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Outline
• Physics requirements on polarization in EIC
• Hadron (p, 3He+2) polarization in EIC 
• Hadron spin rotators 
• Electron polarization setup in EIC
• Electron polarization in the source and RCS
• Spin rotators in electron storage ring
• Electron polarization challenges
• Conclusiions
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What is needed 
experimentally?

E.C. Aschenauer 3

Luminosity - √s Energy and EIC Physics:



EIC Polarized Beam Requirements
v Highly polarized beams of:

• Electrons 
(polarization goal: 70% average)

• Proton, 3He 
(polarization goal: 70%)

Note: Polarized deuterons under   
discussion.

v Spin orientation at the collision 
point:
1. Electrons:  longitudinal
2. Hadrons: longitudinal or vertical

v Using bunches with opposite spin 
orientation on the same fill

protons
electrons



RHIC Polarized Beam Complex
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For more than 20 years provides polarized proton beam for physics experiments.



RHIC Polarization: current 
status
• Provided polarized protons for experiments in 

energy range from 31 Gev to 255 GeV.
• Polarization 60% at 255 GeV has been delivered 
• Two full Siberian Snakes are used in each of the 

two present RHIC rings to maintain polarization 
• Feedback during acceleration – on the betatron 

tune, coupling, and orbit – is crucial for polarization 
preservation. 

• EIC polarization goal: 70% at 275 GeV. 
Also, polarized 3He will be used.



RHIC Siberian Snakes
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ØTo overcome  spin resonances 
during acceleration in RHIC 
Siberian Snakes are used (two per 
ring)

ØSiberian Snake produces spin 
rotation by 180 degree around a 
rotation axis in horizontal plane

ØProper located Snakes produce 
the spin tune at constant value 
(1/2) avoiding spin resonances

ØEach Siberian Snake: 4 SC 
helical dipoles, up to 4 T, each 2.4 
m long and full  360° twist

desired longitudinal polarization direction is
obtained at the interaction point.

4.2. Siberian Snake and spin rotator design

Each snake and rotator is composed of four
helical dipole magnets [20]. Helical field magnets
have some distinctive advantages over more
conventional transverse Snakes or rotators: (i)
the maximum orbit excursion is smaller, (ii) orbit
excursion is independent from the separation
between adjacent magnets, and (iii) they allow an
easier control of the spin rotation and the
orientation of the spin precession axis.

In an ideal helical dipole magnet to be used for
our purposes, the central dipole field should rotate
through a complete 3601 from one end of the
magnet to the other. In a real magnet, of course,
the fields at the ends of the magnet will also
contribute to the particle dynamics. We require
that the integrals

R

Bx dc and
R

By dc are both less

than 0:05 Tm: The maximum body field will thus
rotate through an angle less than 3601 along the
axis of the magnet. Moreover, in order to simplify
the construction of the Snakes/rotators, a solution
has been found with all magnetic modules identical
in both devices. For the snakes each helix is right
handed with the field at the end being vertical. For
the rotators, the helices alternate between right
and left handedness (see Fig. 7) with the field at the
end of each helix being horizontal.

The orbit though a ideal helix will have the
incoming and outgoing rays parallel, but transver-
sely displaced. In order to have a net displacement
of zero through a snake we require that the offset
be canceled by powering in pairs with opposite
fields. The inner pair are wired in series with
opposite polarity and powered by a common
power supply. The outer pair are also wired in
series with opposite polarity to a second supply.
Fig. 8 shows the field components, design orbit,
and spin rotation through the a snake at injection
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Fig. 8. Field, orbit, and spin tracking through the four helical magnets of a Siberian Snake at g ¼ 25: The spin tracking shows the
reversal of the vertical polarization.
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Magnetic field of the Snake

desired longitudinal polarization direction is
obtained at the interaction point.

4.2. Siberian Snake and spin rotator design

Each snake and rotator is composed of four
helical dipole magnets [20]. Helical field magnets
have some distinctive advantages over more
conventional transverse Snakes or rotators: (i)
the maximum orbit excursion is smaller, (ii) orbit
excursion is independent from the separation
between adjacent magnets, and (iii) they allow an
easier control of the spin rotation and the
orientation of the spin precession axis.

In an ideal helical dipole magnet to be used for
our purposes, the central dipole field should rotate
through a complete 3601 from one end of the
magnet to the other. In a real magnet, of course,
the fields at the ends of the magnet will also
contribute to the particle dynamics. We require
that the integrals

R

Bx dc and
R

By dc are both less

than 0:05 Tm: The maximum body field will thus
rotate through an angle less than 3601 along the
axis of the magnet. Moreover, in order to simplify
the construction of the Snakes/rotators, a solution
has been found with all magnetic modules identical
in both devices. For the snakes each helix is right
handed with the field at the end being vertical. For
the rotators, the helices alternate between right
and left handedness (see Fig. 7) with the field at the
end of each helix being horizontal.

The orbit though a ideal helix will have the
incoming and outgoing rays parallel, but transver-
sely displaced. In order to have a net displacement
of zero through a snake we require that the offset
be canceled by powering in pairs with opposite
fields. The inner pair are wired in series with
opposite polarity and powered by a common
power supply. The outer pair are also wired in
series with opposite polarity to a second supply.
Fig. 8 shows the field components, design orbit,
and spin rotation through the a snake at injection
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Fig. 8. Field, orbit, and spin tracking through the four helical magnets of a Siberian Snake at g ¼ 25: The spin tracking shows the
reversal of the vertical polarization.
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Particle orbit and spin trajectory in the Snake

464 CHAPTER 5. BEAM POLARIZATION

Figure 5.23: AGS emittance measured by the IPM versus intensity at AGS extraction.
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Figure 5.24: Intrinsic resonance strength of the present RHIC lattice for a particle on a 10 µm
action ellipse as function of the Lorentz factor g. Below 100 GeV, the resonance strength
is less than 0.18. A stronger resonance strength of 0.45 has to be overcome, in order to
accelerate a proton beam to 275 GeV.
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Snake Resonances in RHIC
• Depolarization can still happen at 

certain vertical betatron tunes due to 
higher order resonances (n>1):
½ =m +/- nQy

• Far more tune space available in six 
snake configuration

• Important for flexibility in the face of 
complicated beam dynamics (high 
peak currents, interaction with 
coolers, etc)
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Snake resonance spectrum
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Measured Snake Resonance SpectrumMeasured Snake Resonance SpectrumMeasured Snake Resonance SpectrumMeasured Snake Resonance Spectrum
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Not able to accelerate below 0.68 for 
production store due to the glitch in the RHIC 

power supply for main quadrupoles at the 
change of acceleration rate

7/
10

 re
so

na
nc

e

W
or

ki
ng

 p
t f

or
 2

50
 G

eV
 ru

n 
in

 2
00

9

Ra
ti

o 
of

 C
N

I 
m

ea
su

re
m

en
t 

at
 s

to
re

 v
s.

 in
je

ct
io

n

0.54

0.36

0.18

Experimental observation  of 
Snake Resonances in RHIC

RHIC with 2 Snakes EIC Hadron Ring  with 6 Snakes
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Six snakes in EIC hadron ring
• Number of Snakes will be increased 

from 2 to 6
• Snake arrangement is perfectly 

symmetric with 60 degree bending 
angle between Snakes.

• Additional Snakes are put in DU7 
”dummy” sections, free of magnets.
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EIC Spin Rotators
EIC HSR IRRHIC IR6

S.Berg

Yellow 
ring

Blue
ring

consequence, the net bending angle between spin rotators is
non-zero. Thus, the spin rotator layout in the HSR is more
complicated than in RHIC. It creates several issues that have
to be considered in the accelerator design work.

Table 1: The Rotator Locations in RHIC and EIC HSR

Distance Bending angle
from IP from IP

RHIC Rotator 1 61.4 m 3.675 mrad
RHIC Rotator 2 61.4 m -3.675 mrad

HSR Rotator 1 97.8 m -17 mrad
HSR Rotator 2 103.8 m 61.35 mrad

Rotator 1Rotator 2

Siberian
Snake

Figure 2: The layout of HSR interaction region area. The
spin rotators are plotted as green boxes. The Siberian Snake
is shown as a pink box.

ENERGY RANGE COVERAGE
The first issue is related with the energy range coverage of

the spin rotators. The EIC requirements state that the HSR
needs to provide polarized beams at following energies:

1. protons: 41 GeV, 100-275 GeV
2. 3He ions: 41 GeV, 100-183 GeV/u
Are spin rotators capable to produce the longitudinal po-

larization at all required energies? To answer this question
one needs to start with the characteristic plot of the spin rota-
tor based on four helical magnets ( Fig. 3). This plot relates
the fields of rotator helical magnets with spin orientation
in the horizontal plane after the rotators (for vertical spin
at the rotator entrance). It also takes into account 4 T field
limit of actual RHIC spin rotator magnets. Due to this field
limit there is some range of polarization orientations in the
horizontal plane which can not be produced. Combining
this information with the bending angle data in Table 1 one
can convert the data for polarization orientation into the data
for beam energy. One should take into account that both
longitudinal spin orientations (either +1 or -1) at the IP are
acceptable. The conversion has to be done individually for
the rotators on left and right side of the IP, and then results
have to be combined. The final results of this conversion
are summarized in Table 2 where the beam energy ranges
at which the longitudinal polarization of proton can not be
achieved are listed. While having small not-accessible en-
ergy ranges between 250 and 257 GeV should not be a big
problem, for the second rotator configuration used in RHIC

(L,R,L,R) not having perfect longitudinal polarization at
41 GeV is a serious issue not acceptable for EIC physics
experiments. Fortunately, a simple solution exist. Chang-
ing the sequence of helical magnets in second rotator from
(L,R,L,R) to (R,L,R,L) leads to the not-accessible energy
ranges listed in bottom row of the Table 2. At this rota-
tor configuration the longitudinal polarization at 41 GeV
can be provided. The change of magnet sequence can be
simply done by rotating the whole rotator by 180 degree
around vertical axis, which should be realized during the
HSR installation.
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Figure 3: The characteristic plot shows relations between
rotator fields and the spin orientation after the rotator for
protons. The spin orientation angle is counted from the
longitudinal axis.

Table 2: The Proton Beam Energies Where the Longitudinal
Polarization Can Not Be Realized

2nd rotator Energies (GeV)
helicity configuration

(L,R,L,R) 36-44, 250-257

(R,L,R,L) 143-151, 226-232

The characteristic plot of the spin rotator for 3He beam is
shown in Fig. 4. All polarization orientations can be created
by the spin rotator. Thus, the longitudinal polarization can
be created at all energies of 3He . Also, multiple sets of
magnetic fields of rotator magnets for a particular longitu-
dinal orientation exist, simplifying operational choices, for
instance allowing to minimize the orbit excursion inside the
rotators.

TURNING ON SPIN ROTATORS
Due to significant orbit excursion happening inside the

rotator at the injection energy the spin rotators are turned on
at the store energy. Since the net bending angle between the
rotators in the HSR is non-zero the spin tune can be a�ected
by the rotator turn on. The spin tune can be obtained from
one-turn spin transformation matrix. The transformation
matrix calculation should include six Siberian Snakes which
will be used in the HSR, one in each sextant. When the

Rotator 1Rotator 2

Siberian
Snake

The Hadron Storage Ring spin rotators:
• The spin rotators used presently in RHIC 

will be re-used in the EIC HSR. 
• The locations of the spin rotators in the 

HSR differ considerably from their RHIC 
locations The net bending angle between 
HSR spin rotators is non-zero. 



Spin rotator turn on
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Non-symmetric rotator arrangement results in strong spin tune shift 
when the rotators are turned on the rotator turn-on. 

This spin tune shift can be  mitigated by
simultaneous adjustment of spin rotation axes 
in Snakes:
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Figure 4: The characteristic plot shows relation between
rotator field ⌫1 and the spin orientation after the rotator for
3He ions. The spin orientation angle is counted from the
longitudinal axis.

rotators are o� the spin tune is defined by orientations of the
rotation axes of the Siberian Snakes (called Snake axes):

aB? =
1
c

3’
8=1

(UB,28 � UB,28�1) (1)

where UB,8 are Snake axes angles in the horizontal plane,
accounted from the longitudinal direction.The Snake axes
are normally oriented at ±45 deg giving the fractional spin
tune equal to one half, independently on the energy.

When the rotators are turned on the formula for the spin
tune becomes more complex, but spin tune dependence on
the Snake axis angles remains. The Fig. 5 shows what hap-
pens with the fractional spin tune at the proton beam energy
of 275 GeV when the spin rotators are ramped up from zero
field to the helical field values required for longitudinal po-
larization. At the end of the spin rotator ramp, the spin tune
shift is as large as 0.4. Such tune shift will lead to depolar-
ization due to crossing spin resonances with orbital betatron
motion. To counteract the spin tune shift one has to vary
Snakes axes, by adjusting magnetic fields of the Snakes con-
currently with rotator ramping. The example is shown in
Fig. 6 where the Snake axis angles are linearly adjusted on
the second half of the spin rotator ramp, as shown in Fig. 7.
It allows dramatically reduce the spin tune shift excursion,
to less than 0.1.
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Figure 5: The spin tune change during the spin rotator ramp.
The horizontal axis presents arbitrary time unit. As the time
changes from 0 to 100, the spin rotator fields are linearly
ramped to their required values at 275 GeV.
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Figure 6: The spin tune shift during the rotator ramp, with
applying the snake axis angle change in the Siberian Snakes
shown in Fig. 7.
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Figure 7: The Snake axis angle change applied on the spin
rotator ramp to compensate the spin tune excursion.

CONCLUSION
The spin rotators used presently in RHIC will be re-used

in the EIC Hadron Storage Ring. But, since the locations
of the spin rotators in the HSR di�er considerably from
their RHIC locations several issues arise in the HSR. First,
the longitudinal polarization can not be achieved at some
beam energies for protons. Changing the order of magnets
in second rotator ensures the longitudinal polarization at 41,
100 and 275 GeV, which are energies of most interest for
physics experiments. Second, the turning on spin rotators at
275 GeV produces significant spin tune shift. This spin tune
shift can be compensated by tuning Snake axis angles of six
Snakes used in the HSR during the spin rotator field ramp.
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Polarized 3He Acceleration in 
EIC HSR

• RHIC Siberian snakes and spin 
rotators can be used for the spin 
control, with less orbit excursions than 
with protons.

• More spin resonances. Larger 
resonance strength.

• 6 Snakes are necessary to preserve 
3He polarization at acceleration
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2.3 RHIC with 6 Snakes

• RHIC Blue and Yellow rings achieve up to 60% polarization

in 255 GeV proton runs, with 2 snakes per ring.

• Stronger 3He resonance strength (×1.5) require more snakes.

• Foreseen scheme :

- 6 snakes ensure Nsnakes > 5|εint|max ≈ 4,

- 2π/6 distance around RHIC ensures energy-independent Qs,

- snake axes at φk = ±45o yield Qs =
1
π

∑6
k=1(−)kφk = 3/2

- build 4 additional snakes from existing, like-helicity, rotator

modules
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E/u, GeV 24-275 16-183

|Gg | 46.5-525.5 72.6-819.4

Crossing strongest spin resonance with 2 and 6 Snakes



Polarized deuterons
• Polarized deuteron possibility in 

EIC has been explored.

• The imperfection resonances can 
be overcome by partial snakes on 
the base of the planned detector 
solenoid(s).

• The intrinsic resonance can be 
overcome with modest tune jump.

• At Gg =3n (3, 6, 9, 12, 15, 18), 
longitudinal polarization can be 
reached at both 6 o’clock and 8 
o’clock IRs. 22.5 GeV interval.

• The deuteron polarimetry 
presents a serious challenge.
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D polarization at acceleration with and without tune jumps

p d

m, GeV 0.938 1.876

G 1.79 -0.143

E/u, GeV 24-275 12-137

|Gg | 46.5-525.5 1.6-20.9

H.Huang



Other topics for hadron 
polarization 

• Space charge effect on the polarization.   
Although the depolarizing resonances are weaker at lower energies, the 
betatron tune spread is large. 
Studies found no serious issues with polarization lifetime at 41 GeV 
operation (space charge tune spread ~0.05).

• Effect of IBS and Cooling on the polarization during the 
stores.
Depolarization mechanism similar to stochastic depolarization by SR for 
electrons has been studied.  Depolarizing function (dn/dgamma) was 
evaluated. Found depolarization was very week.

• Effect of crab cavities.  RMS spin spread in the IP was 
evaluated to be ~0.01 rad.



Hadron Polarimetry

Ultra thin Carbon 
ribbon Target
(5 µg/cm2)

1

34

5

6

2
Si strip detectors
(TOF, EC)

18cm

EIC will use the same polarimetry techniques as presently used in RHIC.

p-C polarimeter

• Fast polarization measurement
• Polarization profile measurements
• Analyzing power can not be 

analytically calculated: needs calibration

Target Position
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Forward scattered
proton

proton 
target 

recoil proton

H-jet polarimeter

• Both recoil and forward scattered protons
are detected

• Absolute polarization measurement
• But measurements are slow
• Provides calibration for p-C

Main challenge for EIC: higher beam current and bunch repetition rate (background issue)



EIC Electron Polarization
• Physics program requires bunches with spin “up” 

and spin “down”  to be stored simultaneously
• The wanted spin patterns is produced by injecting 

bunches with desired spin orientation at full 
collision energy

• Since stored bunch polarization decays due to 
Sokolov-Ternov and stochastic depolarization 
processes.

• Frequent bunch replacement is used to replace 
bunches with lower polarization with new highly 
polarizied bunches.

16



High Average Electron Polarization

• Frequent  injection of bunches with high initial polarization of 85%
• Initial polarization decays towards P∞  < ~50%
• At 18 GeV, every bunch is replaced (on average) after 2.2 min

17

B P
Refilled every 1.2 minutes

B P
Refilled every  3.2 minutes

Pav=80%

Pav=80%

Re-injections

P∞= 30%
(conservative)

Re-injection



Pre-injector beam line set up
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• 2.856 GHz Buncher and Linac (6-8 
tanks)

• 2 x 591 MHz Buncher

• 118 MHz Buncher

• Need R56 rotates the bunch in
longitudinal phase space to reduce
energy spread

• 1300 MHz dechirp cavities

Nominal

Bunch charge [nC] 7

Bunch length [ps] 40

Energy spread dp/p 2.5e-3

Frequency [Hz] 1Hz w 8 bunches

Energy [MeV] 400

Polarization [%] 85%

Lifetime >2 weeks

Solenoid-based spin rotator converts
longitudinal polarization into vertical



Rapid Cycling Synchrotron is 
based on resonance free lattice

19

• RCS must preserve polarization at acceleration from 400 MeV to 18 
GeV. 
Spin tune range:  0.907 < ga < 41.

• Both the strong intrinsic and imperfection resonances occur at spin 
tunes:

• ga = nP +/- Qy
• ga = nP +/- [Qy] (integer part of tune)

• By selecting proper P and Qy one can move strong intrinsic 
resonances out of the RCS energy range. 
P=96 and a tune Qy with an integer value of 50. 

• Imperfection resonances  follow suit with the first major one 
occurring at ga = 96 – 50 = 46 



RCS Spin Resonances

20

• No polarization loss from cumulative effects of intrinsic spin resonances for 
distributions with RMS normalized emittance > 1000 mm-rad (100 msec 
ramp rate).

• At 200 mm-mrad RMS normalized emittance, we can tolerate beyond 2% 
field errors and still maintain above 95% polarization transmission.

• Issue to control: Imperfection spin resonances ~ vertical RMS orbit 0.5 mm 
to keep losses < 5%.

Extraction

Intrinsic Resonance at 10 mm-mrad

See talk by V. Ranjbar in WG1 for further details



Electron storage ring spin rotators
• Goal electron energy range: 6-18 GeV 
• A HERA-type rotator (based on sequence of vertical 

and horizontal bend) creates meter scale orbit 
excursion at lower energies.

• The rotator design capable to operate in all energy 
range is based on the combination of solenoidal and 
horizontal bending magnets.

EIC spin rotator 
C-type bending  configuration

jj – spin rotation angle in solenoids
yi – spin rotation angle in bends

y1= n0q1
y2= n0q2
n0= ga
q1,2- bending angles



Spin matching conditions for 
solenoidal rotators

In order to minimize stochastic depolarization the rotator insertion optics has to satisfy 
special set of spin matching conditions:
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⎜
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⎜⎜

⎞

⎠
⎟⎟
j ,exit

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

where:

H j f I( )
rot: j=1,4
∑ = 0 ; H j f I

*( )
rot: j=1,4
∑ = 0 ;

aγ H j D( )
rot: j=1,4
∑ + ϕ jksj −

rot: j=1,4
∑ ψ jkyi

bends:i=1,4
∑ = 0

Betatron motion conditions

Off-momentum condition

F is either fI or D

fI is an eigenvector of 
horizontal motion

entrance of first part 
of solenoid

exit of second half 
of solenoid



Solenoidal insertion with betatron spin 
matching

Spin matching conditions related with betatron motion can be satisfied for each 
individual solenoidal insertion, using two solenoid halves and (at least 6)  quadrupoles 
between them.

H j ( f I ) = 0 and H j ( f I
*) = 0That is for each j :

Tx,y

L

ESR lattice task force made further lattice optimization finding a compromise between
spin matching and dynamic aperture.



Polarization simulation studies
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Machine with misalignments

• 546 BPMs (h+v) added close to each quadrupole.

• 2x546 correctors (h+v) added close to each quadrupole.

• Magnet misalignments and orbit correction simulated by MAD-X.

• Optics with errors and corrections dumped into a SITROS readable file.

Assumed quadrupole RMS misalignments

horizontal o↵set �xQ 200 µm

vertical o↵set �yQ 200 µm

roll angle � Q 200 µrad

Strategy

• switch o↵ sextupoles;

• move tunes to 0.3/0.2;

• introduce errors;

• correct orbit (MICADO/SVD);

• turn on sextupoles;

• tunes back to luminosity values.

Orbit corrected to rms: ~0.150 mm, 
coupling corrected to below 0.005.
SITROS includes nonlinear sextupole
fields and quantum excitation

At 18 GeV with 2.5min refill time: 
16% asymptotic polarization corresponds to ~70% average 
polarization

Used codes: SITROS, BMAD, Zgoubi

SITROS simulations studies with machine errors done at 10 and 18 GeV established 
required degree of orbit and coupling control in the ESR.

E. Gianfelice-Wendt, SITROS/SITF
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18 GeV

See talks by E.Gianfelice-Wendt, M.Signorelli, F.Meot in WG1 for further details



On-going ESR polarization 
studies
• Completing machine error tolerance studies
• Evaluating beam-beam effect on polarization
• Verifying detector solenoid compensation
• Maximizing polarization with two detectors
• Operational knobs for polarization tuning



Electron Polarimetry

• Measure polarization for each bunch
• Requirements on measurement time 

due to lifetime in ring
• Measure longitudinal and transverse 

polarization 

• Measurements  averaged 
over several bunches

• Vertical polarization
• Requires measurement in 

multiphoton mode 
(~1000 backscattered 
photons/crossing) See talk by C.Gal in WG3 for further details



Summary
• EIC will use highly polarized beams of electrons, protons and 3He 

ions. 
• Spin rotators are used for both electrons (solenoidal insertions) and 

hadrons (helical dipoles) to create longitudinal polarization at the IP.
• For hadrons number of Snakes will be increased to 6 to ensure high 

polarization transmission on the acceleration ramp.
• Electron RCS free-resonance lattice preserve polarization up to 18 

GeV
• For electron storage ring the lattice has been optimized to incorporate 

spin matching conditions in the solenoidal insertions.
• Electron spin simulations studies are very important for defining 

machine error tolerances and machine operational behavior and 
tuning.
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