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Abstract

Being a spin-1 particle, the deuteron, when polarized, offers access to a wide range of interesting
tensor observables. A quest for tensor asymmetries is at the heart of the spin physics with polarized
deuterons at future colliders, and calls for frequent tensor polarization flips in storage rings or in
deuterium targets.

Here we focus on the JEDI developed technique of the Fourier analysis of the horizontal polarization
oscillations under continuous radiofrequency-driven spin flips. The generated in this way time-stamped
oscillating helicity of stored particles paves the way to the nucleon/nucleus spin structure studies and to
the search for the parity violation. Simultaneously, a whole set of tensor spin asymmetries, including
the off-diagonal ones needed for searches for the T-violation beyond the Standard Model, will be
produced.

A crucial ingredient is a long polarization lifetime, and we report the first analytic treatment of
decoherence of tensor polarization under continuous radiofrequency spin flips. The principal conclusion
is that at low- and intermediate-energy accelerators the deuteron polarization lifetime could be in the
ballpark of several hours, making the oscillating polarization approach viable at the Nuclotron/NICA
and HIAF.

We comment on a utility of the flattop spin-tensor dichroism via oscillations in the cross section of
interaction of deuterons in the internal target as a monitor of the tensor polarization. Simultaneously,
the dichroism effect can be used for measuring the spin precession frequences and as a comagnetometer
to synchronize spin phases of colliding bunches in a collider.
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1. Introduction

Spin physics has been one of specialties of the Joint Institute for Nuclear Research since
early 1950s [1–3]. A unique potential of the Nuclotron/NICA facility at JINR is its capability
of storage and acceleration of polarized deuterons, which paves the way to a study for the first
time of the tensor polarization observables in the collider mode at NICA and in the fixed-target
mode at the Nuclotron [4–7]. Acceleration of polarized deuterons is contemplated also at the
HIAF facility of IMP CAS [8–10].

Many aspects of future polarized deuteron physics at the Nuclotron/NICA facility were
given a thorough treatment in the very recent reviews [3, 5, 11]. We also mention a recent
development of the potentially very powerful approach to the deuteron spin rotations in the so-
called spin transparency regime in the vicinity of integer spin resonances [6, 12–16]. Possibilities
of an upgrade of the Nuclotron/NICA facility towards searches for physics beyond the Standard
Model, notably searches for axions and the electric dipole moments of protons and deuterons,
are being actively explored [17–20].

The focus of this review is on the novel approach to tensor observables based on the ra-
diofrequency (RF) driven continuous spin flips and its potential in search for a spin physics
beyond the Standard Model. This particular aspect derives from a legacy of more than a decade
of experimentation with a deuteron oscillating polarization by the JEDI collaboration at the
COSY synchrotron of Forschungszentrun Jülich, as exposed in Sec. 2. Crux of the matter is
that in conjunction with the idle spin precession in the guiding field of a storage ring, the RF-
driven spin flips would allow a full control of a time-stamped 3D orientation of stored spins. An
extension of the JEDI developed Fourier analysis technique would allow to measure in one go
the whole set of vector and tensor spin asymmetries which have distinct Fourier footprints [21].
Notable examples of the utility of this technique are the oscillating longitudial vector polariza-
tion, giving an access to the Standard Model predicted time-reversal conserving (TC) parity
violation (PV) [22, 23], and oscillating tensor polarizations, including the off-diagonal ones,
giving an access to vector-tensor signal of T-violation (TV) in the pd and dd collisions at NICA
and in the fixed-target pd interactions at the Nuclotron and HIAF [10, 21, 24–28].

A current interest in tensor observables spans from searches for the long sought millistrong
CP-violation beyond the Standard Model [29–32] in storage ring experiments [21, 27, 28, 33,
34], to the tensor structure functions at future colliders [4, 35–37], to shear forces in tensor
polarized deuterons [38], to tensor polarized deuteron breakup in ed interactions [39, 40], to
spin dichroism [11, 41] studies at the Nuclotron in Dubna, to tensor polarizability effects in
studies of fundamental symmetries [41, 42], to plans of T-violation beyond the Standard Model
experiments at HIAF [10], to the tensor polarization effects in the inelastic deuteron forward
scattering, (d, d′)X, and the excitation of the baryonic resonances [43, 44], and to long standing
open issues with the short-range tensor structure of the deuteron [39, 45–55].

A discussion of the early results on tensor asymmetries in pd elastic scattering at interme-
diate energies [56, 57] is found in [50, 58]. Experimental studies of interactions of accelerated
high-energy tensor polarized deuterons, as well as the first observation of the deuteron spin
dichroism at high energies at JINR (Dubna), were reviewed in [5] and in [59, 60], respectively;
pioneering experiments with the tensor polarized deuterons at the COSY storage ring were
reported in [61–65].

However, a storage of polarized deuterons [6, 12, 14] and the tensor polarimetry [5, 7, 21, 66]
at high-energy colliders are in as yet formative stage.

High-precision measurements of small spin asymmetries during several hour cycles in the
storage ring and collider experiments call for a very slow decoherence of the beam polarization.
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This decoherence stems from the phase-space spread of the idle-precession and spin-flip frequen-
cies over the ensemble of beam particles. A decoherence of the idly precessing deuteron spins
by betatron oscillations [67] has been studied by the JEDI collaboration at COSY, culminating
in a substantial enhancement of the spin decoherence time to 1000 s or longer [68], for a review
see [69]. Synchrotron oscillation driven decoherence of the vector polarization under continu-
ous spin flips was treated in [70], the experimental situation is not conclusive yet [71, 72]. A
decoherence of the tensor polarization in storage rings remains an as yet open issue.

The further presentation is organized as follows. In Sec. 2 we summarize a legacy of the
JEDI collaboration in the physics of oscillating polarization in storage rings. In Sec. 3 we
describe operation of the RF spin flipper and the corresponding generation of oscillating he-
licities of stored beams. A new subject, presented here for the first time in subsection 3.2.2,
is a synchronization of helicities of the two colliding bunches and a technique of switching of
relative helicities. Our matrix approach to RF-driven oscillations of the tensor polarization is
presented in Sec. 4. The subject of Sec. 5 is a synchrotron-oscillation dominated decoherence of
the deuteron vector and tensor polarizations. Here in subsection 5.3 we report for the first time
new results for a connection between decoherence of the vector and tensor polarizations. In
Sec. 6 we present evolution of the tensor polarization for the initial conditions typical of mag-
netic storage rings. In Sec. 7 we argue that short bunches at NICA entail a strong suppression
of the synchrotron oscillation driven depolarization — this is a new result. Parity and time
reversal propeties of single and double polarization components of the pd total cross section are
discussed in Sec. 8. The focus of Sec. 9 is a dynamical multiple scattering theory evaluation
of the P-even and T-odd vector-tensor asymmetry in the pd total cross section. New ideas
on applications of the oscillating tensor deformation of deuterons (dichroism) to the tensor
polarimetry and the related single-species comagnetometry are discussed in Sec. 10. Alongside
with magnetic and electric quadrupole moments, spin-1 deuterons are endowed with four more
fundamental characteristics: the electric and magnetic scalar and tensor polarizabilities, and in
Sec. 11 we comment on a possibility of generation of the vector polarization from the tensor one,
which depends on the dynamics of the tensor and vector polarizations in the specific magnetic
storage ring. In Summary and Conclusions we comment on a modest infrastructure required
to implement the oscillating polarization regime.

2. Oscillating polarization: A legacy of JEDI at COSY

Before the start of the spin program at the NICA collider, the COSY synchrotron in Jülich
has been the only machine in the world fully equipped for the precision polarization exper-
iments [73–75]. In a series of experiments at COSY, the JEDI collaboration obtained the
record-breaking results in the physics of oscillating polarizations:

• Measurement of the deuteron beam polarization to an accuracy of 10−6 has been demon-
strated [76];

• A technique has been developed for measuring the deuteron spin tune with an accuracy
of 10−10 [77];

• A feedback technique for a continuous control of the spin idle precession phase to an
accuracy of 0.15 rad has been developed [78, 79];

• The coherence time exceeding 1000 s for deuteron spins idly precessing in the horizontal
plane has been achieved [68, 80]. The previous record result of 0.5 s for electrons and
positrons was obtained at the Budker INP [81];
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• A new method for spin tune mapping was developed, allowing for the first time to evaluate
experimentally the integral systematic impact on the spin precession of the unwanted
magnetic fields due to the imperfection of the magnetic system in the COSY plane [82];

• The beam based alignment to ensure a passage of the orbit through the center of the
quadrupole magnets has been realized [83];

• The RF Wien filter as a novel spin rotator has been proposed, commissioned and was in
operation at COSY [84–86];

• Collective betatron oscillations close to the quantum unceratinty limit have been de-
tected [87, 88];

• The first RF scan search for the axion-driven spin rotations has been performed [72];

• The first single-species comagnetometry for the RF-driven spin flips in storage rings has
been developed [71, 89];

• The first experimental limit on the permanent electric dipole moment of the deuteron was
published [90].

This is a very incomplete list of important JEDI results that were recognized as a sufficient
foundation for preparation of the PTR project [69]. Incidentally, the early ideas on the utility
of oscillating polarization were published by the Dubna group in 2002 [91] but were overlooked
by the community.

3. Evolution of the vector polarization and oscillating helicities

3.1. Stroboscopic spin evolution

We consider a storage ring with the RF solenoid as a spin-flipper following Ref. [70]. Fre-
quences of spin idle precession fs, synchrotron oscillations fsy, spin-flip fsf, and inverse spin
decoherence time τ−1

SCT satisfy a strong hierarchy,

fs ≫ fsy ≫ fsf ≫ τ−1
SCT, (1)

entailing the Bogoliubov–Krylov averaging approach.
We use a customary reference frame with ey normal to the ring plane, radial ex and ez

tangential to the orbit. One-turn stroboscopic evolution of a spin consists of the idle precession
around the vertical guiding field in conjunction with a kick χRF(t) = χsf cos(2πfsolt) in the
longitudinal RF field of the solenoidal spin flipper or the radial magnetic field of the Wien
filter [84, 86]. Here we focus on the RF solenoid option.

We start with the reference particle with zero synchrotron amplitude. The spin resonance
condition is fsol = fs +Kfrev, where frev is the beam revolution frequency, and the side band
K = 0,±1,±2 . . . . The idle precession one-turn spin transfer unitary matrix equals

Rs(θs) =

 cos θs 0 sin θs

0 1 0
− sin θs 0 cos θs

 , (2)
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where θs = 2πνs is a spin precession angle with respect to the particles momentum, and the
spin tune νs = fs/frev. In an ideal storage ring νs = Gγ, where G is the anomalous g-factor
and γ is the beam relativistic factor.

In the interaction representation, S(n) = Rs(nθs)p(n) with a spin envelope p(n), where n
is the turn number. In view of the hierarchy (1), a sequential Bogoliubov–Krylov averaging
over rapid spin precessions yields [21, 70] the adiabatic spin envelope rotation p(n) = E(x)p(0)
with the unitary

E(x) =

 cosx sinx 0
− sinx cosx 0

0 0 1

 , (3)

where the spin-flip phase x = 2πνsfn and νsf = χsf/4π is the spin-flip tune (the resonance
strength). The longitudinal pz is a spectator w.r.t. the spin flip. A design of the RF flipper
is found, for instance, in [22], typical spin-flip frequencies in the JEDI experiments were of the
order of 0.1 Hz [71, 72].

Stored beams have an average polarization Sy(0) along the guiding field of the storage ring,
and the in plane polarizations average to zero: Sx(0) = Sz(0) = 0. Subject to this initial
condition,

Sy(n) = Sy(0) cosx,

Sx(n) = Sy(0) cos θ sinx,

Sz(n) = −Sy(0) sin θ sinx,
(4)

where θ = nθs, the individual spin evolution has an obvious preservaton of the spin magnitude.

3.2. Fine tuning the oscillating beam helicities

3.2.1. Single-spin asymmetries in the fixed-target mode

Eq. (4) shows how the continuously oscillating longitudinal polarization Sz(n) is generated
from the initial vertical polarization of the stored beam. The phases θ and x for each particle
are tightly controlled by the continuous time stamp, thus making a spin 3D orientation well
under control. For instance, in the atomic cell internal target, each stored bunch will cross the
cell with the turn-by-turn changing but known helicity. In the unpolarized fixed-target mode,
oscillating single-spin asymmetry amounts to a signal of the parity violation [21, 92], which can
be extracted by the Fourier analysis. A discussion of the one-turn extraction of bunches with
time-stamped helicity onto external target is found in [22, 93].

3.2.2. Double-spin asymmetries in the collider mode

In the collider mode, beam revolution frequencies are kept synchronous, which synchronizes
the spin precession as well. Still, two rings may have different imperfections [82], and the
further control of the spin precession is a must. To furnish the JEDI approach to the single-
species comagnetometry one has to upgrade the CNI polarimeters by adding a capability to
detect the up-down asymmetry [71, 77, 89]. A novel approach to be presented in Sec. 10.2 is
based on spin dichroism specific of spin-1 deuterons. Under these conditions, the longitudinal
polarizations Sz(n) of all colliding pairs, each consisting of a colliding clockwise (CW) bunch
and anticlockwise (ACW) bunch, will be kept either parallel or antiparallel. In order to isolate
the double-spin asymmetries switching a sign of the product of two helicities, one has to execute
perodic slips of the spin precession phase θ of all the bunches in one of the rings by π.
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Such a phase slip, without perturbing a beam orbit, can be accomplished via shifting the spin
tune by periodically switching on/off a static Wien filter operated with the vertical magnetic
field in the selected ring [94, 95]. In order to preserve the spin resonance condition, the frequency
of the RF power supply of the Wien filter has to be varied in tandem. Such a scheme is custom
tailored, for instance, for measuring gluon helicity distributions in double-polarized proton–
proton and deuteron–deuteron collisions.

4. Evolution of the tensor polarization

The deuteron spin dynamics of relevance to magnetic storage rings of interest in this review,
is dominated by interaction of the deuteron magnetic moment with the static guiding magnetic
field and RF magnetic field of the solenoid spin flipper [21, 96]. Indeed, the tensor polarization
enters the spin Hamiltonian only via an interaction of the deuteron electric quadrupole moment
Qd ≈ 0.3 fm2 with the electric field gradient, and via tensor polarizabilities, to be discussed
to more details in Sec. 11. In the former case the small suppression parameter is of the order
of Qd/(µNL) ∼ f/L < 10−13, where µN is the nuclear magneton and L is a range of variation
of the electric field on the orbit. According to Baryshevsky, the tensor polarizability driven
instantaneous spin rotation frequency in the 1 T static magnetic field is slower that 10−5 Hz [41].

The envelope of the traceless symmetric tensor-polarization matrix,

Tab =
1

2
(SaSb + SbSa −

2

3
δabS

2), (5)

is defined as t(n) = R−1
s (θ)T(n)Rs(θ) and evolves as

t(n) = E(x)t(0)ET(x) . (6)

The initial condition is t(0) = T(0).
The evolution of the five indepedent tensor polarization envelopes,

1

2
(txx(n)− tyy (n)) =

1

2
(txx(0)− tyy(0)) cos 2x+ txy(0) sin 2x ,

txy (n) = −1

2
(txx(0)− tyy(0)) sin 2x+ txy(0) cos 2x ,

txz(n) = txz(0) cosx+ tyz(0) sinx ,

tyz(n) = −txz(0) sinx+ tyz(0) cosx ,

tzz(n) = tzz(0) ,

(7)

nicely exhibits a block structure of the tensor envelope evolution matrix [21]:

• tzz(n) is a spectator component immune to the RF-driven spin flip;

• tyz(n) and txz(0) form a two-dimensional vector V1 which exhibits spin-flip like rotation
with frequency fsf = νsffrev in the XY plane;

• Simlilar spin-flip behavior holds for 1
2
(txx(n)− tyy(n)) and txy(n), which form a vector V2

rotating with twice the spin-flip frequency 2fsf in the XY plane.
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5. Decoherence of the vector and tensor polarizations

Unitary rotations of individual spins preserve the magnitude of the polarization. Depo-
larization stems from a spread of spin rotations in the ensemble of beam particles. Betatron
oscillations affect the idle precession via the spin tune spread, which can be corrected for by
fine-tuning sextupole families to minimize the chromaticity [67, 68, 80, 97]. Still another source
of depolarization is the synchrotron oscillation, which leads to a spread of frequencies of the
RF-driven spin flips [70].

5.1. Decoherence of the vector polarization

Noteworthy is a very nice result from the first observation of the polarization loss in a long
sequence of RF-driven proton spin flips at a beam kinetic energy of 49.3 MeV at COSY [98].
With the RF spin flipper turned off, the vertical polarization was found to have a lifetime
of τp = (2.7 ± 0.8) · 105 s. However, when 99 successive spin flips driven by an RF solenoid
were performed within 300 s, a clear signal of depolarization was observed. Assuming an
exponential attenuation of polarization, the average spin-flip efficiency was found to be ϵflip =
0.9872±0.0001 [98], corresponding to a lifetime of the continuously flipping spin of τflip = 240 s.
Such a change of polarization lifetime by 3 orders in magnitude is a clear indication of a close
link between depolarization and spin-flip dynamics.

A fundamental JEDI observation is that fine tuning of the chromaticity enabled a very
strong suppression of the decoherence of the idly precessing polarization. As a spin off of the
search for the axion-driven spin resonance, the JEDI collaboration reported a strong depen-
dence of depolarization rate on the RF-driven spin-flip frequency under otherwise identical
ring settings [72]. This behavior fits expectations from the synchrotron oscillation (SO) driven
depolarization [70].

5.2. Depolarization by the synchrotron oscillations

The basic impact of SOs is a periodic spread of the beam momentum, which defines the
longitudinal profile of the bunch density. It also gives rise to the spin decoherence via frequency
modulation of the idle precession and the spin flipper phases. A convenient parameter is

Qsy =
1

2
(K +Gγ)2σ2

sy, (8)

where σsy ≪ 1 is the rms length of a bunch in the unit of the ring circumference. For an indi-
vidual particle with the relative SO amplitude ξ the spin-flip frequency modulation amplitude
equals 2

√
Qsyξ ≪ 1. Bogoliubov–Krylov average over rapid SOs yields a suppression of the

spin-flip tune,
νsf(ξ) = νsfJ0(2ξ

√
Qsy) , (9)

entailing a substitution of the spin-flip phase,

x → x(Qsy, ξ) = J0(2ξ
√
Qsy)x ≈ (1−Qsyξ

2)x, (10)

where J0(z) is the Bessel function.
Next step is an averaging over the SO phase space:

⟨exp (ix(Qsy, ξ)⟩ = D(x) exp i(x− ϕ(x)) . (11)
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The experimentally observed bunch longitudinal profile is close to a Gaussian distribution [71],
so that one can approximate the SO amplitude distribution by the Rayleigh function, F (ξ) =
2ξ exp (−ξ2), which yields simple analytic results:

D(x) =
1√

1 +Q2
syx

2

ϕ(x) = arctan(Qsyx).

(12)

With allowance for the depolarization, the envelope evolution matrix takes the form

ED(x) =

 D(x) cos (x− ϕ(x)) D(x) sin (x− ϕ(x)) 0
−D(x) sin (x− ϕ(x)) D(x) cos (x− ϕ(x)) 0

0 0 1

 . (13)

Note the nonexponential attenuation factor D(x) of the envelope and the nonlinear walk ϕ(x)
of the envelope rotation phase. Depolarization does not affect the tangential spectator pz(x) =
pz(0).

5.3. Decoherence of the tensor polarization

A salient feature of the tensor polarization is an emergence of components V2 evolving with
twice the vector spin-flip frequency and, correspondingly, twice larger spin-flip phase, with the
result

⟨exp (i2x(Qsy, ξ))⟩ = D(2x) exp i(2x− ϕ(2x)) . (14)

This unified description of the vector and tensor depolarizations holds for any bunch profile.
Then the phase-space averaged tensor polarization envelope (6) will take the form

1

2
(txx(n)− tyy (n)) = D(2x)[(

1

2
(txx(0)− tyy(0)) cos (2x− ϕ(2x)) + txy(0) sin (2x− ϕ(2x))],

txy(n) = D(2x)[−1

2
(txx(0)− tyy(0)) sin (2x− ϕ(2x)) + txy(0) cos (2x− ϕ(2)x))],

txz(n) = D(x)[txz(0) cos (x− ϕ(x)) + tyz(0) sin (x− ϕ(x))],

tyz(n) = D(x)[−txz(0) sin (x− ϕ(x)) + tyz(0) cos (x− ϕ(x))],

tzz(n) = tzz(0).

(15)

Note that the tensor envelope vector V2 attenuates more rapidlly than V1 and has a more
rapid nonlinear phase walk, while the spectator component tzz(n) stays costant. Evidently, this
distinction derives from the spectator property of the pz component. These results exemplify
a power of the approach of Eq. (6) in the language of 3 × 3 matrices, which can be readily
extended to spin transfer in other magnetic elements in storage rings.

6. Storage ring initial conditions

Now we are in the position to invert Eq. (6) for the tensor envelope and to report the
tensor polarization T(n) in the comoving frame of interest in the storage ring experiments. In
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a typical experimental situation, particles are injected with vertical ⟨S(0)⟩ = Sy(0)ey, while
⟨Sx,z(0)⟩ = 0. Likewise, all the off-diagonal tensor polarizations average to zero,

⟨Tyx(0)⟩ = ⟨Tyz(0)⟩ = ⟨Txz(0)⟩ = 0, (16)

which means the tensor envelope component V1(0) = 0. For each individual particle its tensor
polarization is traceless, so that at the start of the spin flipper operation

⟨Txx(0)⟩ = ⟨Tzz(0)⟩ = −1

2
⟨Tyy(0)⟩ . (17)

Subject to this initial condition, we obtain

Tyy(n) =
1

2
⟨Tyy(0)⟩{−1 +

3

2
[1−D(2x) cos(2x− ϕ(2x))]},

Txx(n) =
1

2
⟨Tyy(0)⟩{−1 +

3

2
cos2(θ)[1 +D(2x) cos(2x− ϕ(2x))]},

Tzz(n) =
1

2
⟨Tyy(0)⟩{−1 +

3

2
sin2(θ)[1 +D(2x) cos(2x− ϕ(2x))]},

Txy(n) =
3

4
⟨Tyy(0)⟩D(2x) cos(θ) sin(2x− ϕ(2x)),

Txz(n) = −3

8
⟨Tyy(0)⟩ sin (2θ)[1−D(2x) cos(2x− ϕ(2x))],

Tyz(n) = −3

4
⟨Tyy(0)⟩D(2x) sin(θ) sin(2x− ϕ(2x)).

(18)

Remarkably, all components of the tensor polarization have distinct Fourier signatures.

7. Deuteron spin depolarization time at NICA

We presume that depolarization of the idle precession can be taken care of by fine tuning
the chromaticity [67, 68, 80, 97] and focus on depolarization of spin flips by the synchrotron
oscillations. Specifically, at the same field integral in the spin flipper, the spin-flip tune scales
with 1/γ. Judging from the JEDI experience at COSY [71, 72], for deuterons with γ = 6.5,
at NICA γ = 3.2 and at HIAF, it is feasible to have a solenoid flippers with spin-flip frequen-
cies fsf ∼ 0.02 Hz. Taking this for a reference value, we expect 144 spin flips of the vector
polarization and the total spin-flip phase x = 452.4 for 1 h fill.

A crucial point is that the NICA bunch length of ≈ 60 cm [99] corresponds to σsy ≈ 1.2·10−3,
which is about two orders in magnitude shorter than in the JEDI experiments at COSY [71].
If the RF solenoid at NICA were operating at K = 0, we would expect Qsy ≈ 7 · 10−7, leading
to Qsyx ∼ 0.00028 for an 1 h collision time and Qsyx ∼ 0.0009 for a 3 h fill.

Very compact hadron beam bunches of several centimeters are pursued at the EicC fa-
cility [100], so it is reasonable to expect that deuteron bunches at the booster ring (BRing)
of HIAF could be compressed shorter than 10 cm. This leads to an optimistic estimation of
σsy ⩽ 1.8 · 10−4 and Qsy ⩽ 3.4 · 10−9 at the 569-meter-long BRing. While for deuterons of
momentum 0.97 GeV/c at COSY [71, 72] the synchrotron oscillation effects were prominent,
they are expected to be basically negligible at NICA and HIAF for both the vector and tensor
polarization of deuterons. We conclude that it makes worthwhile to pursue the continuous
spin-flip scheme for deuterons to oscillating longitudinal polarization [21].

9
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Let us emphasize that we assumed an exact RF spin resonance, which is the reason for
the resulting depolarization being much slower than in the Froissart–Stora frequency scan
approach [101]. To this end, an implementation of the JEDI developed continuous comagne-
tometry of the idle precessing frequency by the up-down asymmetry [71, 89] in the upgraded
CNI polarimeter would be most useful (see, however, a new idea of spin dichroism based co-
magnetometry in Sec. 10.2). Of course, whether the above optimistic theoretical estimates are
viable or not is a matter of the experimental scrutiny.

8. Tensor and vector observables in pd interactions

Now we focus on the fundamental symmetry tests with oscillating vector and tensor polar-
izations of stored deuterons. A generic structure of the polarization-dependent pd total cross
section reads

σtot = σ0 + σtt((P
d ·Pp)− (Pd · k)(Pp · k))

+ σzz(P
d · k)(Pp · k)

+ σTTabkakb

+ σp
PV(P

p · k)

+ σd
PV(P

d · k)

+ σT
PV(P

p · k)Tabkakb

+ σTVPV(k · [Pp ×Pd])

+ σTVPCkaTabϵbcdP
p
ckd,

(19)

where Pp,d are the vector polarizations, and k = ez is a unit vector along the collision axis.
The superscript T labels tensor cross sections (see below Sec. 8.1 and Sec. 8.2) and should not
be confused with the T which stands for the time reversal in the subscripts TVPV and TVPC.
We recall that the vector polarization is a T-odd axial vector, while the tensor polarization is
the P- and T-even TCPC observable.

8.1. Parity and time reversal invariant scattering

There are four PC- and TC components: σ0 is the unpolarized cross section, σtt and σzz

describe the transverse-transverse (tt) and longitudinal-longitudinal (zz) double spin asym-
metries, respectively; the tensor cross section, σT, derives from the tensor alignment of the
dumbbell deuteron quantified by the D-wave admixture in the deuteron wave function, and the
tensor polarization Tabkakb = Tzz [102]. We shall revisit it in Sec. 10.2 in connection to the
tensor polarimetry and spin precession comagnetometry.

8.2. Parity and T-violation in the Standard Model

We will not dwell on the oscillating helicity approach to the Standard Model predicting [92]
parity violating (PV) and T-conserving (TC) components σp

PV and σd
PV, they were exposed to

great detail in [22, 93]. We only mention that the parity-violating tensor asymmetry described
by σT

PV has never been searched for experimentally. From the theoretical viewpoint, it is
a natural consequence of the spin alignment of the dumbbell-shaped deuteron.
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The Standard Model has all the ingredients for the PV and T(CP)V nuclear interactions,
a nice review of extensive theoretical work is found in [103]. The expected PVTV spin asym-
metries are beyond the reach of high energy experiments, although strong enhancement of
parity violation is possible in the resonance scattering of polarized neutrons on tensor polarized
nuclei [104, 105].

9. T-violation in pd scattering

9.1. Why the millistrong CP violation?

Our principal interest is in the TVPC millistrong (MS) interaction, which by virtue of the
CPT theorem violates the charge conjugation symmetry C and CP too [29–32]. The flavor-
breaking C-even weak interaction has a dimenionless strength ∼ 10−7, and the observed CP
violation in the KL decays entails a strength of the strangenes-changing CP-odd interaction
∼ 10−10. If we attribute KL → ππ decays to CP-odd MS interaction in conjunction with CP-
even weak interaction, then we ask for the dimensionless strength of MS interaction gMS ∼ 10−3.
This must be regarded as an upper bound for gMS, as the MS CP-violation could well be a
small complement to the Standard Model flavor-non-diagonal Kobayashi–Maskawa mechanism
of CP-violation. For instance, it may be an exclusive feature of the light-flavor sector, thus
not affecting the Kovayashi–Maskawa CP-phenomenology of heavy flavor decays. Still, such an
MS CP-violation is substantially stronger than that in the Standard Model and, in conjuntion
with suitable baryon number nonconservation, may contribute to a resolution of the mystery of
the unexpectedly large baryon asymmetry of the Universe [32]. So far, this remains an entirely
unexplored option.

The importance of searches for the MS CP violation has been recognized right after con-
ception of the MS interaction [29–31]. A brief summary of the early experimental efforts is
found in the recent review [32]. Much preparatory work for the TIVOLI (formerly TRIC) ex-
periment on T-violation in pd scattering at COSY has been done in earnest [33, 34, 106, 107],
but unfortunately the COSY facility was decommissioned much too soon.

9.2. Double polarized pd scattering

The double polarized pd interactions can be studied in either the fixed-target or the asym-
metric collider mode. A relevant TVPC observable in the pd total cross section has the spin
structure

kaTabϵbcdP
p
ckd = TxzP

p
y − TyzP

p
x . (20)

9.2.1. Accelerated polarized deuterons

For instance, in the asymmetric pd collider mode one can work with oscillating deuteron
spin in the CW beam and vertically polarized protons in ACW beam. Similarly, in storage
rings like the Nuclotron and HIAF one can use deuteron beams interacting with a vertically
polarized internal hydrogen gas target. We recite the corresponding Fourier signature of the
TVPC signal,

Txz(n) = −3

8
⟨Tyy(0)⟩ sin (2θ)[1−Q(2x) cos(2x− ϕ(2x))] . (21)

It is unique and, within the statistical sensitivity of the experiment, free of the systematic
background.

11
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9.2.2. Polarized deuteron targets

Here one can work with vertically polarized proton beams, a challenge is to generate a con-
tinuous flip of the tensor polarization Txz. A practically sound approach would be the adiabatic
spin rotation by the RF-driven three-coil technique [10]. Specifically, Eq. (21) is fully applicable
to the target deuterons. In the target frame, the spin precessioin angle θ is the azimuthal angle,
and the spin-flip angle x is the polar angle of the vector polarization. Earlier a similar tech-
nique based on three DC polarization-holding coil pairs has been applied at IUCF and PAX to
switch the proton polarization in the internal gas target [108, 109]. In the case of the polarized
deuteron target, a switch of the oscillating component of Txz takes place after the increment
of the spin-flip phase x by ∆x = π/2, a dependence on the azimuthal angle θ at fixed x is an
extra knob to eliminate the systematic background. To this end, it is instructive to recall a
search for the T-violation in the interaction of polarized neutrons with the magnetized 165Ho
target, where the flips of the tensor polarization were accomplished by a mechanical target
rotation [110].

At HIAF, two inverse-kinematic experiments with a polarized H/D atomic gas target [111]
are being proposed [10]. The first one uses polarized electrons in atoms as targets and searches
for new bosons beyond the Standard Model in the elastic pe⃗ scattering. The second one probes
the isovector force in the breakup of longitudinally polarized deuteron target induced by ra-
dioactive nuclear beams. The technique of spin-rotating polarized target could be exploited in
these experiments to remove background asymmetries by the Fourier analysis.

9.3. T-violation in pd scattering through a prism of multiple scattering theory

The cross section σTVPC would vanish unless there is a manifestly time-reversal violating
interaction. In essence it is often referred to as a null-test observable. A standard treatment
of pd scattering at intermedite and high energies involves multiple scattering theory, and brief
exposition of how the T-violation in pd scattering derives from the T-violation in NN scattering
is in order.

In the standard formalism the spin-1, deuterons are described by the 3-vector wave function
ϵ (in analogy to spin-1 photons it is often called the deuteron polarization vector, but must
not be confused for the deuteron spin!). In this representation [112], the TVPC operator
kmTmnϵnlrP

p
l kr leads to the TVPC amplitude [25]

F̂ (0) = g̃{σ[(k× ϵf
∗](kϵin) + σ[(k× ϵin](kϵf

∗)} , (22)

where the Pauli operator σ describes the proton spin. It is easy to check that under the time
reversal, which implies a series of operations: k → −k, σ → −σ, ϵin → −ϵin, ϵf → −ϵf,
followed by the permutation of the initial and final deuteron wave function vectors, this P-even
operator changes its sign, as has to be for the true TVPC operator.

One must be careful about the permutation of the initial and final states: the P-even and
superfluously T-odd operator, (σk)(k[ϵin × ϵf

∗]), changes its sign under combined operations
k → −k,σ → −σ, ϵin → −ϵin, and ϵf → −ϵf, but upon the mandatory permutation of the
initial and final state vectors it recovers its initial form, i.e., it is P- and T-conserving. In
Eq. (22), g̃ is a complex function of the collision energy, see below. Its magnitude depends on
the specific dynamics of the T-violation.

12
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One more illustration of the time-reversal property of F̂ (0) is useful [25]:

⟨µ′ =
1

2
, λ′ = 0|F̂ |µ′ = −1

2
, λ′ = 1⟩ = i

√
2g̃,

⟨µ′ =
1

2
, λ′ = −1|F̂ |µ′ = −1

2
, λ′ = 0⟩ = −i

√
2g̃,

(23)

where µ (µ′ ) and λ (λ′ ) are helicities of the initial (final) proton and deuteron, respectively.
This switch of sign shows that once a nonvanishing amplitude g̃ pops up from the dynamical
calculation, it will be an unequivocal signal of the T-violation.

The integrated cross section σTVPC is given by the optical theorem [24–26]:

σTVPC = −8

3

√
πImg̃(q = 0), (24)

where q is the momentum transfer in elastic scattering. Needless to say, dressing by the initial-
and final-state interactions (ISI and FSI), which are dictated by unitarity, is important for
the complex valued g̃. Still, taken per se, FSI and ISI cannot generate nonvanishing σTVPC

and affect the null-effect unless a true T-violating interaction is present. In this respect, the
integrated TVPC cross section is different from the decay processes, in which FSI gives rise to
spurious T-violation effects, and where the true T-violation exhibits itself as a deviation of the
phase of partial amplitudes from the unitarity prescribed FSI phase [113, 114].

Within the Glauber multiple scattering theory, a dynamical derivation of g̃(0) in terms of
the T-odd NN -scattering amplitudes proceeds as follows. The TVPC t-matrix of elastic pN
scattering at a momentum transfer q can be decomposed as [115, 116]

tpN = hN [(σp · k̂)(σN · q̂) + (σp · q̂)(σN · k̂)− 2

3
(σN · σp)(q · k̂)]

+ gN [σp × σN ] · [q̂× k̂] + ig′N(σp − σN) · [q̂× k̂][τ p × τN ]z,
(25)

where hN , gN , g′N are still unknown q-dependent TVPC pN amplitudes, τ p (τN) are the
Pauli isospin matrices, σp (σN) are the Pauli spin matrices, the unit vectors k̂, q̂ and n̂ are
defined via the initial p and final p′ momenta of the scatterred proton: k̂ = (p+ p′)/|p+ p′|,
q̂ = (p′ − p)/|p′ − p|, and the normal to the scattering plane n̂ = [k̂× q̂].

The corresponding P- and T-conserving TCPC operator of elastic pN-scattering has a struc-
ture [117]

MN = AN + CNσp · n̂+ C ′
NσN · n̂+BN(σp · k̂)(σN · k̂)

+ (GN +HN)(σp · q̂)(σN · q̂) + (GN −HN)(σp · n̂)(σN · n̂),
(26)

with q-dependent coefficient functions, where [118]

C ′
N = CN + iAN

q

2mN

. (27)

Note that for the spin-1
2

nucleons the TVPC amplitude (25) vanishes kinematically at zero
scattering angle, entailing vanishing impulse approximation contribution to g̃(0). In terms of
the pN amplitudes, the double scattering contribution to the pd scattering has the well known
convolution-like structure, and its TVPC component g̃(q) derives from the sequential TVPC
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and TCPC NN spin-flip transitions (and vice versa). In the case of q = 0 of our interest, it
takes a simpler product form with an averaging over the intrinsic momentum Q in the deuteron,

g̃ =
i

4πmp

∫ ∞

0

dq q2[FSS(q) + FSD(q) + FDD(q)]{−C ′
n(q)hp + C ′

p(q)[gn − hn]} , (28)

where subscripts SS, DD and SD stand for the deuteron S-wave, D-wave and the SD interference
contributions, respectively. More detailed description of their structure in terms of the S- and
D-wave functions of the deuteron is found in [26].

Salient features of separate contributions to the TVPC signal are as follows. In the effective
field theories, TVPC interaction first emerges as a high dimension d = 7 four-fermion opera-
tor [119], which is basically a short distance version of the Simonius ρ-exchange interaction [115].
It is important that by power counting rules such a four-fermion interaction has a potential
of a fast rise with energy up to a large TVPC scale. Factorizing the effective four-fermion
effective interactions in terms of meson exchanges is not imperative, but it is still convenient
as a mnemonic rule for the classification purposes:

1. The largest distance contribution to the TVPC g′-term in the NN amplitude comes from
the ρ-meson exchange [115]. However, as was shown in [25, 26, 120], within the Glauber
theory, a contribution from the g′-term to the TVPC signal in pd scattering vanishes due
the symmetry property of the charge-exchange transitions:

⟨pn|[τ p × τN ]z|np⟩ = −⟨np|[τ p × τN ]|pn⟩ . (29)

Correspondingly, there is no contribution from g′ to the expansion (28) for g̃(0).

To this end, we recall that a strong suppression of the ρ-exchange contribution vs. the
axial h1-exchange contribution was found numerically in the Faddeev calculations [121]
of the null-test signal for the nd scattering at 100 keV. However, no explanation of this
result was offered in the published paper. A plausible cause for this suppression may be
the same spin-isospin structure of the ρ-exchange which leads to the vanishing ρ-meson
contribution in the Glauber approach.

2. The contributions of the gN and hN -terms are not suppressed in the pd scattering [25, 26].

3. However, in the 3He− d scattering the contribution of the gN -type interaction is sup-
pressed [122].

4. Furthermore, in the double polarized dd scattering, a contribution from the gN -term was
found [28, 123] to be suppressed as well as from the g′ term, making the dd channel a
favorite one for a search for the hN type TVPC interaction.

Still another issue is an impact of the Coulomb interaction in the null-test signal σTVPC.
Being T-even and P-even, the pure Coulomb pp interaction taken per se cannot generate the
TVPC signal in the impulse approximation amplitude in the pd collision. However, interaction
of the beam proton’s anomalous magnetic moment with the Coulomb field of the target proton
gives a very large contribution to the spin-flip parameter C ′

p. This observation by Kopeliovich
and Lapidus [124, 125] is at the heart of the CNI polarimetry at RHIC [126] and will stay such
at all high energy facilities. To this end, the Coulomb interaction has, via Eq. (28), a sizeable
indirect impact on g̃ via Coulomb contribution to C ′

p. However, in practice the hadronic and
Coulomb spin flips are inseparable, and one should not bother about Coulomb effects once the
direct experimental values of C ′

p are used in the evaluation of g̃.
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10. Two virtues of nuclear dichroism

10.1. The tensor polarimetry

The conventional storage of polarized particles entails the initial conditions, by which magni-
tudes of all the components of the tensor polarization are uniquely set by ⟨Tyy(0)⟩, see Eq. (18).
In principle, all the T components can be determined in storage rings by the JEDI developed
Fourier signature technique ([77], see also [91]). As far as monitoring the tensor polarization
at flattop under RF-driven spin flips is concerned, of special interest is Tzz. Deuteron is a
dumbbell, and the alignment of the dumbbell and the related Glauber eclipse effect in the
total cross section depend on the beam tensor polarization [102, 127]. Precisely this eclipse
effect is behind the spin dichroism [11, 41] in the deuteron–nucleon and deuteron–nucleus in-
teractions. We emphasize that dichroism in deuteron–carbon interactions was well established
experimentally at low energy in [128] and at high energy in the Dubna experiments [59, 60].
The tensor polarimetry at intermediate energies is based on the two-body nuclear reactions [62].
At higher energies, a basically energy-independent tensor polarimetry is possible in elastic pd
scattering [58] and/or the deuteron stripping (breakup) reaction. In the case of the collisions at
NICA and HIAF, one can isolate the impulse approximation dominated region of the breakup
dd → pnd and relate it to the pd → pd scattering [66].

Still another basically energy-independent, and presumably technically simpler option, is of-
fered by the nuclear dichroism. The internal target is indispensable for the continuous Coulomb-
nuclear interference (CNI) polarimetry of the beam vector polarization. The CNI setup can be
complemented by a relatively simple forward counters for measuring the inelastic interaction
rate. One can equally anticipate a separate detector working on the beam halo. The count rate
could be even higher than in the CNI recoil detectors.

We recall the oscillation feature of the diagonal tensor polarization

Tzz(n) =
1

2
⟨Tyy(0)⟩{−1 +

3

2
sin2(θ)[1 +Q(2x) cos (2x− ϕ(2x))]} . (30)

The time stamp would allow the bunch-by-bunch extraction of the oscillating nuclear dichroism
component of the deuteron cross section,

σtot = σ0(1 + AzzTzz), (31)

where Azz is the tensor analyzing power, which can be evaluated in the Glauber theory. Tech-
nically, the Glauber theory is readily applicable to the total and elastic cross sections, while
for a partial inelastic cross section measured using forward detectors with limited acceptance,
we will have only semiquantitative guess for the analyzing power. More theoretical scrutiny
is in order, still this way a continuous relative tensor polarimetry could be accomplished and
a theoretical prediction of a link between the tensor and vector depolarizations can be tested
experimentally.

10.2. Dichroism as a comagnetometer of spin precession?

Synchronized revolution of two colliding bunches is imperative for maintaining stable lumi-
nosity. As we emphasized before, once the double-spin asymmetries are concerned, independent
control of the spin precession phases θCW and θACW of the clockwise and anticlockwise beams
is a must. The single species comagnetometry developed by the JEDI collaboration is based
on a continuous measurement of the oscillating up-down asymmetry caused by the precessing
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radial polarization of the beam [71, 89]. Here we comment that the oscillating tensor asymme-
try (dichroism) offers an equally good handle on the spin precession phase and frequency, and
emerges as a novel comagnetometry tool. A matching of precession tunes preserving spin-flip
tunes can be accomplished by the static Wien filter technique presented in Sec. 3.2.2. Detailed
simulations of this novel option are called for.

11. Deuteron tensor polarizability

External electric and magnetic fields distort wave functions of atoms and molecules. The
resulting energy shifts are described in terms of the electric and magnetic polarizabilities. The
same is true of nuclei and particles [129], the early development of this subject was reviewed
in [130]. Besides the magnetic moment and electric quadrupole moment, spin-1 deuterons are
endowed with four more fundamental attributes: the electric and magnetic scalar and tensor
polarizabilities. For the sake of completness, here we expand on the early comments in Sec. 4
on possible manifestations of the tensor polarizability on spin dynamics in storage rings.

The deuteron tensor polarizability is proportional to its tensor polarization, which is quadratic
in the spin operator. For spin-1 particle at rest in the laboratory fields E and B, the corre-
sponding tensor polarizability Hamiltonian has the form ([11, 41, 131] and references therein)

H = −αT(S · E)2 − βT(S ·B)2. (32)

Nonvanishing tensor polarizabilities do exist even for a pointlike spin-1 particle [132]

αT =
e2ℏ2(g − 1)2

2m3
,

βT =
e2ℏ2

8m3

[
(g − 1)2 + 3

]
,

(33)

where m and g are the particle’s mass and the Lande factor. A rigorous derivation of the
corresponding Foldy–Wouthuysen transformed relativistic Hamiltonian for a pointlike Proca
particle is found in [42].

The tensor polarizabilities, αT and βT, have never been measured experimentally. If the
deuteron were a pointlike Proca particle with the Lande factor g, then we would have expected
the tensor electric polarizability αT ≈ 4 ·10−6 fm3, and the tensor magnetic polarizability βT of
the same order of magnitude. The major point is that for the deuteron which is a neutron–pro-
ton bound state, the quantum-mechanical considerations yield values about 4 orders of magni-
tude larger: αT = −6.2 · 10−2 fm3 [133], αT = −6.8 · 10−2 fm3 [134], αT = 3.2 · 10−2 fm3 [135],
and βT = 1.95 · 10−1 fm3 [133, 134]. The implication is that the deuteron tensor polarizabilities
are “anomalous”, with a negligibly small Proca correction, and for a deuteron circulating in a
storage ring one can use the relativistic polarizability Hamiltonian [136],

H = −αT

γ

(
S · E(0)

)2 − βT

γ

(
S ·B(0)

)2
, (34)

where E(0) and B(0) are the fields acting on particles in motion.
A generic field transformations read

E(0) = γ

[
E− γ

γ + 1
β(β · E) + β ×B

]
,

B(0) = γ

[
B− γ

γ + 1
β(β ·B)− β × E

]
,

(35)
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but for particles circulating on a closed orbit in a storage ring one has to be more specific.
There are several major cases of practical interest:

• Up to now our focus was on a conventional all-magnetic storage ring with vertical guiding
field B and E ≡ 0;

• A hybrid ring with the vertical B and the radial E guiding fields, matched to eliminate spin
rotations associated with the magnetic moment of the deuteron, so that spin rotations are
governed by the beyond the Standard Model electric dipole moment [69], has the frozen
spin property, introduced initially for protons in the all electric ring [137];

• In the closely related quasi-frozen spin approach [17–20], deuteron vector spin rotations
by the magnetic moment in the arcs are eliminated by electric field elements like the Wien
filters in the straight sections.

A signature of the deuteron tensor polarizabilities in storage ring experiments is their impact
on the spin dynamics. Specifically, the equation of the spin motion of circulating deuterons by
the Hamiltonian (34) is

dS

dt
= −αT

γ

{(
S · E(0)

)
,
(
E(0) × S

)}
− βT

γ

{(
S ·B(0)

)
,
(
B(0) × S

)}
, (36)

where the curly brackets {. . . , . . . } denote anticommutators. The right hand side of Eq. (36)
has a nonvanishing contributions from the in-plane components, (Txx,Tzz,Txz), of the tensor
polarization, and a deuteron beam with an initial horizontal polarization could acquire a vertical
vector polarization driven by Txz and/or (Txx − Tzz). This manifestation of birefringence was
first predicted by Baryshevsky [138, 139]. As we have seen in Sec. 6, the initial condition and the
subsequent evolution of the vector and tensor polarizations depend on how polarized particles
are injected into the storage ring. A further scrutiny and revisiting the early considerations
in [41, 131, 136, 139, 140] are in order to ascertain that conditions for a resonance growth of the
vertical vector polarization can be met, and the tensor electric and magnetic polarizabilities
can be measured in magnetic storage rings like the Nuclotron/NICA and HIAF or in the hybrid
quasi-frozen spin rings.

12. Summary and outlook

We explored a potential of the spin physics with the oscillating deuteron polarization. This
paradigm is based on a solid foundation of experimental studies at the Veksler and Baldin La-
boratory of High Energy Physics, Dubna, and a prolific JEDI collaboration work at the COSY
storage ring of Forschungszentrum Jülich. As far as tests of fundamental symmetries at the
Nuclotron/NICA and HIAF are concerned, of particular interest is a relatively easy generation
of the longitudinal polarization from a pure vector polarization initially in the vertical direc-
tion. We argued that with short bunches at NICA and HIAF, the deuteron beam polarization
lifetime could be in the 1 hour ballpark and plausibly longer. The principal challenge is an
experimental confirmation of this optimistic theoretical expectation of a slow depolarization of
the continuously flipping vector polarization at NICA and HIAF.

A perfect identity of the CW and ACW rings is beyond the reach. Even identical beam
circulation frequences do not ensure the identical spin precession in the CW and ACW rings.
To eliminate the unwanted relative walk of the spin phases one has to implement certain knobs.

A modest infrastructure for the implementation of the oscillating polarization mode at the
Nuclotron/NICA includes per ring:
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• The RF solenoid flipper operating with spin-flip frequencies in the 0.02 Hz ballpark will
provide ∼ 150 vector polarization flips per 1 h fill, a sufficiently large number for sup-
pression of systematic effects in the observed spin asymmetries;

• A measurement of the spin-flip frequency is a simple task for the mandatory CNI po-
larimeter;

• Spin precession polarimeter is a must for establishing the time-stamped polarization ori-
entation. Here one can rely on either the JEDI developed oscillating up-down asymmetry
at the CNI polarimeter or a novel approach of an oscillating tensor polarization dichroism
in inelastic cross section;

• Static Wien filter for switching the relative helicity of colliding bunches;

• The same static Wien filters can be used as a comagnetometer knob to fine tune the spin
precessions in pairs of colliding bunches.

A fixed-target option at the Nuclotron and HIAF is less demanding regarding the depolar-
ization rate. In the fixed-target search for the T-violation there are two options. The first one
is the stored vertically polarized proton beam interacting with the internal polarized deuterium
gas target. In this case one needs an atomic beam source [141]. The deuteron tensor polar-
ization can be generated by proper rotations of the target polarization. The second option is
the above described oscillating polarization of stored deuterons interacting with the polarized
proton target. Of particular interest in this mode is an access to parity violation from the
time-tagged oscillating longitudinal polarization of the deuteron beam. One turn extraction of
the deuteron beam of the known helicity onto an external unpolarized dense target has a merit
of a reach to very small parity violating signal by measuring the beam charge upstream and
downstream the target by the beam current transformers, see [22, 93].

To summarize, the oscillating deuteron polarization approach has a unique potential worth
pursuing at the Nuclotron/NICA and HIAF.
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P. Zuprański, M. Zurek, Spin tune mapping as a novel tool to probe the spin dynamics in storage
rings, Phys. Rev. Accel. Beams 20 (2017) 072801. doi:10.1103/PhysRevAccelBeams.20.072801.

[83] T. Wagner, A. Nass, J. Pretz, F. Abusaif, A. Aggarwal, A. Andres, I. Bekman, N. Canale,
I. Ciepal, G. Ciullo, F. Dahmen, S. Dymov, C. Ehrlich, R. Gebel, K. Grigoryev, D. Grzonka,
V. Hejny, J. Hetzel, A. Kacharava, V. Kamerdzhiev, S. Karanth, I. Keshelashvili, A. Kononov,
A. Kulikov, K. Laihem, A. Lehrach, P. Lenisa, N. Lomidze, A. Magiera, D. Mchedlishvili,
F. Müller, N.N. Nikolaev, A. Pesce, V. Poncza, F. Rathmann, M. Retzlaff, A. Saleev, M. Schmühl,
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