = oo
9 5§ § © |02 2|£ 5 @ o E
c © -S = Smm Lc) = 8 © = = %
oo — o) = o [e)
o 2 S £ [g592=°C g5 6% 3 S8
(@) B > v g c = O =
o 3 © o |CR8%F 8l o 32 o0 ®
] T O Q 2| 20 @2 o £ Accelerators:
< § = “ | Linacs, RLA or FFAG, RCS
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The Muon Cooling Section

studies for the arrangements of ion optical structure, absorber and rf section

{fﬂ*l - | @?:33,:5,77—‘

"i“ Banding megnet Az an Palmer ring
b Mt - Bt 4540
NF Buy w e WM
NF graots 150 M
Hard adge, clesle sclon faid ;, :

‘x« -—

Fig. 5: Schematic of Balbekov ring cooler

—

Em:xzr
* Coil diameter | O m
{* Max field >10T

g 33 m Circumdorence §.

* 200 MaV /c
;2 “Injection -5

possible

%@"ﬂlﬁﬂ\ RFOFO Gugganhem

Jumr's‘“

»
~~~~~~
> . ’ .

Quad+Dipole Ring
' Helical
Solenoid
(HCC)

Injection ¢
unnecessary

K. Yonehara (FNAL),
R Johnson (u, Inc.),

radius = 13m

E clrcont. = 344 m

* Ya. Derbenev (JLab)
Helical FOFO “Snake”

R. Palmer, D. Stratakis (BNL), A. Kiier,
G. Hanson (UCR), P. Snopok (UCR/IT)

A. Garren, D. Cline (UCLA), H. Kirk (BNL)
Y. Alexahin (FNAL)
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MICE

Muon lonization Cooling Experiment
at ISIS, Rutherford

\

Coupling Coils 1&2

Spectrometer
solenoid 1

Spectrometer
solenoid 2

Beam PID
BPM1 BPM2
TOF 0

TOF 1

CKOVA CKOVB

Variable
Diffuser

Incoming muon beam

Matching
coils 1&2

Correcting
coils 1&2

Focus coils 1 Focus coils 2 Focus coils 3
\
]_[ - L I ~ - '~

[f—\i W i

RF cavities 1

RF cavities 2

Liquid Hydrogen absorbers 1,2,3

Trackers 1 & 2

measurement of emittance in and out

I

&

Downstream
TOF 2
particle ID:
EMCal =

KL + EMR
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WV\"J%

(L
2 = vywa1(1 — Bcosb)

Q
RO I 'thI j
F\k
— ’eXC|tat|on with directed

momentum transfer

isotropic emission y

/
closed optical transition U,

the directed excitation and
isotropic emission result in
a transfer of velocity v,

/3. Laser Cooling

= L 6\/\/\3\@ FST‘Q\Q I
— WGD . | Pmu-.%g:{_ :

-
-
% | IIII .
= s
8 \
3 AN
. [e— 1 Il_.l LT ——
COOIIng force frequency detuning A (v)
Fo. %) = "F o (L/27°
’ 2 7 (w—wa —TE)+I/2)2(1+S)

Lorentzian with width T'/k ~ 10 m/s

. hI’
minimum temperature 1 = —— (Doppler limit)
typical 105 — 104 K 2kp

typical cooling time ~ 10 us

drawback: only longitudinal cooling

—
7&
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Laser Cooling

a single laser does not provide cooling (only acceleration or deceleration)

, £

T T T o -‘-ﬂ T T T

SChemeS _I.'F-"'. copropagating Lser I

for cooling ! / H\ _ W
I F =

by .-P"J. _»IIIIIJ"'I"H‘-‘H.__ -i" 20 ¢
- o = = ] =
st
B ' B
=

LN
chsdleproapapahng "., II.-

[

!

[
1 |

0

=

—10

80 40 -20

2

frequency detuning A(v) fends)

o=
1

two counter-propagating lasers

! i auxiliary force
(matched to beam velocity, but slightly detuned)

(betatron core, rf)
capture range of laser is limited = frequency sweep (snowplow)
ions studied so far: 7Li'+, °Be'+, 22Mg1+, 12C3+
in future: Li-like heavy ions at relativistic energies
large relativistic energy = large excitation energy in PRF

Cooling rate increases with vy
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Laser Cooling of C3+

Piezo-driven laser beam stabilization

A

Scrapers
_distance 6 m__
™~ -~

...................

=
. B s =L 71 o=t

B ;
PMT 1 (5 i i ocn S mim i
Laser beam | <l

alignment Argon ion laser
including

telescope (257'3 nm)
frequency doubled

F /onbeam Cw laser

/ESR storage ring

2

Y
,f Momentum
g
" fluorescence 10° &
S 15 | —5 Hz Ap’p"4'1°_7_ tube P
» —-10 Hz —f L voltage \ " g
g -20 Hz 1 o
> w
§ PM 10° ;‘?
S Z
S ions g
3 ' laser iR 109
" 34 ' g
-600 -400 -200 O 200 400
00 - - . . problpg the .
tube voltage [kV] - Ap/p [107] velocity distribution f, - 27.5445 MHz (h=20) [Hz]
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] ] . NoT C)W;&Qj W@Q
4. Stochastic Cooling =/  #eme

First cooling method which was successfully used for beam preparation )

v

S. van der Meer, D. Mohl, L. Thorndahl et al. F&M bo Q
\

(1925 — 2011) (1936-2012)
(/_b—a —FQ\,
T fwf§< <> Moty

Conditions: I,

: /‘\\/2.
Betatron motion phase advance feed\zc
(pick-up to kicker): (n + %2) m

Signal travel time = time of flight of particle
(between pick-up and kicker)

lr amplifier kick" , i
| d\eviation [
| |
| :
Principle of transverse cooling:
measurement of deviation from ideal orbit

is used for correction kick (feedback)

Sampling of sub-ensemble of total beam
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Stochastic Cooling

single particle betatron motion
along storage ring

without (dashed) and with (full)
correction kick

projection to two-dimensional
Py horizontal phase area
ﬁ L]

At pick-up At kicker
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i r = \\@6?\* )Y«;A\,D 7L lac
Stochastic Cooling =7 =< m%@
in time domain D BT W @

correction kic i |
| St k k correction kick U FW&W(M }M
t (unlimited resolution) QO L \DV\ o I
Ar=gxuz [ ey
N

Nyquist theorem: a system with a band-width Af = W in frequency domain
can resolve a minimum time duration AT=1/(2W)

AT =1/2W " _ _
> 1 correction kick Az = Ni X Y @, N, = NATT _ QV»i/VT
Correction kick 5 i=1..N, 0 0

: [ ‘ r l‘ For exponential damping (x(t)=x(ty)-exp(-(t-ty)/1)):
bl ] Ax 2W
d N =771 % = cif T, ==
TR —_— z N i:;Ns
: ’ : cooling | _, 2w|
o ¢ i rate T S/;W ifg<1
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Stochastic Cooling

some refinements of cooling rate formula

noise: thermal or electronic noise adds to the beam signal

mixing:change of relative longitudinal position of particles
due to momentum spread
! 2W M mixing factor

coolingrate \ = 7 - = N (29 g (M -+ U)) U noise to signal ratio
cooling heating
maximum of cooling rate d)\ 1
=0 —
)\ma,gg = 2W 1 dg - J M + U
N M+U

further refinement (wanted <& unwanted mixing):

with wanted mixing M (kicker to pick-up) y _ -1 _ 2W(29(1 _ N2 — (M 4 U))
and unwanted mixing M (pick-up to kicker)
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Stochastic Cooling Circuit

goals: typical band-width: 1, 2 or 4 GHz
high gain . (range 1-2, 2-4, 4-8 GHz)
larae bandwidth - —~__ = for 108 antiprotons and W = 1 GHz
ge b cooling time > N/2W = 0.05 s
low noise realistic:t~1s
> |
| I
| |
pick-up | i kicker
| i low level rf | |
(delay, signal,
| ? | combination filters) /‘ |
I pre-amplifier. /zpower—amplifier
| N /
N /
. - -
noise e

Transfer Function:
Zpick—up ’ Gp'ick—up (E) ’ H(tdelay) ) F(E) ’ G ’ Gkicker(E) ) Zk?lcke'r‘
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Longitudinal Stochastic Cooling

1) Palmer cooling
pick-up in dispersive section detects horizontal position
— acceleration/deceleration kick corrects momentum deviation

2) Notch filter cooling

filter creates notches at the harmonics of the nominal

revolution frequency

— particles are forced to circulate at the nominal frequency

b} an
a) n,:‘—'_]' _ vew }Z I., I_ -t
H[:]f notches at harmonics
of the revolution frequency

m/24PM*%®  \ith 1802 phase jump

O

transmission line
short circuit at all harmonics o
of the revolution frequency
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Antiproton Accumulation
by Stochastic Cooling

accumulation of 8 GeV antiprotons at accumulator ring, FNAL, shut down 09/2011
a similar facility AC/AA at CERN was shut down 11/1996

cryogenic microwave

':I - - -
8 - - : ampllfler
JOIY o val b LN

Central

Injection

fa ] P, _|-I
Jrlll' st Al

momentum dlstrlbutlon of accumulated kI ke AT poweraplifiers(TWTs)

ti t b microwave electronlcs
RERERI0N Deam M. Steck (GSI) CAS 2015, Warsaw



Stochastic Cooling
of Rare Isotopes at GSI

fast pre-cooling of hot fragment beams
energy 400 (-550) MeV/u
bandwidth 0.8 GHz (range 0.9-1.7 GHz)
op/p =10.35 % — op/p=10.01 %
e=10x10%m — €¢=2x10%m

]
/picr\{ l.
o
\‘ L7 Y

combination of
signals from
electrodes

{— combiner -]
slatien

& power amplifiers
&i for generation of
i correction kicks
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Comparison of Cooling Methods

Stochastic Cooling Electron Cooling

Useful for: low intensity beams low energy
all intensities
hot (secondary) beams warm beams (pre-cooled)

high charge high charge

full 3D control bunched beams
Limitations: high intensity beams space charge effects
/problems beam quality limited recombination losses

bunched beams high energy

laser cooling (of incompletely ionized ions)
and ionization cooling (of muons) are quite particular
and not general cooling methods

M. Steck (GSI) CAS 2015, Warsaw



Trends in Beam Cooling

Stochastic cooling was mainly developed for the production of high
intensity antiproton beams for colliders (CERN, FNAL, 1972 — 2011).
It is still in operation at AD (CERN), COSY (FZJ) and ESR (GSI).

It will also be used in the FAIR project (Germany) for cooling of
antiprotons and rare isotope beams.

Demonstration of bunched beam stochastic cooling (2008) with heavy
ions (BNL) and the achievement of increased luminosity made it very
attractive for ion colliders.

Now it is proposed for the collider of the Russian NICA project.

Electron cooling was and still is used in low energy storage rings
for protons, ions, secondary beams (antiprotons, rare isotopes).

Electron cooling is interesting for low energy storage rings, but also
application at higher energies (MeV eleciron energies) is envisaged after
the successful demonstration of the 4 MeV electron cooler at FNAL.
Bunched electron beam cooling and coherent electron cooling are in
preparation for RHIC (BNL).

Muon (ionization) cooling is still far from implementation in a full scale machine.
M. Steck (GSI) CAS 2015, Warsaw
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Bunched Beam Electron Cooling

Electron cooling with electrostatic acceleration is limited in energy (5-10 MeV).
A bunched electron beam offers the extension of the electron cooling method
to higher energy (linear rf accelerator).

new scheme ion bunch (some ten ns traditional continuous electron beam

or continuous)
« _— _>
<~

electrgn bunches (some ns) & DC continuous (i 2d) ion beam
Issues:
- high intensity bunches (production, transport) M jﬁpﬂ@(‘
-« momentum spread and emittance of bunches f <Az
 beam alignment . Fedoto X ‘g 141%

* magnetized <> non-magnetized (magnetic shielding)

From IP2 to + synchronization
cathode 24.27m

——ee
—_—

g < 148 cathode) ] 19.72m Low Energy RHIC e-Cooler
i : LER roj BNL
-ﬁ —+— J"“n . . ( eC) project at
f mgmi " Z => two counter-propagating
| s Jnui ion beams
super-conducting . . .
rf gun _— <A two opposite cooling sections
5 MeV, 250 kW beam dump 58 804 m from P2
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Coherentflﬁctreon Cooling : &<
( Vimea

A combination of electron and stochastic cooling concepts
proposed for fast cooling at highest energies

energy range several 10 — 100 GeV Lo Q«Qﬁ‘
hl
Dispersion section = E<E,
( for hadrons) /,‘“\“““’ E,
Hadrons  (Modulator / SN ESE,
l; High gain FEL (for electrons)
27 N T e
Electrond NN e
Z = :
Y S e e Qoowcd Wi 0™ Ve o cfrzn
R —

* The Coherent Electron Cooling system has three major subsystems
» modulator: the ions imprint a “density bump” on the electron distribution
= amplifier: FEL interaction amplifies a density bump by orders of magnitude
= Kicker: the amplified & phase-shifted electron charge distribution is used to
correct the velocity offset of the ions



