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Beam cooling is synonymous for a reduction of beam temperature

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

Beam Cooling processes are not following Liouvillels Theorem:

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

(This neglect interactions between beam patrticles.)

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)
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Generic (simplest case of a) Cooling Force:

z,y,s — Oz y sVUzy,s

non conservative, cannot be described by a Hamiltonian

For a 2D subspace distribution function /f(z,2,t)

F,=—a,v, 2= T,Y,S
df (z,2',t . .
% = -\, f(z, 2, t) A\, cooling (damping) rate
in a circular accelerator:
Ay
Transverse (emittance) cooling rate €x,y(to + 1) = €ay(to) e v"
4] 4]
Longitudinal (momentum spread) cooling rate ﬂ(to +t) = ﬂ(to) e it

Do DPo
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Where does the beam temperature originate from?

The beam particles are generated in a hot[source

/
\ Y S -
s \ —
/ P
\ / - —>:
at rest (source) low energy high energy

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

but: many processes can heat up the beam

e.g. heating by mismatch, space charge, intrabeam scattering,
internal targets, residual gas
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Longitudinal beam temperature
1 1o, 1y 5 0D
Transverse beam temperature
1 1 1
5/€BTL = —mvt = §mC2B2729L 0L =—, 0,(s)=
Distribution function

mvi W
2kpT,  2kpT|

f(vL,v)) o< exp(—

Particle beams can be anisotropic: kpT) # kg1
e.g. due to laser cooling or distribution of electron beam

Doniticonfuse: beam energy —~ beam temperature
(e.g. a beam of energy 100 GeV can have a temperature of 1 eV)
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» Improved beam quality
1 Precision experiments
1 Luminosity increase
= Compensation of heating
1 Experiments with internal target
1 Colliding beams
» |ntensity increase by accumulation
1 Weak beams from source can be increased
1 Secondary beams (antiprotons, rare isotopes)
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electron collector Greece 0808
electron gun
‘ high voltage platform ‘ I
| | | - B. Ve = Vi
® ® E.=m./M[E;
| = e.g. :220 keV electrons

magnetic field

cool 400 MeV/u ions

electron beam

electron temperature

-l ion beam | KsTy= 0.1eV
e O W ad® oS o

. N :\; R i\\ « | inthe beam frame:

g \‘\\?\' * /r/ ’| cold electrons interacting with

A \:-“"" X . s > =

\_\,:’*\ﬁ_ *\\’/\ hot ions

superposition of a cold
intense electron beam
with the same velocity

momentum transfer by Coulomb collisions

cooling force results from energy loss
in the co-moving gas of free electrons
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in reference frame
Analogy: energy loss in matter of the beam _—
(electrons in the shell) __— — —
faster ion slower ion
, 0 271 Zo€>
Rutherford scattering: 2 tan(§) = ﬁgjvb Z1 = Q (ion), Zy = —1 (electron)
(Ap)? 2Q%* 1
Energy transfer (b) o (Ao ) Pman? 12 (for b>> bmin)
inimum i S L . _ :
Minimum impact parameter: byin = (dreq ) 2mon? from: AE(bmin) = AEpar ~ mev
Energy loss: U
dE 4r@Q?et bimaz b oo =

— =g

bmam
/ bn.AE db =
dx

bmin

(4meg)?mv? e

Coulomb logarithm Ls=In (by,ax/Pmin)= 10 (typical value) |
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Characteristics of
Electron Cooling Force

cooling force F
ArQ)%en, g

(dmeg)?me

ﬁ
U rel

3
vrel

F(v) =-—

d>v;

/LC(Wrel)f(v_e))

— - —
Voiypel = Uy — Ve

for small relative velocity: Ov,
for large relative velocity: Ov, 2
increases with charge: 0 Q2

maximum of cooling force
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first estimate: _ _ 3 kpTe +k:3T7;)3/2 o8
(Budker 1967) 8vV2mn.Q?*rericLc "mec? M

for large relative velocities o _ Vry
z,y —
. . Be
cooling time 7. x 34503 7
9 Q2 ﬁ { o

cooling rate:  yBe

[slow for hot beams [163

"decreases with energy Oy~ (By6 is conserved)

‘linear dependence on electron beam intensity n, and cooler length rFL./C
(favorable for highly charged ions Q%/A

_independent of hadron beam intensity

for small relative velocities

cooling rate is constant and maximum at small relative velocity
F Ov, Ot =At=p,/F = constant

Models of the Chs 20t |
. Chios | 00000
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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

a simple empiric formula (Parkhomchuk):

? _4_ (Qe ) 1 maw + bmin + Tc) 71071

Qe?/4dmeo | _ Vion

bmin = T 5 bmaz == ) vgff =
Mmev;, max(Wpe, 1/Tool)

2 2
Ve T Ve L
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electron beam temperature S0
transverse kgT 5= kgT,, With transverse expansion (IB/B,,) 1/3
longitudinal kgT;, = (KgTa)/4Ey << kgT5 lower limit: kgT} > 2e-°

. TEN
typical values: kgT = 0.1 eV (1100 K), kgT,= 0.1 - 1 meV
Gun - . . .
A D 7 W=t1A electron_ bgam confined by longitudinal
1200 K j — magnetic field (from gun to collector)
7.0 kW -
A—:‘\ ” Drift Section Collect _—
——————— | (Cooling) ] OReCIor | “eew
I, = PU37<2 0.0 KV !_/Jc:‘jl =
NI
2 e —— Dt Tuts 8w r-:':-"'”
= = 0 .f : 88 42w
i - _1'1":

transversely expanded electron beam.-""

s [¢] ro Crube r e,

radial varlatlon of electron energy due to space charge: | =~ .

E(r) = eUcat — NeTrEremec?|1 1+ 2In (Trube /T0)] + NeTTemec?r?

M. Steck | 5554

Electron Motion In CAS 2011 | C5000

Chios | 00000

Longitudinal Magnetic Field  Greece| oo
single particle cyclotron motion ::3*?‘-\\”__
cyclotron frequency «, = eBlym, 3 e

cyclotron radius r, = v/ ) = (kgTgn,)"? y/eB -
electrons follow the magnetic field line adiabatically

important consequence: for interaction times long compared to the cyclotron B
period the ion does not sense the transverse electron temperature
magnetized cooling (T4 = T, <<T)

lectron m harge:
electron beam space charge O

transverse electric field + B-field [0 azimuthal drift vez; = rwWazi =T

w
[0 electron and ion beam should be centerea e

Favorable for optimum cooling (small transverse relative velocity):
[high parallelism of magnetic field lines AB /B,
[large beta function (small divergence) in cooling section
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technical and physical issues:| [~ I
. | _I_- I t. It Continuum
ripple of accelerating voltage - —
magnetic field imperfections L I
beam misalignment ho
space charge of electron beam | I
and compensation \ —0— .
losses by recombination (REC)
lossrate 7! =~y 2appon.n
1.92 x 10~13Q? 5.66Q . kT, _
Appc = 11] _..§.., 0‘196 e \ 1/ 3 Cfrn‘—; S"i
REC V%ET V%ET <:Q2) { 1
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fast transverse cooling at TSR, Heidelberg Greece 09000
. o o " measured with residual gas
- . A . A . ionization beam profile monitor
o e con transverse cooling at ESR, Darmstadt
; 1400 .
: J)\ : )(\ : i E l 1200 b LA — =400 5
e P e e i © 350 MeV/u 100 s
- 1000 £ I;=50mA =50
- Jt i " l 800 £ lon =40HA —t=0s
e T E R T 600 F
- . - L 400
C D R N U N U 200 [
- - 0 F e 7
= : 20 10 0 10 20
2 - m ‘” ; position [mm]
profileevery .15y [nm ] cooling of 350 MeV/u Ar'é+ ions

cooling of 6.1 MeV/u C¢+ ions
0.24 A, 3.4 keV electron beam
n, = 1.56 x10” cm™3

0.05 A, 192 keV electron beam
n, = 0.8 x10% cm-3



Accumulation of Heavy lons

y:

o X+, X" [mm]

by Electron Cooling

standard multiturn injection

-40 -20 0 20 40

X [mm]

multiturn injection with cooling

;
o x+f,x [mm]

y=

Examples of Electron Coolin

40 b Injection Region

Acceptance
200 mm mrad

I L L L L
40 -20 0 20 40

x mml

ion current [mA]
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fast electron cooling of highly charged
ions (Au®3+) at injection energy allows
accumulation with a repetition rate of 5 Hz

5

45|
af
35|
3t
25 ¢
)l
15}
Ll
0.5 |

Au®t 114 MeViu — 330 MeV/u

first 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: 63.5210
Barrier-bucket bunched.
Bunch length 1.7-us

Tr. emittance (95%,n) kept at 4-p1 mm-mrad

Electron beam current: 200 mA
\'g Traces are 15 min apart

Dist. function (arb. units)

Pl
-

B

N

-0.002

-0.001

0

0.001

Fract. momentum spread

0.002

time [s]
M. Steck | 5554
00000
CAS 20_11 iatels
Chios | 00000
Greece 8888
O O

measured by detection
of longitudinal Schottky noise
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Electron Cooling Systems

High Energy:
4.3

Medium Energy:
300 keV ESR/GSI
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2. lonization Cooling

makes use of energy loss in matter

000
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Large

T‘mall emittance

emittance

Accelerator

Momentum gain
is purely longitudinal

Momentum loss is
opposite to motion,
D, Py, bv, AE decrease

transverse cooling
dEN 1 dFE ﬂ’yﬁL <03ms>
= — —€
ds 32F ds 2 ds
B E?

small 3,at absorber in order
to minimize multiple scattering

large Lg/(dE/ds) O light absorbers (H.)



lonization Cooling

increased longitudinal cooling
by longitudinal-transverse emittance exchange
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Dipole (bend) )
#p H\H ; do E
— &
p-beam 0 \ ,u'f
p \
- |

!

Dipole

Incident Muon Beam

et

Evacuated
Dipole Magnet

/

Figure 1. Use of a Wedge Absorber
for Emittance Exchange

Applications of lonization Cooling

* X X, +D oplp Wedge Absorber
i Hees reduces energy spread
dispersion D

Incident Muon Beam

—

H; Gas Absorber
in Dipole Magnet

[~~~

111

Figure 2. Use of Continuous Gaseous
Absorber for Emittance Exchange

Neutrino Factory

ds

cooling, if

9 J(dE/ds)
OF
cooling term

d(AFE?
O_2E+ < rms>

ds
heating term

0(dE/ds)

OE >0

emittance exchange

increased longitudinal cooling
dE dE

05 N 05 . dE Dy’
OF OF ds [Beppo

reduced transverse cooling

den 1 dFE Dy’
o AU Y
ds B°E ds Po
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Muon Collider

1.1 km

FFAG/synchrotron option

Proton Driver @

Hg Target
=1

Buncher

Bunch Rotation

Cooling
0.9-3.6 GeV Linac to
RLA 0.9 GeV

O mmt— S —

©

3.6-12.6 GeV RLA

=0

Linac option

b Neutrino Beam

1‘*6\

MW‘ Storage Ring

12.6-25 GeV FFAG

Neutrino Beam z .T/—/Mw/”f‘/"j

Muon Storage Ring

1.5 km

153 1022 Jeliayi . [T K|
aru;nw. vear Proton | Phvsics |
I : Accelerator
0 == Pion Production Target
[ and Caprure Soleaoid

Fion Decay
Channel

EEEE: N |

Muon Tenization
Cooling Chanmel

100 MeWiec

millans
Muon
Accelerafors

10 GeV
muons

i-.‘:l-nmd Low
B | gy Mnons |

15 x 10t
GRS | Vear

= | N sforge
rings
i Tufense High— |
—=| Energy Muon &|
| Nenfrino Beams |

[Nentrinos from |
U

p to
2 TeVic
muons

M

o [T T VWL
| —




Spectrometer

solenoid 1
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Muon lonization Cooling Experiment at RAL  greece | ©0°C
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Spectrometer
| Coupling Coits 1&2 | solenoid 2
| Focus coils 1 Focus coils 2 | }\Focus coils 3 I\c/::lt:l;{&“g Cc'::;:i:igzlzg

t it , e
u I e B B . .__P-!__| F L ____M_*i__l [ e
o —| [ -r |- H W T
=== ,__;17‘_, A A i jun - :—;?] I [ | e
\ / A g ; E A
Beam PID T
BPMI1 BPM2 RF cavities 1 RF cavities 2
TOF 0 Downstream
CKOVA CKOVB TOF 2
TOF 1 3 .
Variable Pl
Diffuser A KL + EMR
Liquid Hydrogen absorbers 1,2,3
Incoming muon beam Trackers 1 & 2
measurement of emittance in and out
M. Steck | 5554
1 O0O00O
3. Laser Cooling CAS 2011 | 8333
Chios | coo00
Greece 8 8 8 8
Q = ywa1 (1 £ Bcosb) o

Q

AR

| fiw,,
hk

excitation with directed
momentum transfer

O

_

isotropic emission

closed optical transition U,

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

excitation probability p

cooling force D

frequency detuning A {v)

(0/2)?

(w—woy — Tk )+ (I'/2)%(1+9)

Lorentzian with width'/k ~ 10 m/s

minimum temperature 1Tp =
2kp

typical 105 (1104 K

(Doppler limit)

typical cooling time ~ 10 ps

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

T T T | TR "':l I T | T T T
schemes for cooling A 0| A
E £ 1 -,
780 b E f '|
# . ™ =
-:'E:'j| i .:'_"_- -I<_ T S | IE'
“HLE mage . == - _
f— 1 El
= _».‘_r ]
CiEMEpEgpaling I 4_ -
[ i
: : ﬂ' ' — —ﬁu —um —eu 0 = 40 8
frequency detuning Alv) wov, (mis)

two counter-propagating lasers
(matched to beam velocity)

auxiliary force
(betatron core, rf)

capture range of laser is limited [ frequency sweep (snowplow)

ions studies so far: 7Li'+, °Be'+, 22Mg'+, 12C3+ in future: Li-like heavy ions
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x Piezo-driven laser beam stabilization X(Jr! Greece 0808
- Scrapers L
_distance 6 m_ : X ,/i
J'PMTZ Al o §AL5 o ﬁ

Laser beam
alignment
including
telescope

ion beam cw laser

| Argon foe :
(257.3 nm)
frequency doubled

20— 1T 1

laser

= detuning

S 15 -SHz Ap/p-~410~7 tube

- -10 Hz —) - voltage \

e -20 Hz . .

" pm  diagnostics by
a

ions fluorescence

=]

light detection

tube voltage [kV] - Ap/p [107¢]
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First cooling method which was successfully used for beam preparation

S. van der Meer, D. Mohl, L. Thorndahl et al.

Conditions:

Betatron phase advance
(pick-up to kicker): (n+ %) m

| Signal travel time = time of flight of particle

i | (between pick-up and kicker)

| |

| | Sampling of sub-ensemble of total beam
|

[

Principle of transverse cooling:
measurement of deviation from ideal orbit
is used for correction kick (feedback)

A /
\\ //
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single particle betatron motion
along storage ring
without and with correction kick projection to two-dimensional

horizontal phase area

PU K At pick-up At kicker

/) Iy >
\/ii\//\\/ 7




Correction kick

s

Stochastic Cooling

some refinements of cooling rate formula

000
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l‘ Correction kick ‘ correction kick 0808
: (unlimited resolution)
Ar =g Xz
t
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 ; i Axr = i i — g — N
| correction kick Az = = x > wi, N,=N = ST

i=1..N,

For exponential damping (x(t)=x(t,) exp(-(t-t,)/t)):
T_IZTo_lx%:%, if Z T, =
i=1..Ng
T < % ifg<1
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noise: thermal or electronic noise adds to beam signal

mixing:change of relative longitudinal position of particles
due to momentum spread

TV cooling heating M mixing fact
- B 1 _ 2 mixXing tactor
coolingrate A =7 ° = N (29 9 (M + U)) U noise to signal ratio
maximum of cooling rate d\ 1
2W 1 o =0=9=
)\mam - dg M+U
N M+U

further refinement (wanted ~ unwanted mixing):

with wanted mixing 2 (kicker to pick-up)
and unwanted mixing M (pick-up to kicker)

2W

A=r7t= = (29(1 = M?) — g% (M + U))
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typical band-width: 1,2 , 4 GHz
(range 1-2, 2-4, 4-8 GHz)

O for 108 antiprotons and W = 1 GHz
cooling timet = N/2W =0.05s

‘ realistic:t= 1s

pick-up kicker

1
|
1
|
| l\ low level rf ' l\ |
(delay, signal, 1|
| I / . combination filters) | I / |
! 2 v !

pre-amplifier \, power-amplifier

noise ~ -

Transfer Function:
Zpick—up : Gpick—up(E) : H(tdelay) : F(E) -G - Gkicker(E) : Zkicker
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1) Palmer cooling

pick-up in dispersive section detects horizontal position
[J correcting acceleration/deceleration kick

2) Notch filter cooling

filter creates notches at the harmonics of nominal
revolution frequency
[J particles are forced to circulate at the nominal frequency

b) Igain

a) . o Vout -
n _ — o te 26 3fg '
A notches at harmonics
of the revolution frequency

nszdPhese  with 180° phase jump
transmission line
short circuit at all harmonics o
of the revolution frequency




Antiproton Accumulation e o
by Stochastic Cooling Groece | $380°

accumulation of 8 GeV antiprotons at FNA

Date: 85-22-08 Time: 10:47 AH

L

cryogenic microwave
amplifier

b
{n]i]
Sdiv
Central
Injectidn

momentum distribution of accumulated IWEESEEREFASTISE. power amplifiers (TWTS)
. microwave electronics
antiproton beam
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fast pre-cooling of hot fragment beams | & i Greece Slelele

energy 400 (-550) MeV/u

bandwidth 0.8 GHz (range 0.9-1.7 GHz)
op/p=10.35 % - Op/p=10.01 %
€=10x10%®m - £€=2x10%m

electrodes
installed
inside magnets

combination of
signals from
electrodes

power amplifiers
for generation of
correction kicks
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Stochastic cooling was mainly developed for the production of high
intensity antiproton beams for colliders (CERN, FNAL, 1970 112010).

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

First demonstration of bunched beam stochastic cooling (2008) with
ions (BNL) made it also attractive for ion colliders.

Electron Cooling still is interesting for low energy storage rings, but also
application at higher energies (MeV electron energies) is envisaged after
the successful demonstration of the 4 MeV electron cooler at FNAL.

Other cooling methods, like muon (ionization) cooling or coherent electron
cooling are under investigation, but still far from implementation in a full
scale machine.



