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A closed description of the radiative kinetics of the polarization of charged particles with
arbitrary spin and magnetic moment is presented, and takes spin-orbit coupling into ac-
count, The analysis is based on an investigation of the dynamics of spin motion in inhomo-
geneous fields[®''%, For ultrarelativistic electrons (positrons) the paper combines the

results of a number of investigations ¥

and contains some new effects due to spin-orbit

coupling in an inhomogeneous field. The time constant and degree of equilibrium polar-
ization of a beam in storage rings with arbitrary fields are found for nonresonant condi-
tions. The method developed in the paper may also be applied when the perturbing elec-
tromagnetic field is related to an "external" source.

1. INTRODUCTION

The polarizing action of the radiation of ultrarela-
tivistic electrons (positrons) in a homogeneous magnetic
field is well known[*?®], To explain the real possibilities
of obtaining polarized beams in accelerators and storage
rings it is necessary to study the dependence of the de-
gree of equilibrium polarization of the beam and the
time necessary to establish this polarization on the in-
homogeneities of the field that controls the motion of the
particle, and on the particle spin. The change produced
in the polarization state by radiation in an inhomogene-
ous field is a process that is in essence much more
complicated than in a homogeneous field. The complica-
tions are due to the mutual dependence of the spin and
orbital motions of the particle and in the absence of a
constant direction of equilibrium polarization, In the
existing papers on radiative polarization in storage
rings, even when taken in their aggregate, there is still
no exhaustive description of the polarization kinetics,
this they have dealt only with individual aspects of the
kinetics, examined separately and by different methods.
Thus, in[*"®] they investigated the effects of depolariza-
tion in an inhomogeneous field due to the scattering of
the particle trajectories by quantum fluctuations of
synchrotron radiation. When spin resonances are ap-
proached, this effect becomes much stronger as a result
of the increased spin-orbit coupling.

In[%%] they obtained the average rate of change of the
spin vector during radiation-formation times that are
small in comparison with the characteristic periods of
the motion in the leading field. An equation of this type
gives an idea of the "instantaneous'' character of the
process, but to solve the problem of the behavior of the
polarization over long periods of time in an inhomogene-
ous field it must also be supplemented by the equations
of the orbital motion, with allowance for the spin de-
pendence of the radiative deceleration force. Usually the
relaxation times determined by the radiative processes
are large in comparison with the characteristic periods
of motion in the field of the storage ring. Under these
conditions a consistent approach, which makes it possi-
ble to take into account all the essential effects, is to
find the average rate of change and diffusion of the in-
tegrals of motion in the external field uncer the influence
of the radiation. A nontrivial factor is in this case the
determination of the quasiclassical stationary states of
the particle with spin in an inhomogeneous field (of the
alternating actions and phases in the operator method).
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A special role is played here by a concept, essentially
introduced already in["’], of a moving quantization axis,
the spin projection on which in the stationary state is a
quantum number. This physical characteristic makes
possible a closed and compact description of the kinetics
of the polarization in inhomogeneous fields.

In an investigation of the interaction of a particle with
an electromagnetic field we start, unlike many au-
thors [¥3757®) who used ‘the equations of quantum theory,
with the classical equations of motion of a charged par-
ticle with arbitrary spin and magnetic moment and the
equations of the radiation field. The quantum description
is then derived by replacing the classical quantities (the
spin vector and the field variables) with the correspond-
ing operators in accordance with the usual rules. Such
an approach, for all its lucidity and simplicity, is at the
same time fully self-consistent and sufficient to con-
sider radiation effects in classical external field, pro-
vided, as is usually the case, that the energy of the
characteristic emitted quanta is low with the energy of
the particle.

2. HAMILTONIAN AND
EQUATIONS OF MOTION

We derive a Hamiltonian describing the quasiclassical
motion of a particle with spin 8 and magnetic moment gs
(q is the gyromagnetic ratio) in an electromagnetic field.
There is a known classical Hamiltonian of a particle
+ radiation system neglecting spin interaction (we put
throughout ¢ = 1 for the speed of light):

=V(P — A2+ m? + A’ + H.s + e(A° — VA), 2.1)

where #;54 is the Hamiltonian of the free wave field,

Al i=0,1, 2, 3) is the potential of the external electro-
magnetic f1eld E and H, and Al is the potential of the
radiation field E H. The motion of the spin is described
by the Bargmann-Michel-Telegdi equation for the spin

vector in the rest system of the particle [**1;
$=[Ws], Wy=W+y,
2.2)
A g 4 q
w_(_[Jr1 +q )[V(ET[xH])] SR

W pertains to the radiation field (it is expressed in terms
of E, A just as W is expressed in terms of E, H). Here
qo = e/m and q’ = 49 is the anomalous part of q, v

= (1-v?)"%2 v = F is the particle velocity; H,

= (H-v)vA*, and Hy, = H— Hy,.
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From (2.1) and (2.2) we obtain uniquely an expression
for the Hamiltonian of a particle with spin in a classical
field, with accuracy linear in the spin®:

%:%n+wz‘.5§%2xt+%rad+ V, (203)

where

Horw T(P — cA) F m? + e4° + Ws (2.4)

is the Hamiltonian of the particle in an external field,
and V = e(A°—v-A) +Ww- 8 is the Hamiltonian of the in-
teraction with the radiation field. Indeed, only this form
of the spin dependence leads to Eq. (2.2).

The Hamiltonian (2.3) determines also the spin de-
pendence of the acceleration of the particle in an elec-
tromagnetic field

d

d
P—mg‘YV—e(Ex +[vH;])+Ea—(W 28) —

The equations of the radiation field (Maxwell’s equations)
can be written in canonical form
Bck

— W,;s

O, 0 = (7,0, (2.5)

b=

where ¢y and cl"; are the canonical field variables—the
amplitudes of the plane waves in the expansion of the
radiation field potential Al, and {, } are Poisson brac-
kets. The quantum generahzatlon of the Hamiltonian and
of the equations of motion is by replacing the classical
variables by operators with known commutation rela-
tions.

Inclusion of the particle interaction with the radiation
in accordance with the scheme employed here is valid if
the characteristic radiated quanta are soft: fw,,q
< ym. The error in the obtained results will be of the
order of hwpgq/ym (for an ultrarelativistic particle we
have wpad ~ 7°IV|). Under real conditions, this accuracy
is perfectly satisfactory.

3. MOTION IN AN EXTERNAL FIELD

In this paper we confine ourselves to a situation in
which the distortion of the particle trajectory and of the
spin under the influence of radiation is small within the
characteristic periods of motion in an external field.
Under these conditions, the kinetic process will be de-
termined by the average (over the phases of the dynamic
motion) rate of change and diffusion of the action varia-
bles in the external field, and the distribution over the
phases can be regarded as uniform?®’.

The action and phase variables of a particle with spin
can be obtained if one knows the corresponding variables
1) (p, r) and @} (p, r) of the orbital motion, neglecting
the spin degree of freedom and the motion of the spin on
the given trajectory. Let &, (p, I, t) be some three
orthonormal vectors satisfying Eq. (2.2) withw =0ona
trajectory p(t), r(t) which is not perturbed by the spin-
orbit coupling:

8= (WP @), r(t))&]. (3.1)

The orthonormality on the trajectory is preserved by
virtue of the obvious property of the solutions (3.1):
d(88x) [ dt =0.
The Hamiltonian (2.4) takes, in terms of the variables
I)‘ and <I>)‘ the form

%ext = %e:i (L") +W{JH D)s.

(3.2)
By solving the Hamiltonians of the equation for 17\ and
<I>" by perturbation theory, we obtain the corrected
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canonical action and phase variables of the orbital mo-
tion:

P=1p=s ¥[8 08, 1], (3.3)

0= 0, — /s Z [ (&, D). (3.4)
Formulas (3.3) and (3.4) are easﬂy generalized to an
arbitrary function of I* and ¢} (of p and r). In particu-
lar, for the coordinate of the particle as a function of the
time we obtain the expression

ot

1
A
cD >+—2s§[§m :
where ro(I*, 1) corresponds to motion along the aver-
age trajectory, and the correction takes the spin modu-
lation into account.

()= (I,

Since the system is conservative®, it is easy to find
also the spin variables of the action and the phases.
With the aid of (3.3) we can rewrite the Hamiltonian (3.2)
in the form

[ta, w|.

The vector  and its direction n = n/sz satisfy obviously
Eq. (3.1). Since 8./, /6t = 0, 8I/ot = 0, it follows that
n is a function of only p and r and does not depend ex-
plicitly on the time, while Q can depend only on IA and
has the meaning of the frequency of the spin precession
about n.

st = (1) + D, (8.5)

It is easy to find two other solutions of (3.1), 7, and
72 (qm = 0, ndn /5t = 0), that are orthogonal to n (and to
each other):

n(p’ r, t) = -+ in. = [1‘(}), l') + ilz(p, 1') ]E—im = le~™®,

In the basis (1, L,
8(t) is

n) the general solution for the spin

§(t) = s,n + Re syle™ = s,n + Js* — 5,2 Re le—¥,

D=0,

Thus, the projection 8- n(p, r) and the phase ¥ of the
spin precession about n (reckoned from 1,) are the spin
variables of the action and of the phase. The direction n
plays the role of the quantization axis. In stationary

states, I* and s, are quantum numbers (in this case
formula (3.5) de l}mes the energy).

Sn=8n = const, sy =51 = const;

In the simplest case of motion in a homogeneous mag-
netic field, as can be easily verified, we have

n—n(p) —=H./H, W —yH,+H.,. (3.6)

The vector n becomes indeterminate only at the reso-
nance points £ = my Q"*, when Q coincides with a whole-
number combination of frequencies of the orbital motion
Q) = 0.y /01X, We shall show that if © # m,Q? the
solution n is unique, i.e., it does not depend on the choice

of £,. Let n’ be a vector obta.med in formula (3.5) in a
ba51s E FE o+ Then for C = 1’ -n we obtain the equation
ac . ac _ . oC . . oc
T——lQC, = C—-Q 5(1)%——9—(3@0*.

Since C should be a periodic function of the constant
phases ) — QAt, it follows that if @ # mjQ? the last
equation has the unique solution C =0, i.e., n =n’. At
Q=m )\QA any solution of (3.1) does not depend explicitly
on the time.

This representation of the spin motion was used
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earlier in[®] (without a rigorous justification), where
explicit expressions for n(p, r) were constructed for
various specific situations.

4. POLARIZATION KINETICS

In a storage ring the particles move with small devia-
tions along an equilibrium closed orbit on which n is
periodic in the generalized particle azimuth 602
n — n(ps, rs) =ng(0) = ng(6 + 27). In the nonresonant
situation the scatter of n is also small: |[n—ng| <1
The average polarization of the particles at a given
azimuth 6, owing to phase mixing, is directed along
ng(6): (s)g = (sp)ng(6). The radiation causes (sy) to
vary slowly and approach a certain equilibrium value.
Let us obtain the average rate of this change. From the
definition of s we obtain an expression for the instan-
taneous velocity sp:

= [ws]n +s(f6/ dp)n = [ws]n = —Im ONsy,
w=[n(155)0]
)—%f‘f%ﬁ"—[“-(‘f—p)“]v @.2)

where f = e(ﬁ: +V X H). The term w in (4.2) corresponds
to the direct action of the radiation field on the spin, and
the second, due to the spin-orbit coupling in the leading
field, decreases the perturbation of the particle trajec-
tory.

We begin with a classical treatment of the effect of
the radiation. To obtain S, it is then necessary to sub-
stitute in w the radiation field induced by the particle
motion and then average w -1 over the phases of the un-
perturbed motion. It is then obviously necessary to take
into account in w only the part of the radiation field
which is modulated by the spin frequency .

4.1)

_ [vi] ( 1
m \q y+1

Using the Poisson bracket formalism, we can write
down the expression for w¢) as a function of the induced
solutions of the field equations (2.5) in the form

o= { J Ve dt’, m,},

where the Poisson brackets affect only the field variables
¢k and cf;, and the integral is taken over the unperturbed
particle and spin trajectory. The spin modulation of the
radiation is caused by the part of the action Hamiltonian
V,, which depends on the precession phase ¥ (in terms

otd) the variables of the actions and the phases). Instead

of a direct transformation of V in accordance with form-
ulas (3.3) and (3.4), we can resort to a more brilliant de-
vice, which is analogous to that used to obtain the Hamil-
tonian (2.3). Equation (4.1) in canonical form is equiva-
lent to s, = {v, sn} Since the components s-n, 8-1,, and
s -1, satisfy (in the linear approximation in the spin) the
usual commutation relations ({sa, SB} = anBsy)’ Eq.

(4.1) determines Vy uniquely: Vy = w-8. Substituting
(4.3) in (4.1) and averaging over the time t, we obtain

(4.3)

G=a (s —sa) [h, 4.4)

Eﬁ'— = 2—1 Im{ (om)4, __[:(mn') ¢ dt’} = %idr {(01) 142, (ON) 1—rj2}.

With the spin-orbit coupling taken into account, the
radiation field can thus act on the polarization not only
directly, but also via the trajectory, perturbing the quan-
tization axis. In turn, the spin dependence of the radia-
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tion field consists of the spin part of the radiation field
of a particle moving along the average trajectory not
modulated by the spin motion, and the field of the radia-
tion of the charge on the modulated trajectory (this field
is obtained neglecting the spin). Solving (4.4), we obtain
the variation of the degree of polarization ¢ = sy /s with

R e !

As should be the case, in the classical theory the radia-
tion leads to total polarlzatlon (along ng) within a time
on the order (|a-|s/h)™.

In quantum theory, in addition to the radiation field
induced by the particle motion, there is produced a
"fluctuating'' free field (field in the state of photon
vacuum), which leads at a- = 0 to complete depolariza-
tion. Since the average value of the field in the vacuum
state is equal to zero, its average action appears only in
second order in the interaction:

G = — <O Im (o), § (daedr'|0) (4.5)
(the correction tothe frequency © can be neglected).
Here (0|...|0) denotes averaging over the state of the
photon vacuum; the averaging over the quantum state of
the particle, in view of the classical character of the
orbital motion, reduces to replacement of w-n as func-
tion of the operators p; and ry by the classical expres-
sion.

The term (s'n)f thus describes the influence exerted
on the polarization by the quantum fluctuations of the
radiation. In the radiation act, simultaneous changes
take place in the direction of the spin and of the quan-
tization axis. Formula (4.5) takes into account also the
correlation of these effects. The average rate of change
of s, under the influence of the stimulated part of the
wave field is obviously of the form (4.4), and the coeffi-
cient o_/h, by virtue of the linearity of Maxwell’s equa-
tion, coincides with the classical value. We thus obtain
ultimately

Sa=h""0_ (8" — $a%) — ySa,

(4.6)

-
@ =— [ OIT(m) o, (0m)ical 2100,

—o

4.7)

The brackets [, ]. denote here the anticommutator and
the commutator. Equation (4.6) was obtained under the
assumption of a relatively small radiation-induced
change of the integrals of the spin-orbit motion within
the characteristic times of the dynamic motion®

|Q —m@| > T,

where T are the times of relaxation (Ty' are of the
order of the decrements of radiative damping) over the
spin and orbital degrees of freedom:

~t~ ({) raa/ Y ~Y°re/ R

(ro = e*/m, and R is the radius of curvature of the parti-
cle trajectory).

We note that in the derivation of (4.6) we actually did
not use the particular nature of the perturbing electro-
magnetic field. Therefore (4.6) can be used to describe
the action exerted on the polarization by any classical
source of the stochastic field (for example, the residual
gas, various types of noise in the storage ring). The
brackets (0[...|0) then denote averaging over the source
state unperturbed by the particle.
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It is easy to establish the quantum-mechanical mean-
ing of the constant coefficients o, by comparing (4.6)
with the elementary balance equation for the occupation
numbers in the case of spin 1/2: the coefficients a, are
the sum and difference of the flip probabilities per unit
time, py = Pifp, -1/2, Py = P-1/2 1/2 1.€0, @ =Py Py
From (4.7) we see that we always have o, = |a_|.

For a particle with spin 1/2, Eq. (4.6) gives a com-
plete description of the kinetics of the polarization:

R =

For a particle with arbitrary spin J(s® = ﬁzJ(J +1)) we
can extract from (4.6) an estimate from the spin relaxa-
tion time:

~ [max (|o-|J,as) ]

The degree of equilibrium polarization can be ob-
tained from the following simple considerations. The
nonzero of the transition probabilities per unit time are
obviously expressed in terms of the transition probabili-
ties for a spin 1/2

P, me ~ |<m|@s|m’>|% sa|md> = hm|m),
Pmym—s = (I +m)(J—m+1)p;, po-t,m=( +m)(J—m+1)p,.

In the equilibrium state, the probability flux between
neighboring levels is equal to zero (N, are the occupa-

tion numbers):
Pm, m=tNm_y — Pm=t, mlVNm = O,

from which we obtain the equilibrium distribution and
the degree of equilibrium polarization:

~ (py/ P)™
_ ZmNm=(1+ 1) "”"+p’”’l 1 prl-Ps
' ZNm 2] z.l+i Pﬁl‘?i 2] pf

Thus, the kinetics of particle polarization with an arbi-
trary spin is fully determined by coefficients @, that do
not depend on the spin.

We note that the direction of the equilibrium polariza-
tion (parallel or antiparallel to ns) is determined by the
classical radiation fields (by the sign of a.). At |a-|J
> a., a degree of equilibrium poLa.riza.tion close to unity
is established within a time |a_J|™. In the opposite case
(la |J < a,), depolarization takes place within a time
at:

|c.f|~—(1+1)ﬁi<1

In the calculation of the radiative coefficients o,

=p, =P, it is convenient to use the formulas for the
vacuum mean values of the products of the components
of the electromagnetic-field potential Al (see[*]):

. ~ A 8in
014 (r’,t") A* (rt) 10) = —
n (' —t—i0):—|r —r|?
4.8)

g =0, 07 k; goo=—gu=—gn= —gs=1.

The mean values of the products of the field components
in (4.7) can be obtained by differentiating (4.8)
(H=curl A, E =—3A /5t — VA9,

As is should be, the classical part of sy, which is
dissipative in character, is determined by the local
characteristics of the trajectory of the particle and of
the spin (the residue at 7 = 0):

i d

13
e TR CLRSACL PERA DB

4.9)
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The diffusion term o.s, is of pure quantum origin and,
generally speaking, is a nonlocal function of the trajec-
tory. An expression for a, in terms of elementary func-
tions can be obtained only in several limiting situations.
In the case of practical importance, that of ultrarela-
tivistic motion, when the change of the acceleration is
relatively small over the length ~|y¥|™ in which the
radiation is formed, the change of the acceleration is
relatively small, and the integral in ¢, is concentrated
in the region |7| ~ |y¥|™ and it can be calculated by
using the expansion (seel”’%])

ruc e+ ve+vit/ 2+ vt/ 6.

5. RADIATIVE POLARIZATION OF PARTICLES
WITH ARBITRARY MAGNETIC MOMENTS
IN A HOMOGENEOUS MAGNETIC FIELD

The polarization of ultrarelativistic electrons in a
homogeneous magnetic field was considered int**), 1t is
of physical interest to investigate radiative polarization
for a particle with an arbitrary value of the anomalous
magnetic moment.

At y > 1 the radiation, as is well known, is concen-
trated in a cone with angle ~ " about the velocity.
Taking this circumstance into account, expression (4.2)
can be replaced by the approximate one:

o=q [v(E+MI])]- %ﬁu - %fn,.

Although the gradient 8n/ép,, is different from zero also
in a homogeneous field (see (3.6)), the corrections that
must be introduced in w because of the gradient are rela-
tivistically small.

In the case of motion across the field we have

m= s (- e (<4 L)

vlvl [vl D

From (4.9) we obtain
a-(z) = —hg*|V]* (1 + “/sz + 8% + 2/,z* + szt +%/42%),

where x = q'/qo. The expression for a,, after expanding
the trajectory in powers of 7, can be calculated by taking
the residues at 7 = 0 and 7 = —ivVI2|x|/y|V|x:

a. = —a-|z|/z+R,
J_I‘)ﬁ
z

e 11 17 13
R = hgty® 3 _n.'m[(_ + -
aryivite 2 12"

1——=z z* + —
1415 41 115 , | 7
+V—3(—8+ﬂx BEE +7‘x)]
The obtained expressions for the coefficients ¢, in a
homogeneous magnetic field are exact if the radiation is
quasiclassical. We see that the degree of equilibrium
polarization is determined by the ratio q '/qo0and does
not depend on the energy. Let us discuss the main fea-
ture of the radiative polarization as a function of the
anomalous magnetic moment, confining ourselves to the
case of spin 1/2. At |q’| < |qol we obtain the known re-
sult (seel*™]):

573

8
T-'=0a.(0 —ﬁ vIvl,,  §u(0)=——=~—092
+(0)= 3 90™Y ' =73

(the particle is polarized in a direction opposite to

v X V). Further, the polarization does not vanish in the
absence of a magnetic moment (q = 0)-
) e_/az] )

2
T-1(— 1) = hgs? +-—(1
LR A YA T T

c“(—1)-—-[1+1_‘2(1 ”2)—“2] ~0.98
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(the equilibrium polarization is directed along v X V).
Here the effect is due to the spin dependence of the
radiation of the charge (the acceleration of the charged
particle depend on the proper mechanical angular mo-
mentum (spin), even if the magnetic moment is equal to
Zero).

To the contrary, when |q| > |qo| the particles are
fully polarized under the influence of the radiation of the
magnetic moment:

q
NPT
The non-inertial character of the particle motion is in-
essential here, and the last result could have been ob-
tained by recalculating the spin-flip probability per unit
time from the rest system of the particle*

1 1/2
——(Zha 5113)= ,
Y (3 lql o

2
a. =|cc_|=?fllq|’HJ 2

P=—D
Y

At |q| ~ |qol the effect is determined by superimposing
the action of the spin part of the charge radiation on the
magnetic moment.

When x varies from —« to + «, the degree of polariza-
tion varies smoothly from +1 to —1 (Fig. 1), unlike the
nonrelativistic case (¢ = 0). The equilibrium degree of
polarization vanishes at q’ ~ —0.4q,. The maximum re-
laxation time Ty ax ~ 4.8T(0) is reached at q’ ~ —0.5q,
(Fig. 2).

6. RADIATIVE POLARIZATION OF ULTRA-
RELATIVISTIC ELECTRONS
IN HOMOGENEOUS FIELDS

In the case of motion in inhomogeneous fields, the
gradients of n in the longitudinal and transverse direc-
tions are generally speaking of the same order. Recog-
nizing that fv ~ yiip, we obtain the following expression
for w:

0~ — 2 ﬁ - H”

1 Y

In the calculation of the integral with respect to 7 in
(4.7), in view of the smallness of the anomalous moment
of the electron (positron) we can neglect the variation of
n and 7 over the length of formation of the radiation
|7l ~ |9v]™ (lanl, |an| < 1). Operations that are anal-
ogous in all other respects to those of the preceding sec-
tion yield

'S (ﬁv) [n —Z—:—] .

a- = —hig,*y ]i/]z[v.v] (n—1yan/ady)),

ot Pran (- B2

The brackets ( ) denote here averaging over the azimuth
6 and over the ensemble of the particles in the beam.

(6.1)

(6.2)

Thus, within a time «;' there is established an equili-
brium degree of polarization:
i <IVI2[vv] (n —y dn/8y)>
5V3 VI — /s (V) + "/ (y 90/07)]>

Cu=— (6.3)
Let us discuss the results. In a homogeneous magnetic
field

n=[w]/|v|, on/dy=0; t,=—8/5"3,

The influence of the inhomogeneity of the 'eading field on
the polarization process in a storage ring reduces on the
whole to a deviation of the direction of the equilibrium
polarization n from the axis v x v and to the appearance
of efiects due to the coupling between the non-equilib-
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FIG. 1.

FIG. 2.

FIG. 1. Degree of equillibrium polarization for particles with spin 1/2
in a homogeneous magnetic field as a function of the anomalous moment
(y>1).

FIG. 2. Dependence of the time of establishment of the equilibrium
polarization of particles with spin 1/2 on the anomalous moment in a
homogeneous magnetic field (y >1).

rium orbital and spin motions. These effects are taken
into account in (6.1)—(6.3) by the terms containing dn/dy;
the remaining terms describe only the direct action of
the radiation on the spin. The influence of the deviation
of n on the equilibrium polarization in an arbitrary in-
homogeneous field was investigated inf*% on the basis
of an expression for the mean averaged rate of change
of the spin vector as a result of the radiation; this ex-
pression was obtained inf®, The inclination of n, con-
sidered separately, can lead only to a decrease of the
equilibrium degree of polarization.

The term ~(y8n/8y) in «, describes the depolarizing
action of the random jumps of the trajectory, which re-
sult from quantum fluctuations of synchrotron radiation®
an effect considered in'*®! on the basis of the
Bargmann-Michel-Telegdi equation in an external field.

’

Finally, the term ~on/8y in a. takes into account the
perturbation of the quantization axis n(p, r) by the spin
part of the average (''classical'') radiation field. This
new mechanism whereby radiation acts on the polariza-
tion can either decrease or increase the degree of
polarization.

A test of (6.3) for its extremum shows that the maxi-
mum degree of polarization is attained in an inhomo-
geneous field when

o= 7 [vv] v, Ya_n=2V7( 4 [vv] -V v).
1 vl m oy 11 N e 11
Here
maz 8 9
L =——=——=~095%.
CTwETE ek

Such a situation can be realized in practice, for example,
in an azimuthally-symmetrical storage ring, by super-
imposing on the orbit an azimuthally-homogeneous longi-
tudinal magnetic field. A formula that is a simple unifi-
cation of the results of'*"®? (Eq. (6.3) without the term
~3n/dy in «.) yields at this point the value Egt ™ 10%.

Let us discuss also the qualitative dependence of the
degree of polarization on the parameter |yan/ay|.”
practice at |ven/ay| < 1 the direction of ng coincides
with v X v (with the exception of special cases). Then
gt differs little from the value in a homogeneous mag-
netic field (£g4 ~ 92%). If |yon/6y| ~ 1 and ng

~ v X v/|v|, then
<| (1 "“) Y/ <|v|’)]

bmm 4]
The direction of ng may differ from v X v when the direc-
tion of W varies s1gn1f1cant1y along the orbit (Ja(W/W)|
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~ 1). In this case it is necessary to use the general ex-
pressions (6.2) and (6.3). The quantity [y8n/6y| in-
creases when the spin resonances are approached. At
|yen/ay| > 1 we have

1 n\?d
= (=)= 2 6.4
w =g {(57) @ @) (6.4)
where
1 d 55 .
——(AY)= — fig™y'Iv|?
Zdt(Y) 4873q*{v

gives the diffusion coefficient 7y, and depolarization of
the beam takes place within a time o;'. An expression
for the damping decrement of the beam polarization in
the form (6.4) was obtained inl%.

We take the opportunity to thank A. N. Skrinskii for
numerous useful discussions during the course of the
- work and D. V. Pestrikov for help with the numerical
calculations.

*[vH] =v XH.

. —

D For spin 1/2, the Hamiltonian (2.3) can be obtained from the Dirac
equation for a particle with an anomalous magnetic moment by
means of the Foldy-Wouthuysen transformation with linear accuracy
in Planck’s constant h.

9 The phase mixing usually takes place rapidly (in comparison with the
relaxation time), owing to the scatter of the frequencies of the motion.
In the absence of a scatter, the phase distribution tends to become
uniform in the diffusion process.

3 When the high-frequency field needed to compensate for the radiation
losses is turned on, the entire formalism remains unchanged if one adds
the phase of the high-frequency field to the variables (p, r). The re-
sultant explicit dependence of &, on the phase of the high-frequency
field can in practice be always neglected.

9 An estimate of the influence of the harmonics for which this condition
is violated is given in [5].

5)We note that for electrons (| q'|l €] qq |) the correlation of the jumps of
the spin vector on the quantization axis n during the radiation act
is relativistically small (there is no term linear in n/8v in a, ).
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6) A formula for 9n/dy in an approximation linear in the deviations from
the equilibrium trajectory is given in [*]. It is meaningful to take into
account [5] terms of higher order in n—ng only near the resonances
Q=m\QA, Ty Imy| > 1.
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