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Abstract

General formulas describing deuteron spin dynamics in storage rings with allowance for the ten-
sor electric and magnetic polarizabilities are derived. It is found that an initially tensor-polarized
deuteron beam can acquire a final horizontal vector polarization of the order of 1%. This ef-
fect allows one to measure the tensor magnetic polarizability of the deuteron in storage ring ex-
periments. We also confirm an existence of the effect found by Baryshevsky and Gurinovich,
hep-ph /0506135 and Baryshevsky, hep-ph/0510158; hep-ph/0603191 that the tensor magnetic po-
larizability of the deuteron causes the spin rotation with two frequencies and experiences beating

for polarized deuteron beams in storage rings.
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I. INTRODUCTION

Tensor electric and magnetic polarizabilities defined by spin interactions of nucleons are
important parameters of the deuteron and other nuclei. In particular, measurement of tensor
polarizabilities of the deuteron gives important information about spin-dependent nuclear
forces.

For vector-polarized deuteron beams in storage rings, the main effects caused by the tensor
polarizabilities have been investigated by Baryshevsky and Gurinovich [1] and Baryshevsky
[2]. The tensor magnetic polarizability, S, produces the spin rotation with two frequencies
instead of one, beating with a frequency proportional to S, and causes transitions between
vector and tensor polarizations [1, 2]. We confirm the existence of these effects and carry
out a detailed calculation of deuteron spin dynamics in storage rings. We use the matrix
Hamiltonian obtained in Ref. [3] and derive general formulae describing the evolution of the
spin. We show that an initially tensor-polarized deuteron beam can acquire a final horizontal
vector polarization of the order of 1%. This effect makes it possible to measure the tensor
magnetic polarizability of the deuteron in storage rings.

The system of units h = ¢ = 1 is used.

II. HAMILTONIAN APPROACH IN THE METHOD OF SPIN AMPLITUDES

The method of spin amplitudes uses quantum mechanics formalism to more easily describe
spin dynamics (see Ref. [4]). Vector and tensor polarizations of particles and nuclei with
spin S > 1 are specified by the unit polarization vector P and the polarization tensor P,
which are given by [5]

< S; > o 3 < SiSj-l-SjSi >_2S(S+1)6ij

P, Pj= : 1
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where S; are spin matrices and 7,7 = x,y, 2. Additional tensors composed of products of
three or more spin matrices are needed only for the exhaustive description of polarization
of particles and nuclei with spin S > 3/2.

The nontrivial spin dynamics predicted in Refs. [1, 2], produced by the tensor elec-
tric and magnetic polarizabilities of the deuteron, are a good example of the importance
of spin-tensor interactions in the physics of polarized beams in storage rings. To describe

tensor interactions of the deuteron with the method of spin amplitudes, one should use



three-component spinors and 3x3 matrices. The method of spin amplitudes is mathemati-
cally advantageous because transporting the three-component spinor is much simpler than
transporting the three-dimensional polarization vector P and five independent components
of the polarization tensor Pj; together.

We follow the traditional quantum mechanical approach [6] and use the matrix Hamil-

ton equation and the Hamilton operator H for determining an evolution of the spin wave

function:
Ci(t)
dv ) )
Z% = H\I’, U = C’O(t) , Hz'j =< ’L|7‘t|j >, (2)
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where H is 3 x 3 matrix, H;; are matrix elements of H, ¥ is the three-component spin wave
function (spinor), with the wave function |i > defined by C; =1, and 7,5 = 1,0, —1. In the

case considered, the Hamilton operator is given by [3]
H="Ho+ S w,— (ar*S) + prS7)Bir, (3)

where w, is the angular velocity of spin precession relative to the direction of momentum
(g—2 precession), «y is the tensor electric polarizability, f = v/c is the normalized velocity,
B, is the vertical magnetic field, and + is the Lorentz factor.

A determination of spin dynamics can be divided into several stages, namely, (i) a solution
of Hamilton equation (2]) and a determination of eigenvalues and eigenvectors of the matrix
Hamiltonian H, (ii) a derivation of the spin wave function consisting in a solution of a
set of three linear algebraic equations, and (iii) a calculation of the time evolution of the

polarization vector and the polarization tensor.

III. DYNAMICS OF DEUTERON SPIN IN STORAGE RINGS

Corrections to the Hamilton operator for the deuteron polarizabilities contain scalar and
tensor parts. The scalar part is spin-independent and can be disregarded. The general form
of the matrix Hamiltonian H has been found in Ref. [3]. When we consider the deuteron

spin dynamics in a uniform magnetic field, the matrix Hamiltonian is Hermitian and takes



the form

Eoy+wy+A+B 0 A
H= 0 Ey+2A 0 : (4)
A 0 Ey—wo+ A+B
where [3]
A= —sorBhf, B=-piBh (5)

wy = (wg), is the angular frequency of spin rotation (g—2 frequency) and Ej is the zero energy
level. The nondiagonal components in Eq. (@) are nonresonant and can be disregarded
because their average effect on the rotating spin is zero. Equation[]) shows that the deuteron
spin in the horizontal plane is affected not only by the tensor magnetic polarizability but
also by the tensor electric one.

It can be easily checked that matrix Hamiltonian () coincides with Hamilton operator
(@) expressed in matrix form. The coincidence of Eqs. (B]) and () results from the fact that
the considered Hamilton operator is independent of coordinates.

Calculations of spin dynamics defined by Eqgs. (@),([d) are much simpler than the cal-
culations fulfilled in Ref. [3] because of the absence of resonance effects. The connection
between spin amplitudes and components of polarization vector and polarization tensor is
given by Eq. (44) in Ref. [3]. If the deuteron beam is vector-polarized and the direction
of its polarization is characterized by the spherical angles 6 and v, the general equation

defining the evolution of deuteron polarization has the form

P,(t) = sin @ cos (wyt + 1) cos (bt)
— sin 0 cos 0 sin (wot + ) sin (bt),
Py(t) = sin @ sin (wot + 1) cos (bt)
+sin 6 cos 6 cos (wot + 1) sin (bt), P,(t) = P,(0),

where
1
b=B- A= (pr - jorf?) B, (7)
The initial vector polarization is given by

P(0) = sinf cos e, + sinfsinpe, + cos fe,.

Eqgs. (6),() show that the tensor polarizabilities cause the spin rotation of the vector-

polarized deuteron beam with two frequencies wqy + b instead of wy and therefore experience
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beating with the frequency Aw = —2b. Thus, these equations confirm the conclusion given
by Baryshevsky and Gurinovich [1] and Baryshevsky [2]. Eq. () displays that the spin
rotation is also affected by the tensor electric polarizability. Although the effect predicted
in Refs. [1, 2] is not negligible, its direct observation is very difficult. There are three
independent theoretical predictions for the value of the tensor electric polarizability of the
deuteron, namely ap = —6.2 x 107" cm?® [7], —6.8 x 107" c¢m?® [8], and 3.2 x 10" c¢m?
[9]. The first two values are very close to each other but they do not agree with the last
result. The theoretical estimate for the tensor magnetic polarizability of deuteron is f; =
1.95x10 % ¢cm? [7,18]. The duration of measurement ¢ is restricted by the spin coherence time
7. If we base our estimate on the values corresponding to the planned deuteron electric-
dipole-moment experiment in storage rings [10] (y = 1.28, f = 0.625, 7 ~ 1000 s, and
B, =3T), then b~ 10 ° s ! and bt < 10" % In this case, systematical errors caused by
betatron oscillations, field defects, and misalignments of magnets can appreciably exceed
small perturbations of spin rotation produced by the deuteron tensor polarizabilities.

We propose a significant improvement in the precision of a possible experiment. Mea-
surement of the effect can be strongly simplified with the use of a tensor-polarized deuteron
beam. If the initial vector polarization of such a beam is zero, any interactions of the
magnetic moment of deuteron with external fields cannot lead to the appearance of vec-
tor polarization. Therefore, nonzero vector polarization of the beam can be produced by
nothing but the tensor interactions. The initial tensor polarization can correspond to a
zero projection of the deuteron spin onto the preferential direction. When this direction is

defined by the spherical angles 6 and 1, the initial polarization is given by
P(0)=0, P,,(0)=1-3sin*fcos*),
Pyy(0) =1 — 3sin*#sin®v), P,,(0) =1 — 3cos’ 6,
3
P,s(0) = —3 sin? @ sin (2¢),

P,.(0)= —g sin (260) cos1p, Py, (0)= —; sin (26) sin 1.

In this case, the time dependence of the polarization vector has the form

P,(t) = sin (20) sin (wet + 1) sin (bt),
Py(t) = —sin (260) cos (wot + v) sin (bt), P,(t) = 0.

The final vector polarization is horizontal.



Spin dynamics can be easily calculated for any other initial tensor polarization of the
deuteron beam.
Eq. (@) shows the possibility of measurement of the quantity b in storage ring experiments.

The final vector polarization of the beam is of the order of 1%.

IV. DISCUSSION AND SUMMARY

The analysis presented confirms the results obtained by Baryshevsky and Gurinovich [1]
and Baryshevsky [2]. It is shown that the predicted rotation of the deuteron spin with two
frequencies, beating, and transitions between vector and tensor polarizations in a uniform
magnetic field are produced not only by the tensor magnetic polarizability but also by the
tensor electric polarizability. Nevertheless, the latter quantity gives a minor contribution to
the effect. If experimental conditions correspond to the planned deuteron electric-dipole-
moment experiment in storage rings [10] (3* = 0.4) and theoretical estimates for the tensor
polarizabilities of the deuteron given in Refs. [7, I8, 9] are used, the expected relative
importance of B is one order of magnitude greater.

Unfortunately, the expected spin coherence time (about 1000 s [10]) is too short to register
beating. In this case, systematical errors can prevent the observation of small perturbations
of spin rotation conditioned by the tensor polarizabilities of the deuteron. Possibly, the
effect predicted in Refs. [1, 2] may be discovered with the use of a Penning trap used as a
minicyclotron, since the Penning trap provides a much longer duration of measurement.

The precision of a possible storage ring experiment can be significantly improved, if the
deuteron beam is tensor-polarized. If the initial vector polarization of such a beam is zero,
any interactions linear in the spin cannot lead to the appearance of vector polarization.
The final vector polarization also cannot result from the betatron oscillations, field defects,
misalignments of magnets and other potential sources of systematical errors. Therefore, the
tensor interaction of spin with the magnetic field defined by Eqs. (@),([E), and ([@)—-() is
the only reason for nonzero vector polarization of the beam. Eq. (@) shows that the beam
can acquire the final horizontal vector polarization of the order of 1%. Known experimental
methods [11] permit safe measurement of such a polarization and therefore a determination
of the tensor magnetic polarizability of the deuteron. In addition, the observation of the

predicted effect would prove the importance of taking into account spin-tensor interactions



in storage ring physics.

The rotation of the polarization vector in the horizontal plane complicates a measurement
of beam polarization. Two possible solutions of this problem are to eliminate the g—2 spin
rotation with an additional radial electric field (see Ref. [12]) or to use Siberian snakes
and a stimulation of spin resonance |1, 2]. Both of these methods need additional devices
(electric field plates or resonators) and result in a significant complication of an experimental
setup. We propose direct measurement of the beam polarization in a fixed direction. The
availability of the proposed method is based on the attainability of the spin coherence time
about 1000 s. In this case, one holds the predicted polarization of the beam until the
appearance of a measurable vector polarization. Spin coherence can be maintained because
of the independence of the g—2 frequency on the deuteron momentum for an appropriate
length of straight ring sections [10]. The spin coherence may also be supported by a small
deuteron momentum spread Ap/p. It is important that the ratio of the g—2 frequency to the
cyclotron one is small enough [wy/w. = 7(g—2)/2 = —0.1437 in semicircular sections|. Under
these conditions, the spin evolution is clearly defined and one can choose an appropriate
measurement time interval. The experiment can be implemented in one of the existing
storage rings.

Since Eq. () contains both tensor polarizabilities, the tensor electric polarizability of the
deuteron can also be measured in the proposed experiment and the obtained precision of
polarization measurements [11] should be significantly improved. The experiment should be
performed with different values of the beam momentum (and the vertical magnetic field) on
the same ring. In this case, both tensor polarizabilities of the deuteron can be determined.
Another method of determination of the deuteron’s tensor electric polarizability has been
proposed in Ref. [3]. The use of the Penning trap in experiments with tensor-polarized

deuterons can also be helpful for measuring the tensor polarizabilities.
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