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Outline
• Helical dipole spin rotators in RHIC
• Spin rotators: difference in use between RHIC 

and HSR
• Energy operating range 
• Spin tune shift
• Rotator parameters for He3 operation
• Longitudinal polarization for deuterons
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RHIC Polarized Beam Complex
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RHIS Spin Rotators
• Spin rotator use helical dipole magnets.

Exactly, the same magnets as in the Snakes.
Maximum field is 4T.
But, unlike the Snakes, the orientation of the magnetic field in 
the center of the helical magnet is horizontal. 

Main parameters of the spin rotators in RHIC



Spin Rotation: Helical Dipole

5

Paraxial helical dipole field (without magnet edges):

Compared with common dipole the helical dipole has 
an additional parameter, Helicity R, which can be +1 or -1

38 Chapter 4: Snakes and Spin Rotators in RHIC (March 2001)
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Figure 4.1: Field, orbit, and spin tracking through the four helical magnets of a Siberian Snake at γ = 25.
The spin tracking shows the reversal of the vertical polarization.
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Actual helical field is intrinsically nonlinear, 
as well as contains longitudinal off-axis component:

But, for initial evaluation of the spin and particle motion near the helical magnet axis, the 
paraxial helical field is a good approximation.

R178 S R Mane et al

5.5. Helical magnetic fields

The full solution for the transverse magnetic field components, in terms of modified Bessel
functions, is given by MacKay et al (1999). In practice, a paraxial approximation suffices
for most purposes; the higher-order field corrections have only a small effect, which can be
dealt with by numerical programs. We previously displayed the simplest approximation to the
above fields, which were the terms independent of r. At the next-lowest order, one has (using
a right-handed coordinate system (x, y, s))
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(57)

Hence a helical magnet has an intrinsic sextupole component. However, this is a higher-order
effect; all that happens is that the orbit compensation and matching to the rest of the ring
is slightly more complicated, but not seriously so. The Snakes and spin rotators still work
basically as described in the rest of this review.

5.6. Full-twist helical Siberian Snakes and spin rotators

The design of the helical Snakes and spin rotators that we shall now review was created
by the VEPP-2M design team, led by Yuri Shatunov. They developed a design of helical
magnets which can serve to construct both Siberian Snakes and spin rotators, with automatic
compensation of the orbit excursions, i.e. localized entirely within the Snake/rotator (Ptitsyn
and Shatunov 1995, 1997b). The above papers are part of a long tradition of work at BINP,
both practical and theoretical, with helical magnets. The VEPP-2M team’s design has been
employed for the RHIC Snakes and spin rotators (Alekseev et al 2003). We begin with some
observations pertaining to the excursions of the design orbit, and treat the spin later. From
now on we follow the formalism of Ptitsyn and Shatunov (1997b).

The first key idea is to consider a helix with a full 360◦ twist of the magnetic field, i.e. a
helix of length λ = 2π/|k|. For convenience we define a parameter η = k/|k| which expresses
the handedness (the helicity) of the magnet. Then η = +1(−1) for a right (left) handed helix.
We set ks = ±2π , i.e. cos(ks) = 1, sin(ks) = 0 in (47) to obtain the solution for the beam
excursion at the exit

x = x0 + x ′
0λ, y = y0 + y ′

0λ + 2πrhη,

x ′ = x ′
0, y ′ = y ′

0.
(58)

The contribution from the helix vanishes automatically. Furthermore, if the entrance values
are x0 = y0 = 0 and x ′

0 = y ′
0 = 0, then the orbit value at the exit is simply a displacement

along the direction of the entrance magnetic field (in this case the vertical). One easily sees
that x = 0, x ′ = y ′ = 0 and y = 2πrhη, where the sign of y is equal to the sign of the
product rhη.

If we therefore place two full twist helices in series, with equal and opposite values of rhη,
then the final orbit displacement at the exit of the two-helix system will automatically vanish,
for an arbitrary magnitude of rhη. The two possible designs are (i) the same handedness η,
and equal but opposite values for rh (opposite sign of magnetic field at helix entrance), or (ii)
opposite handedness for η (helices of opposite pitch), and equal values for rh. In either case,



Orbit Motion in Helical dipole
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Figure 4.1: Field, orbit, and spin tracking through the four helical magnets of a Siberian Snake at γ = 25.
The spin tracking shows the reversal of the vertical polarization.
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Solution of the orbital motion in the paraxial approximation:

If x’0 and y’0 the orbit shift after one helix period is just 
Dy =2p R r 

Simultaneous switching the sign of field and helicity produces does not change the orbit shift



RHIC Spin Rotators(2)
Magnetic Field Spin

Orbit • Since there are dipole magnets (D0,DX) between 
      the rotator and the IP, spin direction is not 
      longitudinal after the rotator. The required spin 
      direction varies with the beam energy.

• Due to large orbit excursion at the injection 
      the spin rotators are turned on at the store energy.



From RHIC to HSR Spin 
Rotators
• EIC Hadron Storage Ring (HSR) will re-use the RHIC spin 

rotators.
• The rotators will be disassembled. 

The vacuum pipe will be replaced with a new pipe coated 
with copper and amorphous carbon layers to mitigate the 
effects of resistive heating and electron cloud.
New BPM will be installed at the center of the rotator .

• In RHIC: total of 8 spin rotators
In HSR : initially 2 spin rotators, then 4
Helical modules off remaining spin rotators will be used to 
construct additional Snakes for the HSR



RHIC Spin Rotator are in 
symmetrical location

RHIC IR6

Yellow 
ring

Blue
ring

• The rotator are placed in 61.4 m from the IP
• The bending angle from the IP to rotators is +- 3.675 mrad
• The net bending angle between the RHIC spin rotators is zero
•  When the rotators are turned on at the store the spin motion around the ring is not 

affected

L/R –is the helicity of magnet
+/-   is the sign of magnetic field 



EIC HSR Spin Rotators
EIC HSR IR

Rotator 1Rotator 2

Siberian
Snake

• The EIC interaction region is much more complicated than in RHIC
• The rotator can only be placed further from the IP, and not symmetrically: 

at 97.8m and 107.8m 
• The bending angles from the IP to rotators are also not symmetrical: 

-17 mrad and 61.35 mrad
• The net bending angle between the RHIC spin rotators is not equal to zero



HSR Rotator Operating 
Energy Range

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
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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-
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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

The HSR main proton operating energies are
41 GeV, 100 GeV and 275 GeV.
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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
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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

(R,L,R,L) configuration must be used to 
produce the longitudinal polarization at 
41 GeV. 
The sequence of the helical magnets in 
the 2nd rotator must be changed! 



HSR Spin rotator turn on

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

This small spin tune shift can be  mitigated by
simultaneous adjustment of spin rotation axes 
in Snakes:

-4

-3

-2

-1

0

1

2

3

4

-180 -140 -100 -60 -20 20 60 100 140 180

M
ag

ne
tic

 fi
el

d 
B1

, T

Polarization orientation angle, degree

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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The rotators are turned on at the store energy

Spin tune shift ~0.01 
when turning on the rotators at 275 GeV

Note: the spin tune is not exactly 0.5 
with the rotators off because of a small alignment error in IR6
present during this calculation
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Helion longitudinal polarization

• Due to considerably larger G the 
coupling of the spin to magnetic field 
is strong:

• Smaller spin rotator field are required to 
realize the longitudinal spin

• Smaller orbit excursion inside the 
rotators

p 3He+2

m, GeV 0.938 2.808

G 1.79 -4.18

E/u, GeV 24-275 16-183

|Gg | 46.5-525.5 72.6-819.4



Helion Spin Rotator Settings

322A: maximum current of helical dipoles
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Polarized deuterons

16

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

• Polarization deuterons are not officially in 
the EIC Physics program. 
But they may become part of the program  
included in the future 

• Deuteron G is order of magnitude less 
than for protons: stronger field is required 
for spin rotation

• Spin resonances are weaker  and not so 
numerous.
Deuteron polarization preservation during 
acceleration can be done applying the 
same techniques as in AGS (partial snake, 
tune jumps).

• But what about longitudinal polarization:
helical spin rotators would require 
unreasonably large field (~300 T*m)



Deuteron longitudinal 
polarization

• Approach: use the beam energy which is close to an integer spin tune.
 
That is somewhat similar to Figure-8 approach (using small fields for deuteron polarization control) but works at 
particular deuteron energies
 (Gg = int):

  Ed (GeV) = 131.5, 124.9, 118.4, 111.8, ... and so on

DE = 6.58 GeV at one detector operation
DE = 19.74 GeV at two detector operation (with the detectors in IR6 and IR8)

• The spin direction control is defined by the combination of effects from the 
detector solenoid field and the artificial vertical orbit  bumps introduced in 
the arcs:

• The spin tune spread: Gg*(Dp/p)rms = 0.007
• The vertical orbit bumps with ~5-6 mm amplitude is needed to overcome the spin 

tune spread and ensure the polarization is in transverse plane.
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Summary
• HSR will re-use the RHIC spin rotators which are based on helical 

dipole magnets.
• Beam pipe and BPM of spin rotators will be upgraded
• The locations of spin rotators in the HSR are not symmetric, thus the 

area between spin rotators is not fully spin-transparent
• Sequence of helical magnets in 2nd rotator should be changed to 

produce longitudinal polarization at 41 GeV
• The spin tune during the rotator turn-on is ~0.01 and can be 

compensated by adjustment of Snake rotation axes. 
• Spin rotator operation with 3He is simpler. Less field required.
• Longitudinal polarization of deuteron beam can be arranged near 

certain energies (Gg ~ integer)
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