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Abstract
Pairs of Siberian Snakes allow the avoidance of first-order

spin resonances during energy ramping. However, a high
density of first-order resonances correlates with the presence
of higher-order resonances after the installation of snakes.
Thus, one effective tactic of mitigating higher-order reso-
nances is by weakening the surrounding first-order ones,
equivalent to minimizing the spin-orbit coupling integrals.
Such a proxy helps sidestep a multi-hour polarization trans-
mission simulation for each lattice configuration. In a three-
fold super-periodic ring, using 12 snakes is a sufficient condi-
tion for completely eliminating the spin-orbit coupling inte-
grals at all energies and tunes. Since the HSR will only have
up to 6 snakes, we opt to focus on suppressing the strongest
first-order resonances instead of the whole spectrum. By
varying the snake reflection axes and the betatron phase ad-
vance in two of the arcs, we search in a 7-dimensional lattice
space for the weakest resonance structure using a variety of
metrics and find the configuration with highest polarization
transmission.

INTRODUCTION
Since its inception in 2000, RHIC has been delivering the

highest energy polarized proton and heavy ion beams in the
world [1]. What begun as just over 30 % polarization has
been enhanced and optimized over the years to consistently
deliver over 50 % polarization at up to 255 GeV [2, 3]. RHIC
offers the only high-energy physics setting to study the spin
substructure of nuclear matter, and will be getting an upgrade
to 275 GeV in the form of the Hadron Storage Ring of the
Electron-Ion Collider [4].

While it’s true that most of the magnets of the HSR will
be reused from RHIC, the HSR may also be facing new
spin polarization challenges. In particular, spatial as well
as physics-program constraints such as having 1 or 2 inter-
action points will impose further breaking of the three-fold
symmetry in the lattice [4]. Past wisdom favors symmetric
lattices in terms of polarization transmission, and the current
incarnation of the HSR with storage optics adds credence
to that wisdom. From Fig. 1 it is clear that the HSR’s spin
resonance spectrum has a large RMS value, even though
the peaks are approximately the same as RHIC’s. These
densely-packed low-lying resonances overlap with the large
peaks and interfere strongly, causing severe higher-order
resonances.

We propose the solution of snake-matching, invented for
the design of HERA-p by one of the authors [5, 6].
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Figure 1: Spin resonance spectrum of Helion in the HSR
using storage optics and 1𝜋 mm mrad normalized emittance.

SPIN-ORBIT COUPLING INTEGRAL
The general philosophy behind preserving hadron polar-

ization in storage rings is to minimize the linearized spin-
orbit coupling integrals 𝐼±

𝑗 , since there are much less stochas-
tic effects compared to electrons. The linearized integrals
are [5]:

𝐼±
𝑗 ≡ 𝐺𝛾 + 1

𝑖√2
∮ 𝑘(𝑠)√𝛽𝑗(𝑠) 𝑒±𝑖𝜙𝑗(𝑠)𝑒−𝑖𝜓(𝑠)𝑑𝑠 (1)

where 𝐺 ≡ 𝑔−2
2 is the anomolous magnetic moment, 𝑘 is the

normalized quadrupole strength, 𝛽𝑗 is the twiss beta function
for the j-th coordinate, 𝜙𝑗 is the betatron phase advance and
𝜓 is the spin phase advance or amount of precession around
the stable spin direction ⃗𝑛0. See [7, 8] for the higher-order
analog of Eq. (1).

Such an integral is typically disguised as a well-known
quantity called the first-order ”spin-orbit resonance strength,”
which is also the Fourier coefficient of the spin precession
vector with respect to the generalized machine azimuth [9].
The resonance strength, however, is only well-defined while
satisfying the corresponding resonance condition 𝜈 ≡ ± ⃗𝑙 ⋅
𝑄⃗mod 1 where 𝜈 is the spin-tune, ⃗𝑙 is a triplet of integers and
𝑄⃗ are the beta-synchrotron tunes. For the remainder of the
paper, we will only be concerned with the vertical integrals.

So called ”Siberian Snakes” were conceived precisely for
this reason: where by flipping a propagating spinor around
an axis in the horizontal plane at one point in the ring and
then again at another point exactly half-way around the ring
and around an (horizontal) axis normal to the former axis
of rotation, they achieve an exact cancellation of anoma-
lous magnetic precessions around the ring (encapsulated by
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𝜓 → −𝜓). What is left is the 2𝜋𝜈0 = 𝜋 precession due to
orthogonal snake axes of rotation [10].

With the use of snakes it becomes rare to satisfy the spin
resonance conditions and hard to diagnose. This means two
things: One, there will be less resonances to worry about.
Two, any remaining resonances must be higher-order ones,
observed by particles whose amplitude-dependent spin-tune
satisfies higher-order resonance conditions only for large-
amplitude particles (by deviating from 𝜈0 = 1/2).

SIBERIAN SNAKES SAVE SPIN
Minimizing the spin-orbit coupling integral involves care-

fully cancelling contributions from each section with a dif-
ferent section [10]. With snakes, the natural way to do this
is by varying the horizontal snake axes of rotation denoted
𝜓𝑖 within the range required for maintaining a closed-orbit
spin-tune of 1/2.

𝜓1 − 𝜓2 + 𝜓3 − 𝜓4 + ... = 𝜋
2 (2)

𝜓𝑖 is the angle (rad) measured radially outward from the
longitudinal direction in the horizontal plane.

Of course, it is also possible to vary the betatron phase
advances 𝜙(𝑠) as well to cause these cancellations, however
we explore this in the next section.

To determine a greatest lower bound for the number of
snakes necessary for completely cancelling the integrals, the
quantities of interest are the super-periodicity of the machine
and its energy range. For a given choice of these parameters,
one can sometimes arrange the snake rotation axes 𝜓𝑖 in
such a way to perfectly cancel contributions between arcs
in a ring, independent of orbital tune. This was planned for
HERA-p which had an approximate 4-fold symmetry, and
required 8 snakes for a perfect match [5, 6]. In the case of
the EIC’s HSR, the approximate three-fold symmetry is a
good starting point before any fine-tuning. Based alone on
the super-periodicity, it is clear that the greatest lower bound
must be a multiple of 3, leaving us with either at least 6 or
12 snakes as sufficient.

To be more precise, the spin-orbit coupling integrals come
in ± pairs which must be simultaneously cancelled. The 6 or
12 snakes will split each of these integrals further down into
smaller terms, which we know are of approximately equal
magnitude due to the super-periodicity. For each integral
terms are then arranged into two families {𝐼±

𝑖 , 𝐼±
𝑜 } represent-

ing the inner and outer arcs of a super-period, respectively.
In the case of 6 snakes with axes of rotation 𝜓𝑖 = 𝛼𝑖/2, and
𝛼𝑖𝑗 ≡ 𝛼𝑖 − 𝛼𝑗, we have:

𝐼± = 𝐼±
𝑖 [1 + 𝑒𝑖(±2𝜋𝑄𝑦/3−𝛼21) + 𝑒𝑖(±4𝜋𝑄𝑦/3−𝛼43−𝛼21)]

+ 𝐼±
𝑜 [1 + 𝑒𝑖(±2𝜋𝑄𝑦/3−𝛼32) + 𝑒𝑖(±4𝜋𝑄𝑦/3−𝛼5−𝛼32)] . (3)

Note that in a three-fold symmetric ring, 𝐼𝑖 and 𝐼𝑜 are
independent quantities, meaning that there are much fewer
combinations of terms that can coherently cancel each other
out in 𝐼±. Upon inspection of Eq. (3), it appears that the

sufficient number for a perfect snake match is to six snake
only if the ring has a precise three-fold symmetry. Otherwise
12 snakes would be needed unless an alternate method was
used.

Nevertheless, in the case of HERA-p, the design was
developed further to maintain good polarization using only
4 snakes, instead of 8. This was done by carefully varying
both the snake axes and phase advances between arcs [5, 6].
The same can be done in the HSR, using a similar technique.

SNAKE AXIS OPTIMIZATION
We first investigate the dependence of polarization trans-

mission on the choice of snake axes. Based on Eq. (2) we
see that using 6 snakes results in a 5-dimensional parameter
space of axes. The efficiency of scanning such a param-
eter space really depends on what is being calculated: it
would be easy to calculate the spin-orbit coupling integral
at a given energy, but challenging to calculate polarization
transmission since that requires tracking the full ramp in
real-time. We compare the benefits of using two snakes to
using six snakes, while taking two representative pairs of
locations around the ring in the 2 snake case. We note that
different locations of snakes result in different equilibrium
polarization.

Two Snakes
Beginning with two snakes, 2 locations are considered for

the first snake: CCW of IR-12 or CCW of IR-10. The cor-
responding locations for the second snake would be CCW
of IR-6 and CCW of IR-4, respectively. For each place-
ment, the choice of rotation axes for the snakes was swept
over 100 different values and a single particle was ramped
through each choice of rotation axes and snake placement.
Our findings demonstrated that the IR 12-6 placement is
insensitive to choice of snake axis and preserved about 75 %
polarization on average, whereas the IR 10-4 placement is
highly sensitive to choice of snake axes and averaged 40 %
transmission.

Six Snakes
With six snakes, the available locations for placement

of snakes are severely restricted due to their 12 m extent
and the requirement of 2 additional spin rotators around
each IP. Possible variations in position could circumvent at
most 2 additional quadrupoles (in contrast there are 24-26
quadrupoles between each snake). Even after fixing the posi-
tion of each snake, there remains a 5-dimensional parameter
space for snake axes of rotation. A direct scan of polariza-
tion transmission over the full space would take considerable
computational resources, as computing just one point in that
space takes roughly 15 hrs with 1 particle/core.

Instead we opt for a more top-down approach which is
to avoid crossing resonance conditions in general. Even
though the closed-orbit spin-tune is fixed to 1/2 by design,
variations from this emerge in the amplitude-dependent spin-
tune (ADST) 𝜈 away from the closed orbit. Unfortunately,
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the ADST is taxing to numerically compute and we instead
use a figure-of-merit known as the perturbed spin tune (PST),
which comes from the eigenvalues of a 1-turn matrix as a
function of phase-space coordinates [11]. While it is not
necessary for the average of PST to converge to the ADST
after long times, it does provide a good substitute for short-
term behavior.

Thus, one of the authors [12] minimizes the PST variation
around the most severe resonances, and finds those snake
axes which produce this minimized variation. As a result,
it is possible to improve polarization transmission to 95 %
without any further changes. Of course, however, the story
does not end here.

PHASE ADVANCE OPTIMIZATION
Next, we move on to exploring the space of vertical phase

advance per arc with fixed overall vertical tune. This is a
similar constraint as Eq. (2) but is not an alternating sum.
Nevertheless, some benefits of opting to vary betatron phase
advance instead of snake axes for use in optimization are that
this circumvents managing the various orbital and optical
defects that snakes produce (which strongly depend on the
snake axes). Furthermore, it is much more common to mea-
sure and control betatron phase advances in rings, so this is
also a more accessible approach. Finally, through Eq. (1)
we see an equivalence between betatron phase shifts 𝜙𝑦 and
spin phase advances 𝜓𝑖, so there should be no tradeoff in
performance in the two approaches.

To enable phase advance control in different sections of
the ring, we propose the installation of an extra pair of trim
power supplies for the arc quadrupoles, to allow independent
control of the phase advances across each arc. We find the
best wiring scheme for fine control to be a series connec-
tion, with alternating polarity from focusing to defocusing
quadrupoles. This offers a greater range of phase advance
control over a fixed polarity wiring scheme.

It is clear that we will have again a 5-dimensional parame-
ter space of options that satisfy our constraints, too large for
our desire. Luckily, it is straightforward to initially organize
them according to the spin-orbit coupling contributions of
the respective arc. In this way, we find that the arcs near
the IPs of the lattice generate the most coupling, and we
only directly vary those 2 out of the 6 arcs. By leaving the
remaining 4 arcs unfixed, they use the main power supplies
for compensating the changes in the first 2 in order to main-
tain tune. For each pair of phase advances, we launch a
single Helion particle across an energy ramp through the
most depolarizing energy range 𝛾 ∈ [170, 190], and see
that there are drastic effects on polarization transmission in
Fig. 2. Specifically there is an island of stability on the right
side in terms of polarization transmission, demonstrating
the success of the snake-matching procedure.

CONCLUSION
Siberian snakes are by far the most effective tool for main-

taining polarization through very high energies, and by all

Figure 2: 2D scan of Helion polarization transmission in the
2-IR lattice over phase advances in arcs 6-7 and 8-9, while
accelerating from 𝐺𝛾 = 700 to 𝐺𝛾 = 800. The red dot is
the working point.

means indispensable. However, these big, bulky magnets
take up a lot of real estate, only come in pairs and introduce
strong coupling, optical and orbital distortions. Therefore it
is important to maintain the efficacy of polarization trans-
mission with a minimal number of snakes. In this report, we
address the unique polarization challenges facing the Hadron
Storage Ring in the EIC by using two independent but very
powerful methods from the framework of linearized spin-
orbit dynamics called snake matching. These methods prove
very successful at addressing the higher order depolarizing
resonances at fault, and the phase advance control method
provides experimental knobs for the variation of polarization.
Future investigations will be in the direction of applying this
method to different species of ions for experimental physics
programs.

ACKNOWLEDGEMENT
The authors would like to thank Vahid Ranjbar for helpful

conversations about polarization in the EIC. This work has
been supported by Brookhaven Science Associates, LLC un-
der Contract No. DE-SC0012704 with the U.S. Department
of Energy, and No. DE-SC0018008.

REFERENCES
[1] I. Alekseev et al., “Polarized proton collider at rhic,” Nucl. In-

strum. Methods Phys. Res., Sect. A, vol. 499, no. 2-3, pp. 392–
414, 2003.

[2] M. Bai et al., “Accelerating Polarized Protons to 250 GeV,”
in Proc. PAC’07, Albuquerque, NM, USA, 2007, pp. 745–
747. https://jacow.org/p07/papers/TUODKI04.pdf

[3] P. Adams et al., “Rhic polarized proton operation for 2017,”
Brookhaven National Laboratory (BNL), Upton, NY, USA,
Tech. Rep., 2017.

[4] J. Berg et al., “Lattice design for the hadron storage ring of
the electron-ion collider,” Brookhaven National Laboratory
(BNL), Upton, NY (United States), Tech. Rep., 2023.

[5] G. H. Hoffstaetter, High-Energy Polarized Proton Beams, A
Modern View. Springer New York, 2006.



15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-TUPS33

1716

MC4.A24 Accelerators and Storage Rings, Other

TUPS33

TUPS: Tuesday Poster Session: TUPS

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



[6] G. H. Hoffstaetter, “Optimal axes of siberian snakes for polar-
ized proton acceleration,” Phys. Rev. ST Accel. Beams, vol. 7,
p. 121 001, 12 2004.
doi:10.1103/PhysRevSTAB.7.121001

[7] E. Hamwi and G. H. Hoffstaetter, “Higher-order spin depo-
larization analysis,” in Proc. IPAC’23, Venice, Italy, 2023,
pp. 3133–3135.
doi:10.18429/JACoW-IPAC2023-WEPL014

[8] G. H. Hoffstaetter and M. Vogt, “Strength of higher-order
spin-orbit resonances,” Phys. Rev. E, vol. 70, p. 056 501, 5
2004. doi:10.1103/PhysRevE.70.056501

[9] E. D. Courant and R. D. Ruth, “The Acceleration of Polarized
Protons in Circular Accelerators,” BNL-51270, 1980.

[10] Y. S. Derbenev and A. Kondratenko, “On the possibilities
to obtain high energy polarized particles in accelerators and
storage rings,” in AIP Conference Proceedings, American
Institute of Physics, vol. 51, 1979, pp. 292–306.

[11] S.-Y. Lee, Spin dynamics and snakes in synchrotrons. World
Scientific Publishing Company, 1997.

[12] K. Hock, E. Hamwi, F. Meot, H. Huang, and V. Ptitsyn,
“Simulations of polarized helions in the hadron storage ring,”
presented at IPAC’24, Nashville, TN, USA, May 2024, paper
TUPS05, this conference.



15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-TUPS33

MC4.A24 Accelerators and Storage Rings, Other

1717

TUPS: Tuesday Poster Session: TUPS

TUPS33

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


