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The possibility of conducting experiments with polarized protons at the Nuclotron of the NICA accelerator
complex at JINR (Dubna) is under discussion. To preserve polarization during beam acceleration a partial
siberian snake is supposed to be used based on dynamic superconducting solenoids developed at JINR.
Design options for a solenoid snake in the Nuclotron, both with and without compensation of betatron cou-
pling, have been proposed. Spin orientation control for experiments with an extracted proton beam in a con-
tinuous momentum range is achieved with a spin rotator based on longitudinal and transverse magnetic
fields, located in the beam transport channel to the external target. At discrete energies, occurring approxi-
mately in 0.5 GeV steps, which correspond to integer spin resonances, the polarization direction at internal
and external targets can be changed without a spin rotator, applying spin navigators based on weak magnetic
fields, located inside the Nuclotron.
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INTRODUCTION

The NICA collider at the Laboratory of High
Energy Physics (LHEP) of the Joint Institute for
Nuclear Research (JINR, Dubna), scheduled for
launch in 2025, is the largest multifunctional project
in Russia in the field of nuclear physics and high-
energy physics [1]. The collider is designed for the col-
lision of counter-beams of relativistic nuclei in the
Multi-Purpose Detector (MPD) [2] and counter-
beams of polarized protons and deuterons in the Spin
Physics Detector (SPD) [3]. The NICA collider is
optimal for studying the dynamics of the transition
from a quark-gluon plasma during the process of cool-
ing the hot Universe into the observed baryonic mat-
ter. This is the first priority of NICA’s work with
nuclear collisions in MPD. In the second stage pro-
gram with counter-beams in the SPD one of the cen-
tral tasks is the solution so-called “spin crisis”: quarks
are the carriers of the baryon and electric charge of
nucleons, but only a small part of the nucleon’s spin
[4, 5].

Injection of heavy ions and polarized light nuclei is
carried out from the existing superconducting syn-
chrotron Nuclotron [6]. The maximum particle
momentum in the Nuclotron is limited by the charac-
teristics of the standard superconducting dipoles and
is equal to 12 GeV/c. The possibility of conducting

experiments with extracted polarized proton and deu-
teron beams from the Nuclotron was relevant before,
it will become especially important after the collider
will be put into operation. After the injection of heavy
ions into the collider for experiments in the MPD the
Nuclotron will be idle most of the time. The SPD
detector is planned to be commissioned no earlier than
2030, so the only current opportunity for working with
polarized beams within the NICA complex is experi-
ments at the Nuclotron, which is equipped with the
necessary facilities for this: the SPI polarized ion
source [7] provides beams of polarized deuterons and
protons for various spin modes, and polarization mea-
surement is carried out with polarimeters at an inter-
nal target [8, 9] and on the extracted beam [10]. Cur-
rently the DSS (Deuteron Spin Structure) and
ALPOM-2 experiments are being implemented on the
internal and extracted beams of the Nuclotron respec-
tively. The DSS project [11] is aimed at investigating
the spin structure of the deuteron. The ALPOM-2
project is being carried out to obtain new data on the
effective analyzing powers in neutron and proton
interaction reactions with nuclei [12, 13]. It is pro-
posed to conduct research on spin-dependent effects
in nucleon-nucleon, nucleon-nucleus and deuteron-
nucleus interaction processes at the BM@N (Baryonic
Matter at Nuclotron) facility using a polarized
extracted deuteron beam [14].
472
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Table 1. Spin resonances of the linear approximation for
protons in the Nuclotron up to 12 GeV/c

Resonance type Resonance condition Quantity

Intrinsic 4

Integer 22
Nonsuperperiodic 38

Coupling 43

ν ± ν= ykN

ν = k

ν ± ν ≠= ,( )ym m kN

ν ± ν= xk
To conduct experiments with polarized beams
extracted from the Nuclotron it is necessary to solve
the problem of preserving polarization during the
beam acceleration and to ensure control over the spin
orientation when delivering the beam to the target.

The primary polarization loss of the beam occurs
during the crossing of spin resonances [15]. The stron-
gest of these are the intrinsic spin resonances, which
are associated with the betatron oscillations of the
beam. The other resonances are related to distortions
of the magnetic lattice caused by manufacturing errors
and misalignment of the structural elements, by non-
linear effects of spin and orbital motion, and by the
inclusion of corrective and functional elements
(dipoles, quadrupoles, sextupoles, etc.). In the linear
approximation the resonances associated with struc-
tural distortions include integer, non-superperiod,
and betatron coupling resonances, among which the
integer resonances are the strongest.

Due to the small value of the G-factor (gyromag-
netic ratio) the resonance map for deuterons is very
sparse, and in the momentum range up to 12 GeV/c
there are no intrinsic or integer resonances. Therefore
the problem of preserving deuteron polarization in the
Nuclotron does not exist. The vertical polarization is
maintained during the acceleration process and polar-
ized beams can be extracted onto an external target.
However obtaining longitudinal polarization of deu-
terons on an external target using a spin rotator based
on transverse magnetic fields is a technically unfeasi-
ble task.

In contrast for protons the primary depolarization
during acceleration is caused by crossing numerous
spin resonances. The number and conditions of these
resonances are presented in Table 1, where  is
the spin tune,  is the number of superperiods of
the Nuclotron, and ,  are the betatron oscillation
frequencies ( ). All frequencies are
dimensionless and are understood in units of the par-
ticle revolutions.

For decades the Joint Institute for Nuclear
Research (JINR) has actively conducted research on
depolarizing effects in the Nuclotron and has devel-
oped methods to preserve polarization during proton
beam acceleration [16–18]. Analysis shows that
intrinsic and integer resonances are the primary
sources of depolarization in the entire momentum
range of the Nuclotron. Coupling and non-superpe-
riod resonances are typically crossed rapidly. The
exception are energy regions near intrinsic resonances,
where beam depolarization can occur.

For adiabatic crossing of integer resonances article
[16] proposed intentionally increasing the resonance
strength by introducing a weak longitudinal field. For
crossing intrinsic resonances a method was proposed
that increases the resonance crossing speed via a beta-
tron frequency jump [19] using fast quadrupoles. This

ν γ= G
= 8N

νx νy

ν ,7 < < 7.5x y
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method was successfully used during the acceleration
of polarized particles in the AGS and ZGS synchro-
trons [20, 21]. In work [22] it was proposed to perform
fast crossing of both intrinsic and integer resonances
via a spin frequency jump, which was provided by
changing specially established magnetic fields in the
Nuclotron.

In methods based on rapid resonance crossing a
small beam depolarization always occurs at the level of
a few percent, and crossing a large number of reso-
nances ultimately leads to noticeable beam depolar-
ization. A new method of “transparent” crossing,
which eliminates beam depolarization, was proposed
in [23]. This method was based on matching the spin
invariants before and after crossing the resonance
region by means of a controlled change in the reso-
nance detuning. However the limiting factors for
transparent crossing in the Nuclotron are the spreads
in the spin and betatron frequencies.

The possibility of using a partial solenoid snake to
preserve polarization during proton acceleration in the
Nuclotron was considered in works [24, 25]. A scheme
for a partial snake in the energy range up to 6 GeV with
compensation of the betatron coupling introduced by
the solenoids was proposed in [24]. Abandoning the
compensation of betatron coupling made it possible to
increase the integral of the longitudinal field for sup-
pressing beam depolarization using a partial solenoid
snake [25]. Numerical simulations demonstrated that
a 50% snake completely solves the problem of preserv-
ing polarization during proton acceleration in the
Nuclotron [17].

Dynamic solenoids developed at JINR based on a
superconducting NbTi/Cu cable [26] enable the
implementation of solenoidal partial snakes in the
existing Nuclotron lattice. This paper presents design
options for a solenoidal snake in the Nuclotron with
and without compensation for betatron coupling.
Methods for changing the proton polarization direc-
tion are also analyzed, both for an internal target and
when extracting the beam from the Nuclotron to an
external target.
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Fig. 1. (Color online) Dependence of  on beam
energy in the Nuclotron with a partial snake.

πνcos( )

Fig. 2. (Color online) Location of the solenoidal partial
snake in the Nuclotron.
SOLENOIDAL PARTIAL SNAKES
IN THE NUCLOTRON

The “Siberian snake” is a spin rotator that rotates
the particle’s spin by 180° around the axis of the snake
lying in the accelerator’s plane [27]. There is often
insufficient free space to install a snake in already
operational accelerators. To suppress spin resonances,
it is not necessary to use a “full” snake. It is sufficient
to employ a “partial” snake, which requires a smaller
integral of the magnetic field, but imposes specific
requirements on the choice of betatron frequencies.

When a longitudinal field is introduced into a free
interval, the spin frequency becomes a function not
only of energy, but also of the spin rotation angle in the
solenoid:

(1)

where  is the magnetic rigidity. Figure 1 shows the
cosine of the spin tune as a function of beam energy for
a synchrotron with a partial snake (black line). In the
absence of a longitudinal field (red line),  var-
ies between –1 and +1. This inevitably leads to cross-
ings of spin resonances, which are marked by red dots
for the series of integer resonances  and blue dots
for the series of intrinsic and non-superperiodic reso-
nances . As the longitudinal field increases,
the range of , equal to , will decrease.
This approach first suppresses the integer spin reso-
nances and subsequently suppresses the intrinsic reso-
nances. In the case of a full snake , the graph
of  degenerates into a straight line  = 0,
which corresponds to the maximum detuning from
integer resonances.

For integer resonances  even a small longi-
tudinal field causes the spin frequency to shift from the
resonant value by a magnitude of:

(2)

and formally the resonance condition  becomes
unattainable. Under real conditions there is a reso-
nance width (resonance strength) that limits the min-
imum solenoid field value to prevent beam depolariza-
tion. The minimum spin tune shift induced by the
solenoid must ensure an adiabatic crossing of the spin
resonance region. By increasing the integral of the
longitudinal field it is also possible to suppress depo-
larization for a series of resonances with betatron fre-
quencies . This, however, imposes a
constraint on the selection of allowable betatron fre-
quency values:

(3)

During beam acceleration the condition of adia-
batic spin motion must be satisfied throughout the
entire acceleration cycle. This means that the spin
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must complete many revolutions within the character-
istic time of the changing solenoid and arc magnet
fields. During adiabatic acceleration the spin will fol-
low the precession axis, which will change its compo-
nents during the acceleration process. For a partial
snake the precession axis n in the opposite straight sec-
tion lies in the vertical plane (yz):

(4)

Here, ,  are the vertical and longitudinal unit vec-
tors of the accelerator coordinate system respectively.
The n-axis deviates significantly from the vertical,
periodically aligning with the velocity at energy values
corresponding to . In this case the spin dynam-
ics become analogous to the case of a 100% snake,
where . Due to the spread in the spin tune the
beam polarization is directed along the n-axis.

Figure 2 shows the layout of the partial snake in the
Nuclotron along with the beam injection/extraction
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Fig. 3. (Color online) Layout of the partial snake employ-
ing betatron coupling.

Fig. 4. (Color online) Proton spin dynamics during accel-
eration in the presence of a partial snake and without cou-
pling compensation: (a) evolution of the spin components
(b) projection of the spin vector onto the n-axis.

Fig. 5. (Color online) Layout of the partial snake with
betatron coupling suppression.
points: the snake is located in the second straight sec-
tion, beam injection from the LU-20 linear accelerator
is performed in the first section, and beam extraction
from the Nuclotron to the NICA collider and to the
experimental hall is performed in the fourth and fifth
sections respectively. Also, in Fig. 2, the dynamics of
the n-axis along the Nuclotron ring for the case of a
100% snake are shown with blue arrows. In the oppo-
site (sixth) straight section, the polarization is directed
along the beam velocity. As the beam moves towards
the snake, the polarization is rotated by the arc dipoles
through an angle . Subsequently the snake rotates
the polarization around the longitudinal direction by
180° (reflecting it relative to the direction of velocity in
the ring plane), and it returns to its original longitudi-
nal direction as it approaches the sixth straight section.
For a partial snake the dynamics of the transverse
polarization components will be similar to the case of
a full snake, and in addition a constant vertical spin
component will appear in the Nuclotron outside the
snake.

Figure 3 shows a schematic of the partial snake
without betatron coupling suppression, which effi-
ciently utilizes the available space in the second super-
period of the Nuclotron. At a maximum solenoid field
of 5 T and a single solenoid length of 2.8 m, the total
longitudinal field integral is 28 T m (approximately a
60% snake). In the strong-focusing FODO lattice of
the Nuclotron the vertical and radial betatron oscilla-
tion frequencies are close to each other. In the pre-
sented layout as the snake strength increases, the main
contribution to beam depolarization will come from
the coupling resonances excited by the solenoids,
which are located near the intrinsic resonances.

Figure 4 presents the results of simulating proton
acceleration in the Nuclotron with a 60% snake and
betatron coupling, performed using the Zgoubi spin-
tracking code [28]. The calculations assumed betatron
frequencies of  and , a normalized
emittance of 2.0 mm mrad, and the initial spin orien-
tation along the n-axis. Proton acceleration was lim-
ited to the critical energy, approximately equal to
11 GeV. Spin observation was conducted in the
straight section of the sixth superperiod of the Nuclo-
tron, opposite the snake. The top part of Fig. 4 shows
the dynamics of the spin projections , ,  onto
the unit vectors of the accelerator coordinate system,
which fully agrees with formula (5). The bottom part
shows the projection of the spin onto the n-axis ( ),

πγG

ν = 6.9x ν = 7.15y

xS yS zS

nS
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which remains practically unchanged during the
acceleration process. A minor change in the  projec-
tion, not exceeding 0.5%, occurs in energy regions
corresponding to coupling resonances.

A schematic of the partial snake with suppressed
betatron coupling, utilizing four solenoids, is shown in
Fig. 5. Coupling compensation was achieved with four
quadrupoles rotated by ±45°. The total longitudinal
field integral with a single solenoid length of 1.2 m is
24 T m (approximately a 50% snake). In this layout
due to the localization of the betatron coupling within
the solenoid section, the strength of the coupling res-
onances will be significantly lower than in the scheme
with coupling.

Figure 6 presents a similar result from simulating
proton acceleration in the Nuclotron with a 50% snake
and compensated betatron oscillation coupling. The
calculations assumed betatron frequencies of

 and , a normalized emittance of
2.0 mm mrad, and the spin initially oriented along the
n-axis. The simulation results are in complete agree-
ment with theoretical calculations. As expected, due to
the localization of the coupling in the snake section
the deviation of the spin projection on the n-axis
remains practically unchanged throughout the entire
acceleration range.

nS

ν = 7.12x ν = 7.12y
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Fig. 6. (Color online) Proton spin dynamics during accel-
eration in the presence of a partial snake and with coupling
compensation: (a) evolution of the spin components (b)
projection of the spin vector onto the n-axis.

Fig. 7. (Color online) Components of the n-axis in the first
straight section of the Nuclotron.

Fig. 8. (Color online) Components of the -axis during
beam extraction from the Nuclotron.

n

Currently a solenoid made from HTSP tape has
been manufactured and tested at JINR in helium
vapor and liquid nitrogen. It achieves a central field of
up to 5.6 T and a field ramp rate of about 1 T/s. Such
solenoids can be used in the proposed layouts of par-
tial snakes both with and without compensation of
betatron oscillation coupling. The ability to change
the solenoid field proportionally to the beam momen-
tum makes it possible to stabilize the frequencies and
optical characteristics of betatron oscillations during
the proton acceleration process.

POLARIZATION MATCHING
DURING INJECTION 

INTO THE NUCLOTRON

To preserve the degree of polarization it is neces-
sary to ensure collinearity between the n-axis and the
spins of the injected particles at the injection point.
When operating with partial snakes, the direction of
the n-axis in the first straight section of the Nuclotron,
where proton injection occurs, is determined by the
spin rotation angle in the snake  (see Fig. 7). For a
full snake the  n-axis lies in the plane of the
Nuclotron, while with the snake turned off, the n-axis
is directed vertically.

This matching can be achieved in several ways. For
example, two solenoids can be installed in the trans-
port channel from the LU-20 linear accelerator to the
Nuclotron [29]. These solenoids will allow to alter the
spin direction of the injected beam to the required
direction of the n-axis at the injection point. In this
case when the polarization is matched during beam
injection, the structural functions of the synchrotron
will remain unchanged.

Ψ
Ψ π=
Another possibility is to install two solenoids
directly in the Nuclotron and perform the matching by
adjusting the n-axis to the specified polarization direc-
tion of the beam at the injection point. The first option
is to use snake solenoid for this task. The second sole-
noid must be placed in another straight section. With
this approach after matching the solenoids must be
adjusted adiabatically: the second solenoid is turned
off, and the snake solenoids are switched to their oper-
ational mode at the injection plateau. The required
field integrals of the solenoids for polarization match-
ing will be approximately  Т m.

POLARIZATION CONTROL DURING BEAM 
EXTRACTION TO THE TARGET

The presented snake layouts solve the problem of
preserving proton polarization within the momentum
range of the Nuclotron. Furthermore for experiments
with extracted beams it is necessary to solve the prob-
lem of the spin direction control at the external target.
The direction of the proton polarization in the fifth
straight section, from which the beam is extracted
from the Nuclotron to the experimental hall, will be a
function of energy. For demonstration Fig. 8 shows
the components of the n-axis during the extraction of
the proton beam from the Nuclotron for a 60% snake.

The required polarization direction of protons at
the external target can be provided by a spin rotator
installed in the beam transport channel to the experi-
mental hall. For example, a solenoid with a field inte-
gral of up to ±22 T m can be used to rotate the polar-
ization into the vertical plane of the target over the
entire momentum range. Subsequently, longitudinal
or vertical polarization can be obtained using a radial
rotator with a fixed orbit, whose layout is shown in

~0.4
JETP LETTERS  Vol. 122  No. 8  2025
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Fig. 9. (Color online) Layout of the radial rotator with a
fixed orbit bump.
Fig. 9. A rotator of this type, rotating spins by small
angles, was used for polarization stabilization in the
radial direction in the MEIC project (Jefferson Lab)
[30, 31].

To fix the beam orbit in the rotator, the dipole
fields must be changed proportionally to the beam
momentum. The solenoid field values are chosen
according to the relations:

(5)

controlled rotation of the spin around the radial direc-
tion by an angle  can be achieved. Here, , , 
are the spin rotation angles in the dipole magnets and
solenoids respectively. To achieve any proton polar-

ization direction in the vertical plane  at the

external target within the momentum range from 2 to
12 GeV/c, the required integrals of the longitudinal
and vertical fields are approximately equal to 35 and
15 T m, respectively.

The control of proton polarization at the external
target can also be achieved without the aforemen-
tioned spin rotators. Longitudinal or transverse polar-
ization can be provided using weak magnetic fields
(spin navigators) directly in the Nuclotron at discrete
energies corresponding to integer spin resonances,
which occur in steps of 523 MeV. Spin navigators
based on two weak solenoids for the Nuclotron were
proposed in [32]. Spin navigators based on steer
dipoles, which allow for the control of proton polar-
ization via controlled distortion of the Nuclotron’s
closed orbit, were proposed in [33].

CONCLUSIONS
The proposed partial snakes with and without beta-

tron oscillation coupling compensation make it possi-
ble, in principle, to suppress the resonant depolariza-
tion of the beam during proton acceleration over the
entire momentum range of the Nuclotron. With
proper matching of the polarization direction during
beam injection into the Nuclotron the polarization
degree at the output of the Nuclotron can in the limit
reach for 80% obtained at the output of the polarized
proton source [7]. To form high-intensity polarized
proton beams for the NICA collider [34] with an aver-

ϕϕ ϕϕ ϕφ 0sin = sin sin , tan = cos tan ,
4 4 4 4 4 4

zy yz z

φ ϕy ϕz ϕ
0z
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2

JETP LETTERS  Vol. 122  No. 8  2025
age luminosity of up to 1032 cm–2 s–1 the LILAC linear
accelerator [35] is planned for particle injection into
the Nuclotron. In this case the characteristic number
of accelerated polarized protons at the output of the
Nuclotron can reach up to 5 × 1010 particles per cycle.
The proposed partial snake configurations are relevant
both for the existing Nuclotron lattice and for a poten-
tially new magnetic-optical lattice if the Nuclotron is
upgraded to increase the luminosity of the NICA col-
lider when operating with polarized beams.

An additional weak solenoid makes it possible to
control the polarization direction at discrete energies
corresponding to integer spin resonances both inside
the Nuclotron and at external targets. It will become
possible to use the Nuclotron for experimental verifi-
cation of the spin transparency concept, as well as a
test bench for debugging polarization control and
measurement systems in the ST (Spin Transparency)
mode.

The proposed spin rotator with a fixed orbit in the
beam transport line will allow for obtaining any spin
orientation in the vertical plane at the external target
over the entire energy range. The delivery of beams
with any controlled polarization to the external target
is important for new approaches to searching for milli-
strong CP-violation beyond the Standard Model via
vector-tensor asymmetry and for observing P-odd
asymmetry in the total scattering cross section of
polarized protons and deuterons. Beyond the pro-
posed precision tests of the standard electroweak the-
ory, which measure P-odd asymmetry using oscillat-
ing horizontal polarization [36, 37], experiments with
stationary longitudinal polarization will become feasi-
ble. This alternative approach will be enabled by the
use of spin navigators in the ST mode and spin rotators
in the transport channel.

It is becoming feasible to conduct experiments in
the NICA collider in the spin transparency mode
without using solenoid snakes by injecting polarized
protons from the Nuclotron at energies corresponding
to integer spin resonances [38]. In this case the ques-
tion of beam cooling at proton collision energies to
achieve the required luminosity remains open.

An opportunity is opening up to conduct experi-
ments with polarized protons both on external and
internal targets in the Nuclotron, independently or in
parallel with the execution of experiments in the
heavy-ion mode of the NICA collider. Experiments
with polarized beams in the Nuclotron will signifi-
cantly expand the program of fundamental research in
the physics of particle spins at the NICA facility.
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