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12 o12 o’’clock proposedclock proposed

eRHIC: QCD Facility at BNL
Add l t  l t  t  th  i ti  $2B RHIC
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Why coherent electron cooling at RHIC?
• Traditional stochastic cooling does not have enough bandwidth to 

cool modern-day proton beams (~ 3 1011 / nsec) 

d   d   d  f d   f  h   • And can not provide two orders of density increase for heavy ion 
beams

• Efficiency of traditional electron cooling falls as a high power of Efficiency of traditional electron cooling falls as a high power of 
hadron’s energy

• Synchrotron radiation is too fable  - no need to mention

• Optical stochastic cooling is not suitable for cooling hadrons with 
large range of energies and has a couple of weak points:

• Hadron do not like to radiate or absorb photons, the process 
which OSC uses twice

• Tunability and power of laser amplifiers are limited• Tunability and power of laser amplifiers are limited



Examples of hadron beams cooling

Machine Species Energy 
GeV/n

Trad.
Stochastic

C li  
Synchrotron 
radiation  hrs

Trad.
Electron 
cooling

Coherent
Electron

Cooling  hrs GeV/n Cooling, 
hrs

radiation, hrs cooling
hrs

Cooling, hrs 
1D/3D

RHIC 
PoP Au 40 - - ~ 1 0.02/0.06

eRHIC Au 130 ~1 20,961  ~ 1 0.015/0.05

eRHIC p 325 ~100 40 246  > 30 0 1/0 3eRHIC p 325 ~100 40,246  > 30 0.1/0.3

LHC p 7,000 ~ 1,000 13/26   0.3/<1

Potential increases in luminosities:
RHIC l i d   6 f ld  RHIC  50 f ld  LHC  2 f ldRHIC polarized pp ~ 6 fold, eRHIC ~ 50 fold, LHC ~ 2 fold



Coherent Electron Cooling (CeC)
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Analytical Studies and Simulations

 Modulator: VORPAL simulation has been 
validated by analytical model and progresses 
have been made recently towards simulations 
with more realistic beam profile. 

FEL lifi G i t i l t thFEL amplifier: we use Genesis to simulate the 
evolution of electron density modulation. Efforts 
have been made to correctly taken into account 
shot noises. We are also developing analytical 
tool to better understand underlying physics and 
scaling law.
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Kicker: analytical model has 
been developed. Preliminary 
simulation qualitatively agrees 
with analytical model. VORPAL
simulation is under way with

25m15m 20m

simulation  is under way with 
space charge effect and Landau 
damping taken into account.



Electron beam density in A/m^2 Unperturbed electron energy

Beam conditioning for realistic beams – recent discovery

Growth rate is in 1/m and location is in mm.
The calculation uses local space charge
parameter and reduced energy spread
parameter is 0 15 for all locationparameter is 0.15 for all location.

©G.Wang



Numerical simulations (VORPAL @ TechX)
Provides for simulation with arbitrary distributions and

finite electron beam size
'VORPAL Simulations Relevant to Coherent Electron Cooling, G.I. Bell et al., EPAC'08, (2008) 
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q  Ze  (1 cos pt)
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Gains from coherent e-cooling: 
Coherent Electron Cooling vs. IBS
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Beta-cool, A.Fedotov

D n mics:

  x n  0.2m;  s  4.9  cm  

Dynamics:
Takes 12 mins
to reach 
stationary
point

This allows
a) keep the luminosity as it is 
b) reduce polarized beam current down to 50 

A (10 A f  I)

point

mA (10 mA for e-I)
c) increase electron beam energy to 20 GeV 

(30 GeV for e-I)
d) increase luminosity by reducing * from 25 

cm down to 5 cm



VORPAL & GENESIS simulate performance of the novel 
Coherent e- Cooling concept to increase luminosity of 

future hadron colliders 

Param.’s from 40 GeV proof-of-principle exp. at BNL

Bunching computed 
from charge density 
perturbation & 
entered into 
GENESIS FEL 
simulation.

GENESIS output 

VORPAL di ti  f  th  h t ki k  

GENESIS output 
converted into VORPAL-
compatible input.

GENESIS parallel computation of electron 
beam bunching in free electron laser (FEL) 
shows amplification of modulator signal. 

The cooling time for a CeC system in a hadron collider depends on many factors [1,2], like coherent energy correction 
per pass, shot noise effects, etc. which are computed using the parallel VORPAL framework and the FEL code Genesis. 

VORPAL prediction of  the coherent kicker 
electric fields Ec due to e- density 
perturb. from modulator, amplified in the 
FEL.

VORPAL 3D f PIC computation of e- density 
perturbation near Au+79 ion (green) vs
idealized theory (blue).  On Cray XE6 cluster at 
NERSC.

per pass, shot noise effects, etc. which are computed using the parallel VORPAL framework and the FEL code Genesis. 

[2]  Mohl, “The status of stochastic cooling,” Nucl. Instr. Meth. A (1997).

[1]  Litvinenko & Derbenev, “Coherent Electron Cooling,” PRL (2009).  



Coherent Electron Cooling demonstration
experiment at RHIC IR2 

Goal – cool a single 40 GeV/u Au ion bunch in RHICGoal – cool a single 40 GeV/u Au ion bunch in RHIC

DX DX19.6 m
Modulator  4 mWiggler 7mKicker  3 mDX Modulator, 4 mWiggler 7mKicker, 3 m

Parameter
Species in RHIC Au ions, 40 GeV/u
Electron energy 21.8 MeVElectron energy 21.8 MeV
Charge per bunch 1 nC
Train 1 bunches
R t 78 3 kHRep-rate 78.3 kHz
e-beam current 0.078 mA
e-beam power 1.7 kW

Supported by DoE NP office, 
started designs and prototyping, 
experiments planed for 2014-15



Coherent electron cooling experiment:
accelerator layout
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Coherent electron cooling experiment:
accelerator 3-D layout
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Preliminary simulations
RMS energy spread at 
the Linac end:  9x10-4
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Helical Wiggler: prototyping at BINP



Design of helical undulator



CeC PoP RHIC lattice and ramp development
APEX on RUN 11: 2pm-4pm, June 20th , 2011 Fill: 16093p p , ,

Ramp : beam intensity Ramp : Magnets currents

Emittance growth at 40 GeV

Bunch length and profiles at 40 GeV

Emittance growth at 40 GeV



Anticipated beam dynamics
Electron bunch 

Ion bunch – 2nsec– 10 psec 

For demonstration only: 
detailed simulations will be done using complete CeC package 

After 60 sec After 250 sec After 650 sec 



Conclusions
• Coherent electron cooling is of critical importance for eRHIC  • Coherent electron cooling is of critical importance for eRHIC. 

Electron accelerator of choice for such cooler is energy recovery 
linac (ERL)

ERL s ms t  b  p bl  f p idi  i d b m lit  f  • ERL seems to be capable of providing required beam quality for 
such coolers. Majority of the technical limitation and requirements 
on the beam and magnets stability are well within limit of current 
technology, even though satisfying all of them in nontrivial fit gy, g y g

• Both theory and simulation tools for CeC are progressing – we 
expect first start-to-end simulation package in 2012

• Design and procurements of $2.2M cryogenic system for CeC 
experiment started. 112 MHz SRF gun design is in progress. 

• Demonstration coherent electron cooling experiment project using Demonstration coherent electron cooling experiment project using 
Au ions in RHIC at ~ 40 GeV/n started in FY11. 

• Experiments planned to start in 2014 and conducted for two-three 
yearsyears
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Theory and modeling of CeC

Analytical: f  k 2 i t i  l t  l  

q  Ze  (1 cos pt)Induces charge:
+Ze

Analytical: for kappa-2 anisotropic electron plasma, 
G. Wang and M. Blaskiewicz, Phys Rev E 78, 026413 (2008) 
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eRHIC: polarized electrons with Ee ≤ 30 GeV will collide with 
either polarized protons with Ee ≤ 325 GeV  or heavy ions  EA ≤ 130 GeV/u   

RHIC t i

3rd detector

27.55 GeV 
eRHIC staging:

All energies scale 
proportionally 

27.55 GeV 

Beam 
dump

0 6 GeV 
22.65 GeV 

17.75 GeV 

12.85 GeV 

Polarized 
e-gun

0.6 GeV 

25.1 GeV 

20.2GeV 

30  GeV 
Gap 5 mm total
0.3 T for 30 GeV 

3.05  GeV 

7.95 GeV 15.3 GeV 

10.4 GeV 

5.5 GeV 

100m             
|--------|

eSTAR
30  GeV 

V.N. Litvinenko, January 24, 2011 



3D FEL response
calculated Genesis 1.3, confirmed by RON  

M i  FEL t  f  RHIC ith 250 G V tMain FEL parameters for eRHIC with 250 GeV protons

Energy, MeV 136.2  266.45
Peak current, A 100 o, nm 700
Bunchlength, psec 50 w, cm 5
Emittance, norm 5 mm mrad aw 0.994
Energy spread 0.03% Wiggler Helicalgy p gg

The amplitude ( ) and 
the phase ( , in the units 
of ) of the FEL gain envelope

G    Go Re K    eik ;  z  vt; k = 2


of ) of the FEL gain envelope 
after 7.5 gain-lengths (300 
period). Total slippage in the 
FEL is 300, =0.5 m. A clip 
shows the central part of the fullshows the central part of the full 
gain function for the range of 
={50, 60}. k  K z -  2

d



Layout for Coherent Electron Cooling
proof-of-principle experiment in RHIC IR 2

Collaboration between BNL & JLabCollaboration between BNL & JLab

19 6 m

DX DX
19.6 m

Modulator, 4 mWiggler 7mKicker, 3 m

Parameter
Species in RHIC Au ions, 40 GeV/uSpecies in RHIC Au ions, 40 GeV/u
Electron energy 21.8 MeV
Charge per bunch 1 nC
R t 78 3 kHRep-rate 78.3 kHz
e-beam current 0.078 mA
e-beam power 1.7 kW©G.MahlerG.Mahler



Genesis: 3D FEL 25

Evolution of the maximum bunching in the e-beam 
and the FEL power simulated by Genesis. 
The location of the maxima, both for the optical power

d th  b hi   ith  l  d d 

Evolution of the maxima locations in the e-beam
bunching and the FEL power simulated by Genesis.

and the bunching progresses with a lower speed compared 
with prediction by 1D theory,
i.e. electrons carry ~75% for the “information”

Gain length for the optical power is 1 m (20 periods)
and for the amplitude/modulation is 2m (40 periods)

c 3 v 31 2  ©Y Hao  V Litvinenko
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112 MHz SRF gun

Courtesy  of

The SRF cavity has been built and tested under SBIR  
To make the cavity an electron gun some modifications is under way:

1. Cathode insertion/locked mechanism 
2. More powerful  fundamental power coupling
3. Fundamental frequency tuner3. Fundamental frequency tuner



One possible layout in RHIC IP
of CeC driven by a single linac of CeC driven by a single linac 

FEL for Yellow

Kicker for BlueKicker for Yellow

Beam dump 1 Beam dump 2
ERL dual-way electron linac

2 Standard MeRHIC modules

Modulator for Blue Modulator for Yellow
FEL for Blue

Gun 1Gun 2

Ep, GeV  Ee, MeV
100 106.58 54.46
250 266.45 136.15
325 346.38 177.00



Helical Wiggler: prototyping at BINP
Courtesy to P.Vobly and M.Kholopov

At present next stages of work has been done:

1.Magnetic and force calculation
2 Design of helical undulator prototype2.Design of helical undulator prototype
3.Preliminary undulator drawings

After BNL approval of helical undulator design it’s necessary

to order permanent magnets and start detailed designingto order permanent magnets and start detailed designing.
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