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ERL TF @ CERN 
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Main Accelerator Challenges for LHeC 
(modified from the list of eRHIC’s main acceleratror challenges  

Polarized electron gun  

Coherent Electron Cooling  - ??? 

Multi-pass SRF ERL 

Understanding of beam-beam affects   
New type of collider 

β*=10 cm 

Feedback for kink instability suppression  
Novel concept 
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Content: EIC relevant ERL R&D 

• ERL TF itself (covered by others) 

• Hadron Cooling 
– CeC (both classical and MBEC) 

• Linac-ring beam-beam effects 

• Testing crab-crossing (?) 

• Testing detector elements for eP/eA 
(?) 



Coherent Electron Cooling Schemes 

Modulator Kicker 
Dispersion section  
( for hadrons) 

Electrons 

Hadrons 

High gain FEL (for electrons) 

Eh 

E < Eh 

E > Eh 

Eh 

E < Eh 

E > Eh 
 

Classic – FEL amplifier (2006, VL,YD) 

E < Eh 

Blended – laser amplifier (2007, VL)  

Modulator Kicker 
Dispersion section  
( for hadrons) 

Electrons 

Hadrons 
Eh 

E > Eh 

Radiator Energy  
modulator 

R56 Laser Amplifier 

Modulator I Kicker 
Dispersion section  
( for hadrons) 

Electrons 

Hadrons 
Eh 

E > Eh 

Micro-bunching Amplifier 

Enhanced bunching: single stage - VL, FEL 2007 
Micro-bunching: Multi-stage 2013, D. Ratner, SLAC, SLAC-PUB-15346 
submitted to PRL  

Modulator 2 

-R56/4 R56 

-R56/4 

Modulator 5 

-R56/4 
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Why Coherent Electron Cooling ? 

• Has potential of a rather large bandwidth W ~ 1013 -1017 Hz 

• Electrons are easy to manipulate, force to radiate, bunch etc. 

• THE MOST IMPORTANT: Longitudinal electric field of bunched electron clamp is 
very effective way of cooling high energy hadrons – see the example below 

• Let’s assume that as result of CeC interaction a proton 
induced a density clamp (pancake) in the e-beam with 
charge of one electron  

• Longitudinal electric field induced by this charge (from the 
Gauss law) 

• The proton energy change in the kicker with length 

• And cooling time will be 
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Putting parameters for 250 GeV RHIC proton beam: normalized RMS emittance  of 2 mm mrad and 
relative energy spread of 2 x10-4 we get cooling time of 0.93 hours!  

For the LHC it would be under 7 hours. Gain ~ 10 puts it under an hour. 

The CeC based on the longitudinal electric field is very effective, 
especially when compared with using transverse fields!  

g = Ep /mpc
2

Ez-Ez
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CeC for LHC 

• 7 TeV protons 
– 50 m modulator + 100 m FEL + 50 m kicker 

– FEL: 10 cm period, K=10; λ=90 nm 

– Cooling time ~ ½ hour 

• 2.8 TeV/u Pb ions 
– 50 m modulator + 100 m FEL + 50 m kicker 

– FEL: 10 cm period, K=5; λ=150 nm 

– Cooling time ~ 2 minutes 

 



CeC  with ERL TF 

• Can precool protons or ions at injection 
• The job is tougher that on the full energy – 

wavelength is longer… but <1 hr cooling time 
can be achieved 
– Require beam parameters: average current – 100 

mA, Ipeak – 30 A, 3 nC per bunch, 5 mm mrad 
norm emittance 

• With 1.5 GeV ERL ion beams can be cooled at 
operation energy if 2.76 TeV with few 
minutes cooling time 

• ERL TF can test transverse CeC (not planned 
at RHIC)  

 
 



Testing MBEC/EeC 

• With potential of 1017 Hz bandwidth, 
EeC/MBEC is most promising technique 
for cooling LHC/LHeC proton beams 
with few minutes cooling time 

• It may boost luminosity of p-p in LHC 
• It can open an opportunity of (dedicated 

?) operation mode for LHeC with 
luminosity reaching towards 1035 cm-2 
sec-1 
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Cooler for LHC, presentation at CERN  

Exact calculations: solving Vlasov equation 
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For 7 TeV p in LHC CeC case: My simple “gut-feeling” 
estimate gave 22.9 boost in the induced charge by a 
buncher, while exact calculations gave 21.7.  Maximum 
bunching depends on the e-beam quality 
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Coherent Electron Cooling 

Modulator I Kicker 
Dispersion section  
( for hadrons) 

Electrons 

Hadrons 

l2 
l1 

Eh 

E > Eh 

Micro-bunching Amplifier 

Micro-bunching (2013, D. Ratner, SLAC, submitted to PRL)  

Modulator 2 

-R56/4 R56 

-R56/4 

Modulator 5 

-R56/4 
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Go boldly where no one has gone before… 
The question what is the 
maximum attainable amplification 
is not addressed or even raised in 
the PRL – it was  assumed that it is 
unlimited and is proportional to 
R56. 
 
In fact, there is limitation, but at 
BNL we had proven that gain>2 
and even ~ 100 is attainable 
(conditions apllied!)  
 
Thus, the letter is correct! And 
MBEC/EeC will work!  



13 © VL, Gang Wang, 2013 

Enhanced e-cooling 



Main challenge -> to have a very low energy spread in electron beam 

1-stage MBEC or Enhanced e-cooling 



ERT TF can be used for 
• Demonstrating the EeC/MBEC amplification using ion 

beam (not cooling!) 

• Generate and accelerate in ERL TF an e-beam with eV-
range energy spread suitable for EeC/MBeC LHC cooler 

• Using a cleaver set of beam optics and RF cavities 
should allow to preserve eV-rage energy spread from 
the gun to operation energy 



LHeC baseline parameters incl. e-Pb – cont’d 

parameter [unit] 

species e- p Pb (ult.) 

hadron beam-beam parameter x 0.0001 (0.0002) 0.0001 

lepton disruption parameter D 6 0.3 

crossing angle 0 0 

hourglass reduction factor Hhg 0.91 0.91 

pinch enhancement factor HD 1.35 1.0 

c.m. energy ( /nucleon) [GeV]  1300 814 

luminosity / nucleon [1033 cm-1s-1] 1.3 0.1 

Courtesy of Frank Zimmerman 



Electron disruption effect 

Courtesy of Y. Hao 

POETIC 2013, Chile   V.N.Litvinenko 
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LHeC Higgs factory (LHeC-HF) parameters  
parameter [unit] 

species e- p 

beam energy (/nucleon) [GeV] 60 7000 

bunch spacing [ns] 25 25  

bunch intensity (nucleon) [1010] 0.1 → 0.4  17→ 22 

beam current [mA] 6.4 → 25.6  860 → 1110 

normalized rms emittance [mm] 50 → 20 3.75 → 2.5 

geometric rms emittance [nm] 0.43 → 0.17  0.50 → 0.34 

IP beta function bx,y* [m] 0.12 → 0.10 0.10 → 0.05 

IP rms spot size [mm] 7.2 → 4.1 7.2 → 4.1 

lepton D & hadron x 6 → 23 0.0001→ 0.0004 

hourglass reduction factor Hhg 0.91→ 0.70 

pinch enhancement factor HD 1.35 

luminosity / nucleon [1033 cm-1s-1] 1.3 → 16 

Courtesy of Frank Zimmerman 



The threshold of kink instability 
HL LHeC may be just on the brink?  

Courtesy of Y. Hao 

RHIC 

HL LHeC 

LHeC 



ERL-Test Facility (TF) & LHC 
Cooling & Beam-beam collisions 

5 MeV Injector 

Dump 

LHC beams 

ERL beam 

The C.M. energy of collisions with 140-200 GeV 
Is nothing to frown about and can be used to test both the 

conditions in and the components of EIC detectors   



Conclusions 

• ERL TF itself is important for EHC/EIC R&D 

• Coherent electron Cooling  (both FEL and MB 
based) can be tested at ERL TF  
– And can be also used to precool LHC hadron 

beams at injection 

• It also could be used to study EHC/EIC effects 
– Linac-ring beam-beam effects 

– Testing crab-crossing 

– Testing detector elements for eP/eA (?) 

 





Back-up 



Ultimate case: 7 TeV LHC p 
• γ=7460.52 

• Peak current: 30 A 

• Norm emittance 1 mm mrad 

• RMS energy spread 2.5e-5 

• λw=10 cm 

• aw = 10 

• λo=90.73 nm  

• Mc = 140 

24 

gmax ~144 ×
I p[A]× lo[mm]

Mc
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Longitudinal position [m]

Avg: Total - sase
Avg: Total

RMS: Total - sase

3D Genesis 1.3 simulations; Green-

function saturates at g max =18.7 

32 random shot-noise seeds 
Green function is the averaged difference (not 

RMS!) between the resulting bunching from (Shot 

Noise +δ-function) minus from (Shot Noise) 

We plan to use – g= 8.5! 

Model independent formula gives 

gmax


