
Beam Cooling



Beam Temperature

• We define the beam temperature as:

– The longitudinal temperature:

– The transverse temperature



Why beam is hot

• The beam is generated at source.  They have 
temperature from the distribution

– Electron come from cathodes, with initial Fermi-
Dirac distribution

– Proton come from the plasma, with Maxwell-
Boltzmann distribution

• Later on the beam can be ‘heated’ due to 
mismatch, intra-beam scattering, residue gas, 
etc.



What is beam cooling

• Cooling is to reduce the phase space area of 
the beam or the temperature of the beam, or
maintain the emittance against the factors to 
make emittance growth.

• We already learn ways to reduce emittance 
which are not cooling methods:

– Acceleration

– Collimation



Way of Cooling

• Synchrotron Radiation

• Ionization Cooling

• Electron Cooling

• Stochastic Cooling

• Coherent electron cooling



Electron does not need cooling:

• Synchrotron Radiation is a natural way of 
cooling (damping). 

• Revisit the energy deviation motion:



Synchrotron Radiation

• With the damping force that is proportional to 
the velocity, this is not a Hamiltonian system 
anymore.

• SR is also bring large heating effect and 
balance out its damping effect, as we learned 
earlier.



Electron Cooling

Cold electron interact 
with hot ion beam via 
Coulomb interaction.

Longitudinal temperature: ~1e-4eV
Transverse temperature:~0.1eVG. Budker



Electron Cooling II
In the electron beam velocity reference frame:

E-beam E-beam

Faster ions Slower ions
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Simple Derivation of 

Electron Cooling Force

Analogy: energy loss in matter

(electrons in the shell) 

faster ion slower ion

in reference frame

of the beam 

Rutherford scattering: 

Energy transfer:

Energy loss:

Minimum impact parameter: from:

Coulomb logarithm LC=ln (bmax/bmin) » 10 (typical value)
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Characteristics of 

Electron Cooling Force
cooling force F 

for small relative velocity: µµµµ vrel

for large relative velocity: µµµµ vrel
-2

increases with charge: µµµµ Q2

maximum of cooling  force 

at effective electron temperature

F µµµµvrel F µµµµvrel
-2

Maximum cooling force

For small relative velocity

For large relative velocity



Electron Cooling III

• The cooling time:

• Therefore the electron cooling is good for:
– Cold beam

– Low energy beam

– Dense electron beam

– Highly charge beam

• Does not matter on the intensity of the ion 
beam.



Electron Cooling IV

• Electron is usually confined in longitudinal 
magnetic field. (Magnetized cooling)

• All electrons experience cyclotron motion.

• Interaction time >> cyclotron period, the 
transverse temperature is not important, only 
depend on longitudinal temperature.



Electron Cooling Example: LEReC @ BNL

• First demonstration of electron cooling using
RF accelerated electron beam.

• For the low-energy RHIC run for searching 
QCD critical point.

• Long proton (~30 ns) vs. short electron, RF 
frequency 704 MHz.

– Solution: Micro bunch trains.



E-Cooling: LEReC, bunch trains
30 ‘micro’ electron bunch trains for one proton bunch. 

@ A. Fedotov

Ion Electron

Bunch charge 5e8 Ions 6.3e8 (100pC)

Bunch length ~3m ~3cm



E-Cooling: LEReC, setup

@ A. Fedotov



E-Cooling: LEReC, Observation

Electron and ion 
are well matched.

Bunch being 
cooled.

Witness bunch

@ A. Fedotov



Ionization Cooling

• Muon collider needs much shorter cooing 
time, since they decay in 2.2 micro seconds.
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Electron Cooling Systems

Medium Energy:

300 keV ESR/GSI 

Low Energy: 35 keV SIS/GSI High Energy: 

4.3 MeV Recycler/FNAL

pelletron

solenoid

cooling section
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2. Ionization Cooling

proposed for muon cooling
 

Absorber Accelerator 

Momentum loss is  
opposite to motion,   
p, p x , p y ,  D E decrease 

Momentum gain  
is purely longitudinal 

Large 

emittance 

Small emittance 

Initia
l m

omentum

momentum after one cooling stage

Momentum loss

acceleration

transverse cooling
small b^ at absorber in order 

to minimize multiple scattering

large LR/(dE/ds) Þlight absorbers (H2) 

makes use of energy loss in matter
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2. Ionization Cooling
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Absorber Accelerator 

Momentum loss is  
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Ionization Cooling II

• As we noticed, this is 
naturally a transverse 
process, we can use 
dispersive region to make it 
also work in longitudinal 
plane.
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increased longitudinal cooling 

by longitudinal-transverse emittance exchange

cooling, if 

Ionization Cooling

cooling term heating term

x ®®®®x0 + D ddddp/p

increased longitudinal cooling 

reduced transverse cooling 

emittance exchange
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12.6–25 GeV FFAG

3.6–12.6 GeV RLA

0.9–3.6 GeV

RLA

Linac to

0.9 GeV Muon Storage Ring

Muon Storage Ring

Linac optionFFAG/synchrotron option

Proton Driver

Neutrino Beam

Neutrino Beam

Hg Target

Buncher

Bunch Rotation

Cooling

1.5 km

75
5  m

1
.1

 k
m

Applications of Ionization Cooling

Neutrino Factory Muon Collider



Stochastic cooling

First brought up and 
realized in CERN by 
Simon van der Veer.  

Nobel Laureate.

A negative feedback 
system for individual 
particles’ signal.

(N+0.5) pi phase advance 
between pickup and 
kicker
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4. Stochastic Cooling

First cooling method which was successfully used for beam preparation

Conditions:

Betatron phase advance 
(pick-up to kicker):  (n + ½) p

Signal travel time = time of flight of particle

(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)

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

pick-up kicker

amplifier
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Stochastic Cooling

single particle betatron motion

along storage ring

without and with correction kick projection to two-dimensional

horizontal phase areaFor individual particle
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Stochastic Cooling

single particle betatron motion

along storage ring

without and with correction kick projection to two-dimensional

horizontal phase area
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Stochastic Cooling

For exponential damping (x(t)=x(t0) exp(-(t-t0)/t )):

correction kick

(unlimited resolution)

correction kick

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

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

Correction kick

Correction kick
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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

cooling rate
M mixing factor

U noise to signal ratio

cooling heating

maximum of cooling rate

with wanted mixing

and unwanted mixing 

(kicker to pick-up)

(pick-up to kicker)

further refinement (wanted «««« unwanted mixing):

Requires infinite bandwidth

For a finite bandwidth W, the signal is 
averaged in time window of 1/2W. 
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Mixing

Mike Blaskiewicz C-AD 3 

Basic idea 

relative arrival time 

Without cooling, the cooling 
process will stop after the first 
iteration.

Good mixing: 
kicker to pickup

Bad mixing:
pickup to kicker



Stochastic Cooling at RHIC

 

Figure 8: Realization of cooling filter. The four branches 

synthesize two filters in cascade. 

Halo Cooling and the Two-turn Filter 

The primary goal of the cooling system is to counteract 

IBS to prevent beam loss and debunching. This means 

that the most important particles to cool are those close to 

the separatrix. These particles have the greatest 

momentum offsets and are considered in the halo. A two-

turn notch filter is used to concentrate the cooling power 

on the halo particles. The two-turn filter has a wider notch 

to exclude particles in core of the bunch and also to 

extend the momentum reach of the stable part of the 

cooling force. The cooling force from a one-turn filter 

(red) is compared to that from a two-turn filter in figure 9.  

 

Figure 9: Cooling force for a one-turn (red) and two-turn 

filter. 

The two-turn filter is just two one-turn filters in 

cascade. One can see how the four branches of the filter 

in figure 8 constitute two filters cascaded filters by 

expanding the expression for the product of two one-turn 

filters.   
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In figure 10 the response of the two-turn filter (red) is 

compared to that of the one-turn. 

 

Figure 10: The response of the two-turn filter (red) 

compared to that of the one turn. 

The Kicker Cavities 

For optimal cooling of gold ions at 100 GeV/nucleon 

up to 250 keV must be supplied from the kicker.  

Although the ion charge is 79 this would require, 

nevertheless, 3 kV. One could consider a 50 Ohm kicker 

to cover the 3 GHz span of the system but the required 

power would then be 90 kW. We synthesize the kick with 

much less power by employing high-Q cavities to 

generate the kicks. The cavity frequencies are spaced at 

200 MHz intervals in the 5 to 8 GHz band of the system. 

One can think of these frequencies as a Fourier synthesis 

of the kick, and because the bunch is 5 ns long the basic 

harmonic of the series is 200 MHz. The bandwidth of the 

cavities is chosen to allow filling and emptying the 

cavities between bunches (100 ns). This determines the Q 

of the cavities and a high shunt impedance is achieved by 

using a four-cell TM010 like structures with R/Q ~ 100 

Ohm. A computer model of a typical cavity is shown in 

figure 11. They have equal two coaxial ports, one for 

incoupling and one for an external load (located outside 

the vacuum) which sets the desired loaded Q. They have a 

20 mm beam bore hole, which is unacceptability small for 

the collider during filling and ramping. They are split on a 

vertical midplane and opened during filling and ramping 

and then closed for operation during the store. 

 

Figure 11:Computer model of a kicker cavity. It has a 20 

mm bore and two matched coaxial coupling ports. 

Proceedings of COOL 2007, Bad Kreuznach, Germany MOA1I01
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Kicker Cavity



Bandwidth Improvement
Coherent Electron Cooling

Modulator Kicker
Dispersion section 
( for hadrons)

Electrons

Hadrons

l2
l1 High gain FEL (for electrons)

Eh

E < Eh

E > Eh

Eh

E < Eh

E > Eh



i v
i

ve

Bandwidth determined by FEL, 
also good fore high energy



CEC II


