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Alexander Chao’s contribution to beam 
polarization
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• Alex’s contributions on 
beam polarization have 
shaped our understanding 
of the physics of polarized 
beams and 

• laid the foundations of the 
toolbox we are using today 
to calculate the effects on 
beam polarization

• The methods and used to 
assess beam polarization 
in the electron ion collider 
are to a large extent 
already described in Alex’ 
early papers on 
polarization

• The early tools are still 
used in polarization design
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The case for an Electron Ion Collider
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Slide borrowed from Andrei Seryi
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National Academy of Sciences 
Study on EIC Physics Program
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Electron Ion Collider (EIC) Physics Questions

Nuclear Physics Community compiled an EIC WHITE PAPER*) (2014/5):

• How are quarks, gluons & their spins distributed in space & momentum 
in nucleus?

• How do nucleon properties emerge from quarks and gluons and their 
interactions?

• How do color-charged quarks, gluons & colorless jets, interact with a 
nuclear medium 

• How do confined hadronic states emerge from quarks & gluons

• How do the quark-gluon interactions create nuclear binding?

• How does dense nuclear environment affect the quarks-gluons 
correlations & interactions? 

• Does gluon density in nuclei saturate @ high energy

result in gluonic matter with universal properties? 

*) A. Accardi et al, Eur. Phys. J. A529:268 (2016)
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EIC will provide a complete view 
of the nucleus
The Proton

in 1975
The Proton

in 2015

Proton in a nucleus

The goal of the EIC is to provide us with an understanding of the internal 

structure of the proton and more complex atomic nuclei that is comparable

to our knowledge of the electronic structure of atoms.
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The Proton Spin Crisis

EMC Experiment at CERN 1987:

Deep inelastic scattering of secondary muons on 
fixed target reveals that the valence quark 
contribute only to a fraction of the proton spin

Since then:

Several experiments (Compass, Hermes …) have 
made progress 

1

2
=෍𝑞𝑣𝑎𝑙𝑒𝑛𝑐𝑒 +෍𝑞𝑠𝑒𝑎 +෍𝑞𝑔𝑙𝑢𝑜𝑛 + 𝐿𝑞 + 𝐿𝑔

but have not been able to resolve the problem

EIC will be the ultimate machine to provide and 
answer
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Expected prediction power of  electron ion 
collider experiments on the contributions to 
the proton spin
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Requirements on EIC Performance

The EIC  is designed to meet the requirements set forth in NSAC Long 
Range Plan, which was emphasized by the NAS report:

• Highly polarized (~70%) electron and nucleon beams

• Ion beams from deuterons to the heaviest nuclei (uranium or lead)

• Variable center of mass energies from ~20 - ~100 GeV, upgradable to ~140 GeV

• High collision luminosity ~1033 – 1034 cm-2s-1

• Possibilities of having more than one interaction region

In addition, the community agrees on the importance of :

• Detector with large acceptance

• Polarized light ions (3He)

• Bunch-by-bunch polarimetry

• Polarized deuteron beams, under discussion
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There are two electron ion 
collider concepts:

• JLEIC to be constructed at Jefferson Lab

• eRHIC to be constructed at Brookhaven National Lab

Both design benefit from existing Nuclear Physics infrastructure and are 
based on the same accelerator principles:

• Electron Storage Rings with frequent injection of fresh polarized 
beams

• Hadron storage rings with strong cooling or alternatively frequent  
injections
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JLEIC Layout
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Courtesy: V Morozov, A Seryi

• Design meets the high luminosity goal of   L = 1034cm-2s-1
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JLEIC layouts and tunnel views
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eRHIC
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• Hadrons up to 275 GeV

eRHIC is using the existing RHIC complex: 

Storage ring (Yellow Ring), injectors, ion  

sources, infrastructure, 

• Need only few modifications for eRHIC

• Todays RHIC beam parameters are close 

to what  is required for eRHIC

• Electrons up to 18 GeV

• Electron storage ring with up to 18GeV  ➔ Ecm = 20 GeV -141 GeV installed in RHIC 

tunnel. Beam current are limited by the choice of installed RF power 10 MW.

• Electron beams with a variable spin pattern accelerated in  the on-energy, spin 

transparent injector:  Rapid Cycling Synchrotron  with 1-2 Hz cycle frequency in the 

RHIC tunnel

• Polarized electron source and 400 MeV s-band injector linac in existing tunnel

• Design meets the high luminosity goal of  L = 1034cm-2s-1



How RHIC is transformed into an EIC

• Existing RHIC with 
blue and yellow 
ring



How RHIC is transformed into an EIC

• Add electron 
storage ring



How RHIC is transformed into an EIC

• Add an electron 
injector complex 
with Rapid Cycling 
Synchrotron



• Strong hadron 
cooling completes 
the facility

• Alternate solution 
also shown using 
RHIC blue ring

How RHIC is transformed into an EIC
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Key EIC Machine Parameters

as required  by the NSAC Long Range Plan  & National Academy Study

a)    upgradable to 140 GeV

19

b) c)

f)80%-85%
80%
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1
Internal 

Landscape of 
the Nucleus

QCD at Extreme 
Parton Densities-

Saturation

Spin and Flavor Structure of 

the Nucleon and Nuclei

Tomography (p/A), Transverse Momentum
Distribution and Spatial Imaging

eRHIC 
Optimization 
for  Ecm=45 GeV

eRHIC
Optimization 
for  high Ecm

JLEIC

Spin related physics tops make an important part of the EIC physics program and 
require several 10’s of fb-1 of luminosity

-

-

-

-

EIC Physics and Luminosity

Note: For electron ion collisions, the Ecm scale needs to be reduced by a factor (Z/A)1/2

Center of Mass Energy [GeV]  

JLEIC Energy 
Upgrade
Status July 
2019
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Beam Polarization

• Need  high polarization for hadrons and electrons  
of > 70%

• Need both polarization directions present in the 
same fill to suppress systematics

• Spin need to be longitudinal in the IP

• Electron spin need to be vertical in the arcs
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Polarized electron sources for eRHIC
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Parameters similar than SLAC polarized photo cathode gun, design based in JLAB 
polarized gun  (inverted gun)  with strained GaAs Cathodes

Strained GaAs 

Cathode

Polarized electrons

BNL Polarized Gun Prototype
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CEBAF as highly polarized e-source 
for JLEIC

strained GaAs Cathodes and preservation of polarization are the key for high polarization
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eRHIC spin transparent rapid cycling synchrotron
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• High periodicity arcs and unity transformation in the straights suppresses all 

intrinsic depolarizing resonances  up to Gg = 45 (suggested by AGS experience)

• Good Orbit control yrms ~0.5 mm reduces strength of imperfection resonances

➔ resonance free acceleration up >18 GeV                                       

no loss of polarization on the entire ramp up to 18 GeV  (100 ms ramp time)

➔orbit 
control

➔high 
symmetry
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Polarized electrons eRHIC electron ring

• Maximum polarization in  EIC electron storage rings: 

equilibrium of radiative self polarization and depolarization due 

stochastic  nature of  synchrotron radiation

• Depolarization due to imperfections further reduce the 

polarization  

• Typically equilibrium polarization in the order of 50% is 

achieved with good orbit control and spin matching

• Highly polarized (85%) electron beams are injected into            

the  storage ring and decay with a time constant of ~1/2 h

• Spin rotator: dipole and two solenoids separated by skew 

quadrupoles (intrinsic coupling correction)

Polarization Simulation for eRHIC 
with imperfections
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Polarization in the EIC electron storage ring

30% average polarization is a conservative assumption

HERA achieved P∞ > 45%

with strong beam-beam interaction DQy=0.1

and P∞ > 60% without beam-beam

• HERA tools and 
procedures carried over 
to eRHIC

➔Get  P∞ > 50% for 
Realistic lattice with errors

High initial polarization of 85% will decay towards equilibrium polarization P∞ due to 
Sokolov-Ternov effect and radiative depolarization (Derbenev & Kondratenko)

eRHIC 
simulation

26

P∞
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High average polarization at electron                     
storage ring of 80% by

• Frequent  injection of bunches with high initial polarization of 85%
• Initial polarization decays towards P∞  < ~50%
• At 18 GeV, every bunch is refreshed in 2.2 min with RCS cycling rate of 2Hz. 

27

B P

Refilled every 1.2 minutes
(18 GeV electron beam)

B P

Refilled every  3.2 minutes
(18 GeV electron beam)

Re-injections

P∞= 30%
(conservative)

Re-injection
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JLEIC High Electron Polarization

• Two (one up, one down polarization) highly polarized bunch trains maintained by 

top-off with highly polarized electron beam from CEBAF

• Advantage of figure-8 geometry:

no contribution to polarization due to non-linear resonances demonstrated by spin

tracking

• Need spin rotator 

•   Energy independent spin tune 

•   Spin matching considered

However: 

• Considerable radiative depolarization at higher energies: High equilibrium 

polarization maintained by continuous injection 

•  Polarization vertical in the arc to avoid spin diffusion and longitudinal at collision

Courtesy: V Morozov, A Seryi
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JLEIC universal spin rotator
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IP

Arc

Ԧ𝑠Ԧ𝑠

E Solenoid 1
Dipole 

set 1
Solenoid 2

Dipole 

set 2

Spin 

Rotation
BDL

Spin 

Rotation 

Spin 

Rotation
BDL

Spin 

Rotation

GeV rad T·m rad rad T·m rad

3 π/2 15.7 π/3 0 0 π/6

4.5 π/4 11.8 π/2 π/2 23.6 π/4

6 0.62 12.3 2π/3 1.91 38.2 π/3

9 π/6 15.7 π 2π/3 62.8 π/2

12 0.62 24.6 4π/3 1.91 76.4 2π/3

Energy (GeV) 3 5 7 9 10

Lifetime (hours) 66 8 2.2 0.9 0.3

Minimizes spin diffusion  by switching polarization  between vertical in 

arcs  and longitudinal in straights

• Geometry independent on energy

• No dispersion in solenoids

• Solenoid coupling compensated by 

skew quadrupoles

Beam optics in the 
rotator section

Courtesy: Lin Fang Lei, A Seryi
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JLEIC Top-Off Electron Spin Polarization

30

• Polarization lifetime maybe short (shortest tp estimate 6 min): Need to “refresh” 

polarization

➔ Frequent continuous polarized electron injection to top-off intensity and polarization

• Beam life time should be smaller than polarization lifetime te < tp for good average 

polarization

• Equilibrium Polarization depends on initial polarization and the ratio te / tp

• Need to reduce beam life time

• CEBAF Injector can maintain  beam current even for shortest beam lifetime
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Polarized Hadrons in eRHIC 

• Based on existing RHIC polarized proton program

• With full Siberian snakes made of helical dipoles in RHIC

• Helical dipole spin rotators

• Partial snakes in AGS  (10-25% and 5.9%) 

Present polarization 

performance:

• Source Polarization 80%

• AGS at top energy 70%

• RHIC at top energy 60%

➔ Requires some 

improvements to meet EIC 

requirements

Helical magnets for 

Siberian snakes and 

rotators
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eRHIC Hadron Polarization

• with two snakes:
Three depolarizing resonances 
at high energy in RHIC depolarize from ~70% to ~60%

• p in eRHIC  with six snakes
Three depolarizing resonances  no polarization loss in eRHIC

• Further planned measures: tune jumps in RHIC and AGS

p, eRHIC
6 snakes

p, eRHIC
2 snakes

Planned improvement in AGS:

• Skew Quadrupoles

• Higher injection energy and stronger partial snakes 

(back-up solution)

32

Planned improvement in eRHIC:

Issue: 3 depolarizing resonances near top energy reduce polarization from 70% to 60%

Cure: introduce four more full snakes (carried over from BLUE RING)

Zgoubi
simulations
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Ion Polarization in JLEIC

• Figure-8 concept: Spin precession in one arc is exactly cancelled in the other 

• Spin stabilization by small fields: ~3 Tm  at 100 GeV

• Criterion: induced spin rotation >> spin rotation due to orbit errors

• 3D spin rotator: combination of small rotations about different axes provides 
any polarization orientation at any point in the collider ring

• No effect on the orbit

• Polarized deuterons

• Frequent adiabatic spin flips

33

Courtesy: V Morozov, A Seryi
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Spin tune and polarization axis adjustment
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Courtesy 
Vasyli 
Morozov
JLAB
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Start to 100 GeV simulations 
hadron polarization on the ramp
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Courtesy 
Vasyli 
Morozov
JLAB
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Summary

• Electron Ion Collider designs exist which support the requirements of 
the NSAC Long Range Plan

• After the physics case of the EIC was well received and strongly 
supported by the  National Academy of Sciences Study,  we expect a 
Mission Need Statement from DOE in the near future

• The theory of beam polarization is well established and sophisticated 
tools are available for an optimum design which support high beam 
polarization.

• The designs of EIC will provide high average polarization for electrons 
and hadrons

• Polarization transparency designs of the EIC use features which are 
well established, but some have not been implemented before                      
(figure-8 geometry, quasi-high-symmetry)
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