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Beam Cooling

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 Liouville’s 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 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) ooling Force:

Vyy.s VElocCity in the rest
frame of the beam

Forys = =0y sUzy.s

non conservative, cannot be described by a Hamiltonian

For a 2D subspace distribution function f(z,2',t)

FZ — _azvz :$7 y?S UZ=U0'Z’
df (z, 2,1 _ .
f( c’it ) = - f(z,2,t) ). cooling (damping) rate
In a circular accelerator:
: . — Xz
Transverse (emittance) cooling rate €xy(to + 1) = € y(to) e "=
_ - op| op| At
Longitudinal (momentum spread) cooling rate —(tg +t) = —(tg) ¢ "
Po Po
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Beam Temperature

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

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)

but: many processes can heat up the beam

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 I 5 1 45 5
§kBT|| = 5muj = gme 3=(

@)2
p

Transverse beam temperature

1 1 1
EkBTL = émvi = émc262729i

Distribution function ,
mul

2kpT.  2kpT|

)

flv, UH) x exp(—

Particle beams can be anisotropic: kgT) # kT
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
* Precision experiments
e Luminosity increase

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

* |ntensity increase by accumulation

 Weak beams from source can be enhanced
« Secondary beams (antiprotons, rare isotopes)
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1. Electron Cooling

electron collector

’ | electron gun

high voltage platform - _ _

[ ] | I , I : "'. Ve = BeC=BiC = v;
Ee:me/Mi‘Ei

3 e.g.: 220 keV electrons
cool 400 MeV/u ions

magnetic field
electron beam

-~}
electron temperature

i e ion beam kT, ~0.1eV
W . Ty, ksTj ~0.1-1meV
s S E D Ba7 S TN
= +\; . 7.\ " < | inthebeam frame:
= “'\\ 70 B /X‘ cold electrons interacting with
* 7=/ 3, | hotions
\-’\\/’*\"f ‘:\i’\
superposition of a cold momentum transfer by Coulomb collisions
intense electron beam cooling force results from 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

electron 1IN reference frame
target of the beam

Analogy: energy loss in matter .

(electrons in the shell) __—

faster ion slower 1on

Rutherford scattering: 2 ¢ (9) 221 Ze” Z1 =Q (ton), Z 1 (electron)
. an{ —) = - 10711 = —
J 2 dreoApvb ! 2
(Ap)? N 200%e! 1
Energy transfer; AE(b) = dm, = (Ameo)Pman? b2 (for b>> bumin)

/

—

N . . Qe?

Minimum impact parameter: b,,,;,, = -
! =P (47eg 2mev? b \
from: AE (bynin) = AEmay ~ 2mev” ol

Energy loss: U ) \

dE bma.:c 4 264 b \\
—— =2r / bnAE db = ”% 57 In == —

dx by oo (47T€O) mevV Ormin

Coulomb logarithm L=In (b,,,,,/bmin) =10 (typical value)
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Characteristics of the
Electron Cooling Force

cooling force F

(T drQ%e"n, = — Urel 3 | for small relative velocity: oc v
(’Ui) - — (471‘6 )2m LC( () ,,.el)f(’ue) o3 d Ve . rel
o) e rel for large relative velocity: oc v, 2
- =
Vyel = V) — Ug Increases Wlth charge oc Q2
1000 g -
T T T T T T T T |F| x V Fl x 1/Vre| :
0304 | . 100 5- -g
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0,02 — — _ ? §
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Electron Cooling Time

first estimate: » — 3 ke + kBTi)3/2

(Budker 1967)  8V2mn.Q2rericLe me®  myc?

for large relative velocities

Oy = 2
N A 1 YA

cooling time 7, o — ——3°~7°6?
cooling rate (z1): vBc

* slow for hot beams o 63

» decreases with energy o« y2 (B-y-6 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

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:
%) b + byin + 1 e
? — 4 e (Qe ) 1 max min, c ion
me (47eg)? n ( brin + Te )(,UiQ(m I Ugff)3/2

2
QE /4776() Vion 2 2 2
brnin — 3 ] bma:r; — Ueff — UC,H + Ue,J_

Mmevs, . min(wpe, L/ Teoot)’
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Electron Beam Properties

electron beam temperature
transverse kT, = kgT,, With transverse expansion (o< B./Bg,,) /3

longitudinal kgT, = (Kg T 4)?/4E, << KgT lower limit : kpT) = 254
typical values: kgT, = 0.1 eV (1100 K), kgT,~ 0.1 - 1 meV
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Electron Motion In
Longitudinal I\/Iagnetlc Field

—————

single particle cyclotron motion o ‘\

_~ - -

cyclotron frequency o, = eB/ym,
cyclotron radius r, = v, /o, = (KgT,m.)¥2 y/eB
electrons follow the magnetic field line adiabatically

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

electron beam space charge:

2

2AT N C

transverse electric field + B-field = azimuthal drift Yazi = TWazi = T
— electron and ion beam should be well centered

YWe

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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Imperfections and Limiting
Effects in Electron Cooling

technical issues: phyglcal limitation:

. , Radiative Electron Capture (REC)
ripple of accelerating voltage /T ™
magnetic field imperfections ﬁo:'ol—jtd:
beam misalignment ]
space charge of electron beam Ao

and compensation [V
K e
losses by recombination (REC) \ /
loss rate 77! = 4y 2qppon.n
1.92 x 10~ 132 5.660) kT
o — In + 0.196 US) em3s!
REC ]fBT ( \/m ( Q2 ) [ ]
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fast transverse cooling at TSR, Heidelberg
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cooling times vary
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Accumulation of Heavy lons
by Electron Cooling

standard multiturn injection
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Accumulation of Secondary Particles

basic idea: confine stored beam to a fraction experimental verification at ESR
of the circumference, inject into gap and apply i
cooling to merge the two beam components e
. . . eV/u
= fast increase of intensity (for secondary beams)
#p tau[sec] Energy[eV] at2.000000e+00 [s] Cooling
2 3
s fresh injection
K 172 longit. position
1 i e —
UV RS IR injected beam stack
= 05 - s .’ * {' Sty
> (DS R -
é) 0 StaCk “ft‘if,";%—‘, ,:,’::,‘:?,;: .’f.":: :’ | LStaCk 0 E 5X108 -1t r - r - r T -1 1T 1 1 17
g “ RIS SR > > .
05 A o 154 @ 4x10°1  beam current increase
‘ * Q
1 S B U = 3x10°-
oA e s 15 8:)
-15 U ! i .
N . 2x10™ 1
5 barrier voltage 2 kV B 5 ”
0.4 -0.2 0 0.2 0.4 S 1x10°1 . . i
T [usec] N Stacking with Barrier Buckets:
0 V=120V, f=5MHz, 1 =0.1 A |
simulation of longitudinal stacking 0 10 20 30 40 50 60 70 80 90 100

with barrier buckets and electron cooling te
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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

-“E Electron beam current: 200 mA
:‘: }\’\ Traces are 15 min aEart
Lo o .
s A first electron cooling
S nf e at relativistic energy
: AR UM at Recycler, FNAL
u
TP

.0.002 .0.001 0 0.001 0.002 measured by detection

Fract. momentum spread of longitudinal Schottky noise
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Electron Cooling Systems

High Energy:
Low Energy: 35 keV SIS/GSI

Medium Energy:
300 keV
ESR/GSI
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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).

traditional continuous electron beam

new scheme ion bunch (some ten ns
or continuous)
« | _>
electron bunches (some ns) continuous ion beam
Issues:

* high intensity bunches (production, transport)
« momentum spread and emittance of bunches

* beam alignment
* magnetized <> non-magnetized (magnetic shielding)

From IP2 to * synchronization
cathode 24.27m

o < 148m (cathode) ] 19.72m Low Energy RHIC e-Cooler
— | (LEReC) project at BNL
Z.0mM ga h.lr:;mic ' a% ‘ ]2-14"] ( P, ) p J
f e ' = = two counter-propagating
: ; sy ion beams

super-conducting
rf gun

&
<A' two opposite cooling sections

5 MeV, 250 kW beam dump 58 .804 m from IP2
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2. lonization Cooling

energy loss in solid matter proposed for muon cooling

— — — [

e
—
——
— - >
-~ -
b >
e 4 o -
==
— —~— RN _\e

Large ‘ mall emittance
emittance

Accelerator

not useful for heavy particles
due to strong interaction with matter

Momentum loss is Momentum gain

opposite to motion, is purely longitudinal

P, Py, Py, AE decrease

transverse Cooling Sma!l [-SL -at absorber in ordgr
den 1 dE BvB. (62 ) to minimize multiple scattering
ds _ﬁQEE€N+ 2 ds :

large Ly, (dE/ds) = light absorbers (H,)
1 dE G, E?
G2F ds 203m,,c2LrE
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lonization Cooling

Increased longitudinal cooling
by longitudinal-transverse emittance exchange

Dipole (bend)

S . ds oF E ds
= - cooling term heating term
. B(dE /ds)

Dipole X —> X%+ D dp/p cooling, if > ()
introduces . 8E
dispersion (n)

Nedge Absorber
reduces energy spread

emittance exchange

Incident Muon Beam ’ Incident Muon Beam
— 3yl — Increased longitudinal cooling
Dipole Magnet S~ in Dipole Magnet

94k . a%| 4B D/f
oOF OF " ds Beppo

reduced transverse cooling
dEN 1 dFE _ D_p,

App

—— = Jen
ds B3?E 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

1.5x 1022

protons / vear

\J

1.5x 10
muons /' year
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Pion Decay
Channel

14

Nuon Tonization
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Neutrino Factory

P 100 MeV/ic o | Stopped Low

muons Fnerev Moons

Muon
Accelerators

Neutrinos from

10 GeV - | 1o storage
muons rings

Up to ntense High

2 TeVic —| Euergy Muon &
muons

1.1 km

FFAG/synchrotron option

Proton Driver @ b

Hg Target é

Buncher

Linac option

Neutrino Beam

Bunch Rotation @
P

Mon Storage Ring

Cooling

0.9-3.6 GeV Linac to
RLA 0.9 GeV

{
@ 3.6-12.6 GeV RLA

e rrr,—m-i-"" |

Neutrino Bmm.WPM

Muon Storage Ring
e 1.5 km >

12.6-25 GeV FFAG

Neutrino Beams

U

- | Higos, T1, WW, ...

helical cooling channel

beam path = *

sequence of
solenoids, rf
and absorbers

e
L

(a) (b)

M. Steck (GSI) JUAS, 2 March 2015




MICE

Muon lonization Cooling Experiment at ISIS, Rutherford

Spectrometer

Coupling Coils 1&2

\

Spectrometer
solenoid 2

solenoid 1 Focus coils 1 Focus coils 2 | \ Focus coils 3

Beam PID
BPM1 BPM2
TOF 0

TOF 1

CKOVA CKOVB

Va

Diffuser

iable

Incoming muon beam

RF cavities 1 RF cavities 2

Matching
coils 1&2

Correcting
coils 1&2

Liquid Hydrogen absorbers 1,2,3

Trackers1 & 2

measurement of emittance in and out

£

Downstream
TOF 2
particle ID:
EMCal =
KL + EMR
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3. Laser Cooling

() = ywo1(1 — Bcosb)

Q
RN I hw,,
hk

excitation with directed
momentum transfer

O

isotropic emission

closed optical transition @?

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

- T T T I 1
2l p 1_5
= Ty ¥ q + 1
£
A—
g YRR
E \
g | Ny
cooling force . ! .
frequency detuning A (v)
—
B, 7)) = "For I3/
’ - —
2 (w—wgl—ﬁk)+(F/2)2(1+S)

Lorentzian with width I'/k ~ 10 m/s

minimum temperature T = 2 (Doppler limit)

typical 105 — 104 K 2kp

typical cooling time ~ 10 us

drawback: only longitudinal cooling
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Laser Cooling

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

T e 1 T . -‘-l:l T I

SChemeS .In'lr-"'n |_'II|1I1:|I:L':IIII.\|_I_E.I.E-|'.'I' I

for cooling ! / %H R
/ E

& __a;:.‘i _,Ill'u*ﬁ‘*.__ _ Z 20

E === - R :_:.‘-:'-_—__- — |

- ~ - w M}
! / B

5 . / e a
l.lln.lrl.':-ll.':l;i.'l.".lli-:ﬂll'll. "-.u"'.
— 1 i A L R _l“ - i i i i
0 -60 -40 -20 0 20 40

frequency detuning A(v) (s

W
1

two counter-propagating lasers

_ auxiliary force
(matched to beam velocity)

(betatron core, rf)

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

lons studies so far: ‘Litt*, °Bel*, 24Mgt*, 12C3*

in future: Li-like heavy ions at relativistic energies
large relativistic energy = large excitation energy in PRF
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Laser Cooling of C3*at the ESR

Piezo-driven laser beam stabilization

A
\J

Scrapers
distance 6 m_

Laser beam / ik >

alignment Argon ion laser
including

telescope (257.3 nm)
frequency doubled

ion beam cw laser

l oy
e Momentum ' -
: 8
©
20 71 71 T T T 1 T : = 10° =y
— detuning 0 . ] $
‘ I . @ H
E s | 2 Ap/p~4107"]  tube / £ ! =
5 -10 Hz —f e voltage \ = ' 10" g
) -20 Hz ' =
> 7]
g 1.0 PM 10® g
: 5
S 05 ions =
= . n
E i \ laser _ , 10°?
= (h = 10) - .
00 b fluorescence -600 -400 -200 O 200 400
tube voltage [kV] » Ap/p [107%] Ilght detectlon f, - 27.5445 MHz (h=20) [Hz]
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4. Stochastic Cooling

First cooling method which was successfully used for beam preparation

S. van der Meer, D. Mohl, L. Thorndahl et al.
(1925 — 2011) (1936-2012)

Conditions:

Betatron motion phase advance
(pick-up to kicker): (n+%Y2) &

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

I
|
I
| .
| Sampling of sub-ensemble of total beam
I

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

single particle betatron motion
along storage ring

without and with correction kick

ou K projection to two-dimensional
e r~ horizontal phase area

kicfl\ ',l, Sy oy
=I !

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

At pick-up At kicker

PU K
'«

o= e

e
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Stochastic Cooling

l correction kick correction kick
: (unlimited resolution)

Ar =g X x

Nyquist theorem: a system with a band-width Af = W in frequency domain

AT =112W

can resolve a minimum time duration AT=1/(2W)

correction kick Az = Ni « 3 @, nonN2L_ N
5 i=1..N, 1o 2W'Ty

Correction kick

—e]

-

¥

-

LT
Bl

. For exponential damping (x(t)=x(t,) exp(-(t-ty)/1)):
:5 ; _ _ Ar  g2W .
';: t T12T01><7: N’Zf,z T; =
: : ti=1..N,
l cooling | | 2W| .
' | rate TS| ifast
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Stochastic Cooling

some refinements of cooling rate formula

noise: thermal or electronic noise adds to beam signal

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

| 1 2 M mixing factor
coolingrate \ = 7 — N (29 g (M + U)) U noise to signal ratio
cooling heating
maximum of cooling rate d\ 1
2W 1 do 07 9=

dg M+ U

)\maa::
N M+U

further refinement (wanted <& unwanted mixing):

with wanted mixing M (kicker to pick-up) y— 1 2W(2g(1 _ M2) P(M +U))
and unwanted mixing A7 (pick-up to kicker)

M. Steck (GSI) JUAS, 2 March 2015



Stochastic Cooling Circuit

goals:
high gain typical band-width: 1, 2, 4 GHz
large bandwidth (range 1-2, 2-4, 4-8 GHz)
low noise = for 108 antiprotons and W = 1 GHz
cooling time t> N/2W =0.05s
. ‘ realistic: t~ 1s
pick-up
| | low level rf |
(delay, signal,
| ? | combination filters) }] |
| pre-amplifier. power-amplifier
| \ ’
° b ~ -~ -
noise S -

Transfer Function:
Zpick—up ’ Gpick—up(E) ’ H(tdelay) ’ F(E) ’ G ) GkickeT(E) ’ Zk@'ckefr
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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)

o e

= o 'n E'ﬂ ch

Rl | notches at harmonics
of the revolution frequency

n/24P"®%®  \ith 180° phase jump

L

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, FNAL, shut down 09/2011
similar facility AC/AA at CERN, shut down 11/1996

cryogenic microwave

amplifier
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momentum distribution of accumulated
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Stochastic Cooling
of Rare Isotopes at GS

-

fast pre-cooling of hot fragment beams
energy 400 (-550) MeV/u
bandwidth 0.8 GHz (range 0.9-1.7 GHz)
op/p =+0.35 % — Sp/p=+0.01 %
e=10x10°m - €=2x10"%m

1l
m \

"{— combiner —l
slation

electrodes
installed
inside magnets

combination of
signals from
electrodes

& power amplifiers
si for generation of
| correction kicks
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Coherent Electron Cooling

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

energy range several 10 — 100 GeV PN
AR
Dispersion section E<E,
(for hadrons)/,""\‘\“"" E, | E > Ehﬁ
Hadrons — Modulator AONESE, Kicker ’

.................. High gain FEL (for electrons) ]
Electrons e — -lf'/wv"_ el 1 1A L

* 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



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 3 D 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
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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.

First demonstration of bunched beam stochastic cooling (2008) with
lons (BNL) made it also 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 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 are still far from implementation in a full
scale machine.
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