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Science the Electron Ion Collider 

eRHIC will be based on the science results of  
RHIC including quark-gluon plasma 
and  
HERA with particular emphasis on low-x physics, the 3d structure of nucleons and 
nuclei and the origin of the nucleon spin 
 

Topics: 
• Clarification of the origin of the proton spin 
• How is the spin structure function related to gluon density, confinement 
• Approach the regime of saturation of the gluon density for small x (using 

kinematic advantage of heavy ions compared to protons 
• Measuring gluon density at small t (large b) and clarify the role of gluon 

density distribution for confinement 
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• How is the spin of the proton constructed by its building blocks 
• How are the sea quarks and gluons, and their spins, distributed in 

space and momentum inside the nucleon? How are these quark and 
gluon distributions correlated with overall nucleon properties, such as 
spin direction?  

• What is the role of the orbital motion of sea quarks and gluons in 
building up the nucleon spin? 

• Where does the saturation of gluon densities set in? Is there a simple 
boundary that separates this region from that of more dilute quark-
gluon matter? If so, how do the distributions of quarks and gluons 
change as one crosses the boundary? Does this saturation produce 
matter of universal properties in the nucleon and all nuclei viewed at 
nearly the speed of light? 

• How does the nuclear environment affect the distribution of quarks 
and gluons and their interactions in nuclei? How does the transverse 
spatial distribution of gluons compare to that in the nucleon? How 
does nuclear matter respond to a fast moving color charge passing 
through it? Is this response different for light and heavy quarks? 

Questions to be answered by an Electron Ion Collider 
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Physics of High Gluon Densities and Low-x in Nuclei 
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Top Level EIC Requirements 

• High Luminosity:  1033cm-2s-1 < L < 1034cm-2s-1 

 
• Average Luminosity ≈ to Peak Luminosity 
 

• High Hadron and Electron Beam Spin Polarization 70% < P <80% 
 
• Large Detector Acceptance 
 
• Small Hadron Beam Emittance, no Halo for Near Beam Detectors 
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Ben-Zvi, I. Kewisch, J. Murphy 
and S. Peggs, Accelerator 
Physics Issues in eRHIC, 
Nuclear Instruments and 
Methods in Physics Research 
A463, 94 (2001) 

Electron Ion Collider at BNL 

First ideas in 2001, Ilan Ben-
Zvi et al 

2014 



eRHIC Team 
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Technical Concepts Investigated 

• Ring-Ring solution: 
Electron Storage Ring  in the RHIC tunnel, 10-20 GeV electrons in up to 50 mA 
collide with Hadron beams in RHIC 
Maximum luminosity maximal 1033cm-2s-1 

70% Electron Beam Polarization (Sokolov Ternov) 
Not developed since ~2005 
• ERL Based Solution: 
Up to 50mA Electrons accelerated in a multi-turn LINAC to up to 20 GeV collide 
with RHIC Hadron Beams, then decelerated with energy recovery 
80% electron polarization 
Luminosity up to several 1034cm-2s-1 

Many different scenarios considered since early 2000’s 
Latest solution based on FFAG lattice (2 rings) for returning beam for 
acceleration/deceleration up to 32 turns, 1.3GeV 422 MHz superconducting Linac 
for acceleration/deceleration, 844 MHz system to make up for synchrotron 
radiation losses, 
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Advantages and Challenges of ERL based 

eRHIC w.r.t. Ring Ring solution 

Advantage: Luminosity limited by Electron Beam Disruption Effects rather than beam-
beam tuneshift, luminosities in the range of 1034 s-1 cm-2 become possible 

Advantage: High lepton beam polarization of 80% easier to achieve in a LINAC 

Caveat: Need high power CW polarized gun  novel Gatlin Gun, short cathode lifetime 

Disadvantage: Lepton Beam intensity stronger limited by synchrotron radiation due to 
multi-turn and over bending in FFAG lattice  

Challenge for both Ring-Ring and Ring LINAC 

• Need extremely high incoherent 6-D damping for the Hadron Beam to achieve small 
emittance and large Luminosity and near beam detection 

 Need coherent electron cooling: Brilliant idea but yet to be demonstrated 

 Space Charge Tune shift of Hadron beam up to 0.4; needs compensation,  

Proposed mitigation: space charge compensation by collinear electron beam in straights 

issues with nonlinear resonances and dynamic aperture 

• IR layout with large crossing angle (10mrad) requires crab cavities for both beams 

 CRITICAL DESIGN GOALS APPEAR TO BE MORE LIKELY ACHIEVABLE WITH LINAC-RING 
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Overview eRHIC LINAC RING COLLIDER 
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Features and Challenges ERL based EIC 

• Polarized Electron Source 
• FFAG recirculation pass for ERL (up to 16 acceleration 

turns) 
• Energy losses and energy spread 
• Multi-pass-ERL: BBU, Ion trapping, fast ion instability 
• Ring-Linac-high luminosity collision scheme, beam-

beam effects, Advanced hadron cooling 
• Large acceptance Low-beta interaction region, 

crossing angle, Crab-Crossing 
• Design and dynamic aperture optimization for 

Hadrons 
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Luminosity 
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Limitations: 
• Polarized Electron Average current 50mA 
• Minimum * of 5cm (electrons, hadrons) 
• Hadron Space charge tune-shift < 0.08 
• Electron Beam Synchrotron Radiation power  < 3 MW 
Note: Limits are not achieved simultaneously 
 
Note: e beam disruption is not  considered a limitation 
 

L= 𝑓𝑐𝛾ℎ𝜉ℎ
𝑍𝑁ℎ

𝛽∗𝑟ℎ
𝐻ℎ𝑔𝐻𝑝 



Beam-Beam Effect,  Electron Disruption 

IPAC 2015, Richmond, VA 14 

Pinch effect 

L=3.3E33 

L=4.9E33 

Mismatch 

and 

disruption 

Curtesy Yuan Hao 



Beam-Beam Effect: Kink Instability 

15 IPAC 2015, Richmond, VA 

Kink instability suppression,  

with disruption parameter 36,  

requires a pickup-kicker feedback 

system. Simulation shows the 

required bandwidth is 50-300 MHz 

Curtesy Yuan Hao 

Kink Instability: 
Coherent  equivalent of the incoherent 
disruption. 
Initial offsets before collisions grow 
unstably during interaction with 
Which causes emittance growth of the 
Ion beam. 



e-p Parameter Table 

IPAC 2015, Richmond, VA 16 



eRHIC Parameters 
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V. Litvinenko 

A final parameter list has not yet been established. This is an example of a consistent set 



Ep=50 GeV 
Ee=2.6 GeV 
Ie= 50mA 

eRHIC Luminosity 

IPAC 2015, Richmond, VA 18 

Minimum 

electron 

energy 

Ep=250 GeV 
Ee=5.1 GeV 
Ie= 50mA 

Electron 

beam 

current 

Detector 

e/h  

 energy ratio 

Ep=250 GeV 
Ee=15.9 GeV 
Ie= 10mA 

L=1034s-1cm-2 

Center of Mass Energy [GeV] 

SR 

power 

Ep=250GeV 
Ee= 9.4 GeV 
Ie=50mA 



Electron Source     
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High Average Current (up to 50mA), high repetition rate (10 MHz)  photo injector  



Multi-Cathode Source 

Properties:  

• high-current polarized electron gun up to 50 mA average current 

• More than 80% electron spin polarization  

Main Issue: Short cathode lifetime due to high average current 

Solution: Multiple Photo Cathode Gun with Funneling  beams  

Expected Results:   

• High Bunch charge: 5.3 nC at 450KHz 

• State of the art charge lifetime = 1000 C @ 2.5mA   

• 50 mA distributed over 20 cathodes     765 C Charge lifetime needed ! Two guns 
needed 

• For high energy eRHIC operation 10 mA distributed over 20 cathodes = 0.5mA per 
cathode for one week = 153 C Charge lifetime needed !  One gun needed for one 
week turn over 

• Lower current will extend two gun use up to 17 days and easily allows cathode 
exchange within a 14 day maintenance  window. 

• High polarization: Obtained by using novel structures of GaAs photocathodes 

• GaAs: Established and widely used source of polarized electrons  

• Super lattice  GaAs: More than 80% polarization. 

20 
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Courtesy J. Skaritka 

Status of the R&D 

• Cathode development based on work at JLAB and MIT 
• Prototype Gatling Gun has been built at Stangenes Industries  
• Test with two cathodes successful, 150 C life expectations in reach 
• Final assembly in Stonybrook University in progress 



Gatlin Gun Prototype 
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500 kHz  
Combiner 
magnet 



Multiple Cathods 
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eRHIC Superconducting RF Systems 

May 26, 2015 24 

6 

IR10 

IR6 

IR2 

 a) 12MeV Injector, 84.5 MHz & 253 MHz quarter wavelength bunchers, 3-cell 422MHz 
booster cavity  

b) Main Linac 1.322 GeV, 422MHz, up to 32 passes, 42 5-cell cavities @18.5MV/m 

c) Energy loss replacement: 844 MHz  6 2-cell cavities, 2.4MW 
d) 5th harmonic RF, 2.1GHz 8 5-cell cavities 18.7 MV/m energy 
spread compensation 
e) Crab cavities hadrons 225MHz, electrons  676 MHz 
Hadron system with Including 2nd and 3rd harm  
for linearization (4+2+1  cavities 
f)  ERL for CeC 
84.5MHz QWR gun 26 QWR cavities 84.5 
+9 QWR @ 253MHz 

a) 
b,c,d), 

e) 

e) 

f) 



Main LINAC Parameters  
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Main ERL Superconducting RF 
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Scaled HOMs from 703 MHz Cavity 

27 



Electron Beam Current Limitation 
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R&D for 
Waveguide  based  
HOM couplers for 
7.8kW/cavity in 
progress 
 
Furthermore HOM 
frequency spread 
considered to 
mitigate BBU 

Beam Current [mA] 



HOM Power and BBU Mitigation: 422 MHz 

29 
IPAC 2015, Richmond, VA 29 

Large HOM power main challenge for eRHIC SC ERL RF Design 
• 7.8 KW per cavity, for 50 mA, 8-pass ERL  

• HOM power coupler: wave guide approach 

• Some effort is aiming on beam-pipe damping of the higher frequency HOM power 

Higher Frequency 

• higher gradient, less construction cost 

 

Lower frequency    

• less BBU 

• longer bunch,   less loss fact 

• less RF loss 

 

After several iterations: 422 MHz 

 
BNL4, 422MHz SRF cavity 

RF Frequency Optimization 



4.2 K main ERL LINAC Operation 

R&D underway at several laboratories to operate at 4.2K 
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eRHIC FFAG Lattice Design Study 
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5 x in energy 

Courtesy Dejan Trbojevic 
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 NS-FFAG Layout of the eRHIC 

Option #1 Energy 
50 mA  

Linac 1.322 GeV 
#1     7.944 GeV 
#2     9.266 GeV 
#3   11.910 GeV 
#4   13.232 GeV 
#5   14.554 GeV 
#6   15.876 GeV 

1.322+0.012 GeV 

Option #2 Energy 
10 mA  
Linac 1.322 GeV 
#1     7.944  GeV 
#2     9.266 GeV 
#3   10.588  GeV 
#4   11.910 GeV 
#5   13.232 GeV 
#6   14.554 GeV 
#7   15.876 GeV 
#8   17.198 GeV 
#9   18.520 GeV 
#10 19.842 GeV 
#11 21.164 GeV 

 Energy  
#1     1.334 GeV 
#2     2.565 GeV 
#3     3.978 GeV 
#4     5.300 GeV 
#5     6.622 GeV 

7.944 – 15.876 GeV 
 

Dejan Trbojevic, Workshop on the LHeC, June 24-26, 2015 

Courtesy Dejan Trbojevic 



Dejan Trbojevic-June 17- 2015 33 

Courtesy Dejan Trbojevic 

Linear FFAG Approach for eRHIC 



Stephen Brooks and Dejan Trbojevic-
October 27   1014 34 

L = 3.59096484176 m 

1.8090 m 

21.164  GeV 

θD=5.51779 mrad  

BD = 0.1795 T,  
Gd = -29.25 T/m 
xDoffset=+6.1 mm 

ρD=327.85  m 

x(mm) 

θF=3.879687 mrad 

7.944   GeV 

9.266   GeV 

14.554 GeV 

15.876 GeV 

17.198 GeV 

ρF=327.85 m 

Bf= 0.1795,  
Gf= 25 T/m 
xFoffset= -7.1 mm 

8.5 

-12.99 

18.520GeV 

13.232 GeV 

11.910 GeV 
10.588 GeV 

 45 cm 

LQF=1.81 m 
LQD=1.27 m 

19.842 GeV 

6
 c

m
 

o 

BDmax,min=[-0.015,0.403] T BFmax,min =[ 0.377, -0.147] T 

1.272 m 

-553.2

BFMAX=0.377 T 

Courtesy Dejan Trbojevic 



Magnet for the Lattice 

Dejan Trbojevic-June 17- 2015 35 

Y=9mm Courtesy Dejan Trbojevic 



High Energy FFAG 

Stephen Brooks and Dejan Trbojevic-
December 01- 1014 36 

Courtesy Dejan Trbojevic 



Low Energy FFAG 
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FFAG Cell Stacking 

• Angle/length will be tweaked to exact number of 
cells per turn when hadron ring and FFAG 
physical positioning is chosen 

October 27, 2014 

Stephen Brooks, eRHIC FFAG meeting 
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QF 25T/m BD 29.256T/m 

QF 25T/m BD 25T/m QF 25T/m BD 25T/m 

6cm drift 45cm drift 

45cm drift 45cm drift 45cm drift 45cm drift 

3.590965m 

1.795482m 

High 

energy 

Low 

energy 



Betatron Phase Advance per Turn (“Tunes”) 

October 27, 2014 

Courtesy Stephen Brooks 
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Synchrotron Radiation Power 
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Splitter/Combiner in Relation to the RHIC Ring 

Tunnel Wall 

Blue Yellow 
Rings 

Top View 

Side View 
Blue Yellow 

Combiner 

ARCS 

ARCS 

ARCS 

ARCS 

Splitter LINAC at 2 o’clock 
L=202 m  E=2.45 GeV 

RHIC Ring Location at 2 o’clock 

© N.Tsoupas 
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Interaction Region 

* = 5 cm 

IR design driven by  
• acceptance needs for near-beam detection and forward Neutron detection 
• Avoid synchrotron radiation from beam separation 
• Dipole field at IP not considered because of use of existing detector (Star) 



IR Design 

Crab-cavities 

p 

e 

Forward detector components 

SC magnets   

Courtesy B. Parker 



Electrons passing the Hadron Low Beta Lenses 
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Crab Cavities 
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Large Crossing  
Angle of 10 mrad 
 
 
Requires crab 
cavities for both  
E and Hadron 
beam 
 
 
Prototypes 
(developed in 
collaboration with 
CERN) 
 

Courtesy S. Belomsthyk 



Coherent Electron Cooling 
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Modulator Kicker 

Dispersion section  
( for hadrons) 

Electrons 

Hadrons 

High gain FEL (for electrons) 

Eh 

E < Eh 

E > Eh 

Eh 

E < Eh 

E > Eh 

 

• High energy, high density ion beam need cooling with high band-width.   

     BW: 10-10000 THz 

Classic – FEL amplifier 

V.N.Litvinenko, Y.S Derbenev, Physical Review Letters 102, 114801 (2009). 



Coherent Electron Cooling Parameters 
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CEC Erl QWR structure under development  

48 

84.5 MHz QWR buncher 



Space Charge Effects 
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• Hadron beam cooled to 0.2 mrad mm normalized emittance experience a large 
space charge tuneshift of DQ = 0.4 (at lowest Hadron energies)  
 

• It is almost certain that under these conditions the beam lifetime would be poor. 
 

• It is considered to compensate the incoherent space charge tuneshift by creating an 
incoherent space charge force by  electron beams overlapping with the hadron 
beam in several straight section. 
 

• This scheme has not yet been validated. Issues are strong nonlinear forces which 
drive resonances due to overcompensation in a few locations 



Timeline 
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Summary 

• The science scope of eRHIC is based on the results from HERA and RHIC. It is supported 
enthusiastically by the US nuclear physics community 

• eRHIC is still at an early stage and the mission need has not yet been acknowledged by 
DOE, though there are indications that funding of this project is likely.  

• Accelerator and Nuclear Scientists are using the time before approval to explore many 
technical solutions in order to achieve the very challenging eRHIC performance goals 
such as a luminosity in excess of 1034s-1cm-2 

• A number of very creative solutions have been proposed and studies thoroughly.  

• R&D on critical component is carried out 

• A completely consistent design has not been created yet but the parameter space has 
been extensively explored and studies are underway to arrive at an overall consistent 
design. 

• Some of the elements of the eRHIC design are quite advance and have not been 
demonstrated yet. The most intricate proposal is coherent electron cooling. A proof of 
principle experiment in RHIC is planned in the FY16 timeframe. 

• eRHIC is an exciting but challenging proposal with many excellent ideas. This needs now 
to be turned into a realistic proposal with calculable technical and cost risk. 
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eRHIC Cryogenic System 
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The Science of Electron-Hadron Colliders 
 
 

√s (GeV) 

ep 

e↑p↑ 

eA 

10 100 1000 

Spin structure of the nucleon 

Lepton Flavor Number Violation 

High density parton matter, gluon 
saturation/non-linear QCD, Color-Glass-
Condensate? 

3D Spatial Landscape of the nucleon: 
valence quarks → gluons and sea             Higgs physics, Super-

symmetry, 
Beyond the Standard 
Model, 
Tera-scale physics, 
Substructure of quarks 
and leptons? 

Formation of color neutral hadrons from quarks  
and gluons 

© E. Aschenauer & T. Ulrich 


