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EIC parameters and cooling goals 
Strategy to get required 
luminosity 

Use Low-Energy cooler to 
obtain initial proton beam 
parameters

Ramp up to the store energy

 Provide cooling at store 
energy to compensate IBS (2-3 
hours)) and other possible 
bunch degradation effects 
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• Mix a hadron bunch with an electron bunch traveling with the same velocity 
and let the two bunches travel together over some length.         The velocity 
spread of hadrons will get reduced.    Why?

• In the co-moving frame, the mixture of an ion bunch and an electron bunch 
looks like a mixture of two gases – a gas of ions and a gas of electrons

• Electrons are much lighter; hence, the gas of electrons is much colder than 
the gas of ions.        Heat transfer ≡ Electron Cooling

What is Electron Cooling?

𝑇𝑇𝑒𝑒 ≪ 𝑇𝑇𝑖𝑖

𝑚𝑚𝑒𝑒 ≪ 𝑚𝑚𝑖𝑖
𝑇𝑇 =

𝑚𝑚�̅�𝑣2

3𝑘𝑘𝐵𝐵
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Experimental
demonstration of 
electron cooling 
at NAP-M  
(Novosibirsk, 1974).

• Electron Cooling is a well-established technique with 50 years of experimental experience

High Voltage DC coolers: (1974-): all DC electrostatic accelerators; all use magnetic field to confine electron 
beam (magnetized cooling). FNAL cooler (2005-11): Extension to relativistic energies (4MeV electrons), 
transport of electron beam without continuous magnetic field. 

RF acceleration (High Energy approach): BNL LEReC electron cooler (2019-21): First RF-linac based 
electron cooler (concept directly extendable to higher energies). LEReC does not use any magnetization of 
electrons. LEReC was successfully used for RHIC operations in 2020-21 to cool ion bunches directly at 
collision energy. 

   

Electron Cooling
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�⃗�𝐹 = −
4𝜋𝜋𝑛𝑛𝑒𝑒𝑒𝑒4𝑍𝑍𝑖𝑖2

𝑚𝑚𝑒𝑒
�Λ𝐶𝐶

𝑣𝑣𝑖𝑖 − 𝑣𝑣𝑒𝑒
𝑣𝑣𝑖𝑖 − 𝑣𝑣𝑒𝑒 3 𝑓𝑓𝑒𝑒 𝑣𝑣𝑒𝑒 𝑑𝑑

3𝑣𝑣𝑒𝑒

Friction force in Electron Cooling
density of electron bunch

e-velocity distribution functionCoulomb logarithm Λ𝐶𝐶 = ln 𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚
𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚

 

𝜌𝜌𝑚𝑚𝑖𝑖𝑚𝑚 =
𝑍𝑍𝑒𝑒2

𝑚𝑚𝑒𝑒

1
𝑣𝑣𝑖𝑖 − 𝑣𝑣𝑒𝑒 2 ;  𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚 = max

𝑣𝑣𝑖𝑖
4𝜋𝜋𝑛𝑛𝑒𝑒𝑟𝑟𝑒𝑒𝑐𝑐2

,
𝑣𝑣𝑖𝑖

𝐿𝐿𝐶𝐶𝐶𝐶𝛾𝛾𝛾𝛾𝑐𝑐

ion velocity
electron velocity

• 1943 • 1956; 1966

S.T. Belyaev and G.I. Budker, Doklady Akad. Nauk SSSR, 
107, 807 (1956).

• 1977
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Cooling rate scaling with beam parameters
• 𝜆𝜆 ∝ 1

𝛾𝛾2
  - cooling rate drops quadratically with energy

• 𝜆𝜆 ∝ 𝑁𝑁𝑒𝑒  - cooling rate grows linearly with number of electrons
• 𝜆𝜆 ∝ 𝐿𝐿𝐶𝐶𝐶𝐶 - cooling rate grows linearly with the length of the cooling section
• 𝜆𝜆 ∝ 1

𝜀𝜀𝑚𝑚𝑛𝑛
𝛽𝛽𝑛𝑛

+
𝜀𝜀𝑚𝑚𝑚𝑚
𝛽𝛽𝑚𝑚

𝜀𝜀𝑚𝑚𝑛𝑛𝛽𝛽𝑛𝑛+𝜀𝜀𝑚𝑚𝑚𝑚𝛽𝛽𝑚𝑚 𝜎𝜎𝛿𝛿𝑛𝑛
2 +𝜎𝜎𝛿𝛿𝑚𝑚

2 𝜎𝜎𝑧𝑧𝑛𝑛2 +𝜎𝜎𝑧𝑧𝑚𝑚
2

 - in an approximation of negligible 

ions’ 6D emittance the cooling rate is inversely proportional to  the 
normalized electrons’ emittance. 

• Yet, we don’t want to make e-emittances much smaller than i-emittances:
• The gains in cooling rate become small when 𝜀𝜀𝑒𝑒 ≪ 𝜀𝜀𝑖𝑖
•  𝜀𝜀𝑒𝑒 ≪ 𝜀𝜀𝑖𝑖  →    core overcooling (bad for collider)
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How to design High Energy Electron Cooler
• Start with the Electron Cooling theory: 

• Figure out what length of the cooling section is available in the hadron storage 
ring (the longer the better)

• Assume transversely symmetric velocity distribution for the hadron bunch, 
completely match e-bunch to your hadrons 

• Use simple analytic formulas to estimate requirements to electrons’ charge per 
hadron bunch (𝑄𝑄𝑒𝑒)

• If you see that 𝜆𝜆∥ 𝜆𝜆⊥ redistribution is beneficial then use a little bit bulkier 
redistribution formulas to reduce 𝑄𝑄𝑒𝑒  (calculations with redistribution formulas 
still can be done with pen and paper) 

• Now, that you know both the required 𝑄𝑄𝑒𝑒  and 𝑓𝑓𝑒𝑒 = 𝑓𝑓ℎ, estimate the 
requirements to average electron current 𝐼𝐼𝑒𝑒  

• Most probably you will decide that you need a bunched electron cooling
• Decide whether you need several (maybe many) recirculations of electrons or 

you can get away with a single pass machine
• It is time to decide whether you want to build a high energy high current 

ERL with just a few recirculations or an electron storage ring
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Cooler’s location
• Both the pre-cooler and the top energy cooler are located at 

a 2 o’clock hall.
• They must share the same section of the Hadron Storage 

Ring (HSR)
• About 170 m of the HSR are available for the cooling section 

ZOOM IN

13 MeV Low-Energy cooler  
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Proton Energy , GeV 275 100 41
Ne 3.00E+10 1.25E+10 4.00E+09
Qe, nC 5 2 0.64
Rms bunch length, cm 2.5 2.5 2.5
Peak Current, A 24 10 3
Rep rate, MHz 98 98 98
I ave in CS, mA 490 196 63
N _rec 7-9 3-4 1
Iav Gun, mA 70-54 65-49 63

Rms energy Spread in CS 3.00E-04 3.00E-04 3.00E-04

RMS Angular spread in CS, rad 5.20E-06 1.70E-05 2.60E-05

RMS Normilized Emittance, m 2.00E-06 1.50E-06 1.50E-06

Cooling Time_x, hrs * 1.8 1.9 2
Cooling Time_y, hrs * 3.6 3.9 1.8
Cooling Time_z, hrs * 2.9 1.6 1

Basic required parameters for different EIC protons energies

100 GeV 
protons

275 GeV 
protons

41 GeV 
protons

*) The cooling rates assumed 177 m cooling cooling section and averaging by 
beta- and synchrotron oscillations of protons
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High-Energy Cooler  based on reusing electron bunch several times

3-4 million turns

ERL

Fast kicker in Fast kicker out

e

p

A few turns 

ERL with passing through the cooling section a 
few  times

Less interaction with protons per e-bunch, 
Better bunch quality for the same bunch charge
More flexibility to choose operational energy 

Ring based cooler use electron bunch   a few million  times

InjectorBeam dump

The feasibility studies are going on right now at BNL/Cornell 
The present approach to Ring Electron Cooler (non-magnetized 
cooling) has some constraints :

Self-space charge 
Proton-electron focusing
Beam-beam scattering in the cooling section
To counteract IBS+BBS one needs strong damping wigglers
Low Energy High Current Ring instability 
Also ring cannio be scaled to cool 100GeV or 41 GeV
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Challenges
• High average current operation of 

injector

• High bunch charge operation

• High peak current operation

• Produce and preserve small energy 
spread and emittances for the high 
intensity 

& Mitigation 
• Reuse the same bunch several 

times (fast kickers)
• Use low frequency RF at least at 

low energy injection  ~10 MeV

• Do Not over compress bunch 
instead  use bunch length 
comparable with hadrons bunch 
length 3-5 cm
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What about kickers? Operation of harmonic  kicker with beam 
was recently demonstrated  at Jlab 

Blue trace - RF wave form
Red dots - electron bunches 

Kicker fundamental 10.95 MHz (1/9th of the 
proton bunches rep. rate 98 MHz) 

For the highest energy we would need to kick every 
9th bunch in and out
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LEC 197MHz SRF Injection simulation for 2.5 nC bunch charge (example)  

Rms energy spread 
4.5e-4

Rms normalized 
emittance <2 um

13 MeV For High-Energy cooler and 5 
nC bunches  we can use the 
same concept buy reduce RF 
frequency to 98 MHz
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Why we are optimistic about regular cooling  option based on ERL
Injector with high current operation 

• DC Gun high current test: 50 mA stable operation for an hour has been 
demonstrated in 2022. 

• In current configuration we  limited by 25 kW beam dump. For this year we will 
operate with reduce energy. For future test then RHIC finish its operation we 
move a high-power beam dump closereto the injection line

High Charge  Bunch quality 
• Beam dynamics simulations  for 1 nC and 2.5 nC bunches for LEC using low RF 

frequency of 197 MHz RF shows good results. 

• Then we  compress and accelerate these bunches using 591MHz cavity 
• Previously similar bunch quality was planned for RHIC-II cooling using 704 MHz 

main frequency cavities (https://epaper.kek.jp/p07/PAPERS/THPMS087.PDF)

• Q: What if ERL can only achieve required bunch quality for the less 
charge?  

• A: We know that the  cooling rate is scaled linearly with a bunch 
charge then  cooling will still compensate a portion of the IBS 
resulted  heating. 

•  The regular cooling still capable to  provide a boost to integrated 
luminosity 

Xiaofeng Gu at all “DC gun for Low Energy RHIC Cooler  
Project” presented at at ERL’2022

https://epaper.kek.jp/p07/PAPERS/THPMS087.PDF
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Conclusion
• Regular electron cooling of hadrons at high energy required 100s of mA average  electron 

beam current which is in order of magnitude what is currently demonstrated in ERLs
• In order to, reduce injector operation current we proposed to use the same electron bunch 

several time
• Bunch intensity and bunch quality requirement for 3 different energies  has been discussed
• At  very first look we think that with proper design of RF, longitudinal gymnastics and transport 

system such bunch quality  could be achieve at least for two EIC operation energies
• We understand that detailed studies of many different effects are needed

effect of wakes,
 kicker impact to the bunch 
quality, beam break up, 
 instability and  list could go on and on…

• Our work just started

Thank you for your attention!
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Back up slides
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Use of a beam-beam  kicker
Instead of RF harmonics-based transvers kicker  we might consider to use 
beam-beam based kicker originally proposed by V. Shiltsev in 1996
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Low-Energy cooler injector simulation with different spot size at the cathode 

r=1.5mm

r=2mm
r=2.3 mm

For all cases
Normalized emittances <1um
RMS energy spread  <3e-4

Bunch charge 1nC 

Bunch charge 1nC 
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Low-Energy Cooler beam quality optimization in the cooling section  

2 cases are shown
1. (Black trace) with energy 
spread minimized at the 
beginning of the cooling 
section 
2. (Red) with energy spread 
minimized at the middle of the 
cooling section

177 m Cooling section Along cooling section 
Projected normalized emittance~1um 
 energy spread 2e-4

Energy spread optimization for 1 nC bunch Normalized emittance 1 nC bunch

177m Cooling section
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