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Abstract. This study is motivated by the search for the electric dipole moment (EDM) of
elementary particles. The most promising idea in that regard is the “Frozen Spin” concept
first proposed by the BNL. This concept, however, requires the building of a brand-new facility
devoted to the EDM-search. NICA is not such a facility, hence the need for a modification
compatible with the existing optics; one that wouldn’t disrupt the ring’s capability for parallel
experiments. Such a modification is the “Quasi-Frozen Spin” idea, realized by adding transport
channels, bypassing the ring’s straight sections. Wien-filters are placed in these channels in
order to compensate spin-rotations caused by the ring’s arc dipoles, thus making its net spin-
transfer matrix unitary. Even though, during its movement along the beam line, the beam’s
polarization vector deviates from alignment with the momentum vector, this motion is regular
and fits within one beam revolution, allowing for the buildup of the EDM-signal. The present
study shows that the “Quasi-Frozen Spin”-specific optics is consistent with the existing NICA
lattice and that the modified structure is capable of maintaining a requisite spin-coherence time.

1. THE FROZEN AND QUASI-FROZEN LATTICES

1.1. Frozen spin and its lattice requirements

The motivation for this study is the search for the electric dipole moments (EDMs) of elementary
particles. In an accelerator ring environment the most promising measurement idea, which
grounds the “Frozen Spin” accelerator design concept, was first proposed by a collaboration from
the Brookhaven National Laboratory (Brookhaven, USA). [1] The idea consists in “freezing” the
beam’s polarization vector’s orientation with respect to the momentum vector, which opens the
possibility of a steady build-up of the vertical polarization vector component indicating the
presence of the EDM.

The original idea, however, cannot be implemented in just any storage ring. The “freezing”
meant here implies that the ring-plane projections of the polarization and momentum vectors
are invariably aligned at any point along the beamline. Since the momentum vector rotates
in the accelerator arcs by means of the guiding magnetic field, the polarization vector must
also turn there simultaneously and by the same angle. The spin-rotation angle is related to
the momentum one via the spin tune v as in @y, = v - Prom, and the spin-tune expressions,
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according to the T-BMT equation (written in the center-of-mass coordinate system), are [2]

vB =~.G, .
{VE :/327_ (721_1 —G). ( )

The “frozen spin” condition, by requiring the spin-rotation relative to the momentum rotation
to be zero, implies that the B-field spin-rotation must be compensated by an E-field one; hence
the storage ring arc-elements realizing this condition are no usual dipoles, but rather cylindrical
Wien-filters (E+B elements), as in Fig. 1. The building of a brand-new facility dedicated to the
experimental program is thus required.

Apart from this inconvenience, there are

further motives to look for an alternative. One

with incorarsiad & amd 8 fialds might ask oneself, whence came the frozen
[J— spin (FS) condition in the first place? As
N\ !’ T;” mentioned above, it is grounded in the idea of
0y gy 8 vemen > measuring the rate of the beam polarization
vector’s vertical component buildup. This
buildup is the linear part of the general spin-
. | 2 precession described by the T-BMT equation.
l\"l 11 N" The i.mmediate obser\./abh'e being the z?ngle—of—

‘) H““"“"""‘l“ “m | rotation of the polarization vector, i.e. the
I ~*  Dhese © of tho 7y (1) = Pysin©(t) ~ Powt 1
3NN ” ' ” '” ' _tw Op) process, the method intended here is
of the so-called “phase” or “space domain”

variety. The FS-condition for such methods is

Figure 1: A possible lattice with cylindrical the condition-of-possibility, both with respect

Wien-filters for the realization of the frozen spin to the linearization of the observable P v ()
condition. and also with respect to systematic errors (the

so-called “geometrical phase” error due to the
non-commutativity of spin-rotations).
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1.2. Quasi-frozen spin and the NICA collider

But what if, instead of using the integral value ©(t), one uses the spin precession frequency
w as the experimental observable? Methods of this variety fall into the “frequency domain”
category, and do not require a strict observance of the FS-condition. Neither are they sensitive
to the geometrical phase error. As a consequence, the E- and B-field actions on the beam’s
polarization vector can be spatially separated, thus resulting in the so-called “quasi-frozen spin”
(QFS) regime of operation. In terms of the spin-transfer matrix, the FS and QFS lattices are
indistinct (hence the name, “quasi-frozen”); but now, one might leave the existing accelerator’s
arcs untouched, only adapting the straight sections to the task.

Now turning to the NICA collider (JINR, Dubna, Russia), originally designed for heavy-ion
experiments, if it is to be used for EDM-measurement it needs first to be turned into a storage
ring capable of maintaning the beam’s spin-coherence time (SCT) at the level of 1,000 seconds.
This could be realized by inserting bypass channels to circumvent the existing straight sections
(see Fig. 2). The bypass optics design considerations with respect to orbital dynamics are
presented in [3]. The QFS state is brought about by E+B elements (Wien filters) placed in the
“ByPass” straight sections (Fig. 2).
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Figure 2: NICA with bypass transport channels to realize the quasi-frozen spin mode.

1.3. EDM measurement sensitivity

Even though the search for particle EDMs began over 50 years ago, most experiments are
conducted with electrically-neutral particles, such as atoms or the neuteron; the latter’s current
upper EDM limit is on the level of 10726 e-cm. Charged particle EDM estimates are generally
indirect ones, such as the proton EDM limit of 1072° e-cm derived from the '%?Hg atomic EDM
limit. [4]

Direct charged-particle EDM measurements began in 2018 by the JEDI collaboration. Those
experiments employed a non-FS, resonance approach [5] and reached the deuteron upper EDM
limit of 1072* e-cm. A successful FS-based EDM measurement aims at the 1072° e-cm upper
limit. Employing a “frequency domain” methodology, this could be achieved with a year’s-worth
statistical base. [6]

2. PREFERENCE OF THE LATTICE DESIGN CONCEPT WITH RESPECT
TO THE EDM MEASUREMENT

It is not uninteresting to summarize some of the general motivations in favor of one or the other
lattice design concept.

The two parameters by which we categorize the lattices in the following are : (1) the
methodological principle of EDM-measurement and (2) constuctional practicability.

With respect to the former, F'S is the lattice of choice when one wishes to implement a “space
domain” method of EDM-measurement, that is to utilize the polarization deviation angle from
the ring plane as measure. Since the non-commutativity of spin-rotations prevents asynchronous
compensation of a B-field rotation moved by the magnetic dipole moment (MDM) in the arc by
a corresponding E-field rotation in the straight section, one wants a lattice in which the MDM
spin rotation is neutralized, that is the MDM has zero instantaneous power. The FS-lattice is
such a design concept. The QFS lattice, in which the compensation is by design asynchronous,
would not suit such a category of methods.

On the other hand, the FS-lattice is also suitable with respect to the “frequency domain”
method variety. So, the FS-lattice is more versatile in terms of method, while the QFS is more
restricted in this regard.

But with respect to constructional viability, the situation is reverse. The asynchronicity
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characteristic of the QFS-design makes it implementable in any existing storage ring. One
need not construct a single-purpose, dedicated ring. If one considers the further restrictions on
the ring imposed by the “space domain” concept (such as the requirement to reduce all MDM
contribution to spin-precession to below the EDM one [7]), it becomes even less attractive.

To summarize, “space domain” methodology favors the FS design, while constructional
considerations the QFS one. The latter also make the “frequency domain” methodology
preferable, as well as, we argue in [7], the physical unviability essentially determining the “space
domain” concept.

3. INVESTIGATED QUESTIONS
We are concerned with modifying an existing lattice in order to make it suitable to making
EDM-measurements. This implies that the lattice must be capable of operating in the quasi-
frozen spin regime, and that the beam’s spin-coherence time is sufficiently long. It is proposed
that the first could be relized by placing Wien filters in the lattice straight sections; the standard
technology for realizing the second condition is the use of several sextupole families to correct
for betatron and spin chromaticities. Both of these propositions were investigated numerically,
using the COSY Infinity code. [§]

In the standard formalism, the lattice’s spin-transfer matrix is an SO(3) rotation matrix
parameterized by the normalized spin precession frequency, spin tune, v, and the invariant spin
axis n : T'(v,n). If either the Q/FS holds, T equals the identity matrix, and the spin tune
v = 0. In the proposed modification this is done by adjusting the EB element’s E-field (the B-
field follows to preserve the closed orbit). Numerical simulation shows that it is indeed possible
to zero the beam’s reference particle’s spin tune vy, as evidenced by Fig. 3.

Spin chromaticity is the dependence of a
particle’s spin tune on its orbit length. It re-
sults in the beam particles’ spin-vectors dis-
persing about the invariant spin axis n, the  0.0012+
process called “spin decoherence.” This pro-
cess is unimportant for experiments dealing
with the non-zero expectation value beam po- 0.0008
larization; however, for EDM experiments the
part of polarization orthogonal to 7 is of in-
terest, one whose expectation value is zero —

0.0014

0.0010 A
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hence the significance of the term “spin coher- (400,14
ence time.”

The question of whether the beam’s spin  **®°1, : : : : :
chromaticity can be reduced by means of 990 %2 99'E4BE[,<V,C”?]9'6 %98 1000

sextupole families to a level providing an

adequately long spin coherence time has Figure 3: Reference particle spin tune vy
also been answered in the positive (for an dependence on the EB-element’s E-field.
illustration please see Fig. 4). Omne should

note, however, that classically, three sextupole families should be used, located respectively
in the maximums of the ., 8y, and D functions [9]; the lattice design does not allow for an
effective separation between all three Twiss functions, hence only two families could be used in
the simulation. Another point of concern is that in this setup both the betatron chromaticity
and the spin chromaticity could not be simultaneously reduced. [10]

4. CONCLUSION
We have considered the possibility of adapting the existing NICA lattice to the purpose of EDM
measurement. Two basic questions that needed to be answered in this regard are whether the
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Figure 4: Spin vector components as functions of beam revolution number in the absence and
presence of sextupole families.

quasi-frozen spin regime could be implemented and whether the modified lattice could maintain
a requisite spin-coherence time.

It has been shown that the quasi-frozen spin optics are indeed consistent with the NICA
arcs [3]. With regard to the second question the situation is more complex. The present
design does not allow for an effective separation of chromaticity-correcting sextupoles into three
families due to the regularity of the dispersion function. This results in the impossibility of
simultaneously reducing both the spin and betatron chromaticities. Possible solutions to this
problem have been proposed [10]. In any case, it warrants further research.
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