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Abatracit

The electron (positron) polarihafion process in atoraga
rings is-studied when radiating the beon Dy a8 culliﬁing_eladt-
vomagnetic wave. The efiect arises due to dependence of rgdiaa
tion friction in the wave field on the spin and the spin motion
coupling with the orbital motion in the field of a storage fingt
‘The degree of equilibrium polarizﬁtian and the rglaxﬁticﬂ time
are found. A numerical example for the case of laser polarization

is presented.




1. INTRODUCTION

The only realized method of producing the polarized elect-
rons and positrons in storage rings is currently based on the
use of a pclariﬁing effect of synchrotron radiation. Efficiency
of this method is determined.by the particle emergy and the mag-
netic field value of a storage ring (Z;:Q:IN.EEHS Je

: Unﬁprtunately, the growth of radiative lomsses with energy

causes a decrease in the leading field value of & storage ring.

For this reason, in existing and designed storage rings, despite

their high energy, the polarization time remains practically un-

changeable over an order of magnitiide and equals several hours
even at a maximum energy of the storage ring.

Therefore, the search for methods for quickly producing

the polarized beams seema to be urgent. The introduction of lar-

ge magnetic fields (magnetic "smakes") /1-3/ into a relatively
small part of the orbit is a known but unrealized method.,

In this paper the method of electron polarization is stu-
digd which usges a2 spin dépendence of radiation in the field of
8 colliding eirecularly polarized electromagnetic wave. The ef-
fect may be eaggential due to high wawve frequency.

A polarizing mechanism resulted from the spin dependence
of radiation friction force (processes with no spin-flip dur-
Eng radiatinp) and the orbit-spin coupling in‘the field of a
storage ring was previously found in /4/. It turns out that.
the polarization by a cnliiding circularly-polarized wave is
possible only in the case of utilizing this mechanism,

The problem of polarizing the electrons (positrons) in




a -atiatinnary helical magnetic field (in an ondulator) was con-
sidered in /5, 6/. The action of the ondulator on the ulira-
relativistic electmns. ig theoretically equivalent to that of
a colliding electromagnetic wave. However, the question of a
possibility to polarize the particle in a storage ring by such
& method was not answered in theée papers, since the orbit-spin

" coupling effects were noi borme in mind in them.

2. POLARTZATION KINETICS

Let the electrons move in the straight seciion of a stora-
ge Ting on the length [ in the field of colliding circularly-
polarized wave. de shall consider the case of soft radiation
when the particles do mot leave the beam becaunse of gquantum re-
coil: ﬁfdﬂ, {JEP , Where ﬁJﬂ. igs the characteristic radia-
tion frequency, ﬁEP ig the maximally permissible energy jump
determined by the aperture of a storage ring. The condition of
a guasiclassical character of radiation ( hmﬂ,, << E ) is here
fulfilled as iell, and it is possible to use the method and the
general formulae of /4/. The polarization variation will occur
due to multiple passings of the particles thmuéh the section
with a wave field. Here it should take into account the pertur-
bation of a particle trajectory by radiation. It is ‘convenient
to apply a general method commonly used in the theory of orbit-
-ai—-mc':i;i-nn rac ¢tive effects, The integrals of motion in the stor-
age ring field, i.e. the integrals of actiﬁn (or of amplitude)
-ﬁnd phase, are Tirstly dateminaﬂ. Then, the phase-average rates
of changes im the action variables under the influence of ra-

diation are found, according to perturbation theory. Bacau.se
of phase mixing, this suffices to find the relaxation times
and the equilibrium state.

In a homogeneous magnetic field the action-phase spin va-
riables are, apparently, the projections of a spin on the field
direction and the precession phases around the field. Since the

in the general case
spin motion is a rotation, the action variable is of the form
A - = - i
Si[ == Sn(ﬁ?) , where Jl is a single vector giving the
precession axis direction and bein.é; a function of the momentum FD'
oo -
and coordinates .2 of a particle. The prwcecsion phase ‘f
around [ is canonically conjugated to s,'.[ -

The vector FL is obviously ‘the time-independent solution
of the equation of spin motion in a field of the storage ring
and completely determined by a particle trajectory. Correspon-
dingly, the spectrum ﬁ: contains only the frequencies of orbit-
al motion. 7ith respect to spin motion the vector l_’i plays the
gsame role as the energy-dependent closed orbits of particles re-
lative to betatron cacillations.

After the mixing over the phases Y |, due to spread in
the precession freciuencies ('P) , the mean. iapin for a group of
particles traveling near the equilibrium orbit will be directed
along the precession axis on the equilibrium trajectory
- - =5 .
nﬁ(a) R n’(éi zs)'

i —p - b
(By={SM)+<(5>= (S s,
-l
The vector n_s is, apparently, periodical over the gener-
- i
elized azimuth of the particle § : n,s(e)= n5(8+21r'),

The equilibrium polarization is thus directed along F‘E e ?

independent of the polarizing mechanism. Practically, any re-
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quired direction ns at a given place of the orbit, in par-

ticular, on the section with a wave field /2, 7/ may be given
in a storage ring.
The polarization degree ?'—'— <5ﬂ>/3 will be slowly vary

under the radiation influence, approaching to some value deter-

mined by the equilibrium of polarizing and depolarizing processes.

The mean variation rate 35{ is written as follows:
> PR
o =(Eh=RE)+ B + 255,

- —p
where & S and. sn are the increments & and )l under
‘the radiation influence at time & T . The first term <E5§/5’E’>

(1)

deseribes the direct radiation effect on the spin, the second -

the radiation effect on the precession axis by the orbital motion

 perturbation, the last takes into account the correlation between

the jumps of the.spin and the particle momentum in quantum ra-

- diation.
- -

The change in the precession axis N is expressed through

the change 11:1 a partlcle momentum in radiation:

SH ~Z L B, SRG, (2)
In the general case, Eq.(1) is reduced to the form:
f":""{'*i*"’[‘.- $o o (3)

wherem ‘che coe"’fmients df.-l- tienate. cnrreapundingly, the sum

and differencie. of the spin-flip prababilitles per unit time

relative to the vector direction h'. . The degraa of polariza-
tion expunentially tends tu the value f o(--/ °C+, and the re-
laxation time equals ’I'P af.,. . The general expression of the

coefficients oLj; in the integral form over classical trajec-

tories is presented in /4/ (formulase (4.7)). In the case of

; P 1
high wave frequency,] ﬁ.-'w }}ﬁ"? HW‘ s Which is of interest to

us, the calculations lead to the following results (the in-

fluence of synchrotron radiation on the sections with a leading

field is ignored):

72 on ¢
o =~8h4' 3, D {5 i ﬁ Zaa L

(4)

where %f% 3 (C= :-') ., Hw is the magnetic wave field in the
laboratory system, E‘:({-?Jz)_#z is & relativistic factor
(= %/ o B Fj',’,_ are the transverse components of momentum,
L is the perimeter of a storage ring, ?2 ig the circular
polarization degree of the wave which, particularly, equals +1
for the right- anﬁ left-polarized wave, respectively.

In similar expressions for o{+ and ol the factor 8 is
dbsent in the ondulator case.

The coefficients 0{1 may be also calculated by means of
the known cross-section of Compton scattering /8/. With this
method of calculation the variation in a direction }:E after
'émattering is also taken into account and is of essential im-
portance.

The Compton scattering cross-section of the electron on

a colliding wave which are summed over polarizations of a finite

1)  For the opposite case, when QJW“'*CF% Hw (the cage of

synchrotron radiation) the conclusive answer is in /4/.




state of the photon may be written as a function of electron-
apin orientations before and after scattering 'f and ?“ .
and of the variation in the momentum 5[3
> > -
dG = dﬁ' (i’ ;f, SP).
Hence, flip probabilities E“ and Hf with respect to
the variable direction _l{ which determine the coefficients

d+ ( S E;_ i Ef} may be found from the formulae

ijds(ﬁ' -i'; 8F) |
o s €7, . 51‘:’) (5)
Ia 4

where the photon flux density is denoted as ﬁlﬁ' (A}wa:ﬁﬁﬁQ‘)}
and H.f= H‘*Eﬁ ig defined from formula (2). In calculation of
the probabilities in the expression for dB one needs to re-
main the terms up to the order (hwpﬁ/E }E.

In the expression for the scattering cross-section the va-
lue 2&'/3&333 is included in the form of projection on
the direction ﬂ. . This enablea one to express the result
through the values 3**1/3&( =1):
| B = ok an

MopIR~ OR °R

In order to use the expression for the Compton seattering
cross-section in an accompanying system, it is necessary to ex-
press the spin directlion befn.re and after scattering in the accom-
pani.ring gystem *rough the cnrraapoﬁﬂing direci_:ic'ns in the labo-
ratory system. Since the electron in the accompanying sys tem
before scattering rests, the directions N and Ea coincide.
After scattering the polarizatinn directions in these two systems
wili differ by Thomas revolution because of the variation in mo-

mentum. In the linear approximation over 3P we have:

F) — ?—4 -
Ea =R +ypp2 [[fgﬁ]fl}‘
It is easy to find from this a connection between the quantity
=
fana/aﬁ.)ﬂ_ in the accompanying system and its value
in the laborator:.r system (j"-}} 1):
(gﬂa) = 9“ [’U‘ Jﬁ]
TP/ raP m ;
(6)

m{ 21 ) el
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3, DISCUSSION OF RESULTS

Explain now a physical sense.of each term in the expres-
giong for o(.,. and d‘-- F

Let us consgider the first term <,;1. 53} in the kinetic
equation (1). As has been already mentioned above, it describes
the direct radiation effect on a spin, i.e. the scatiering of
photons with electron spin flip. The appearance of the terms
independent of the gradientstfﬁ in expressiona (4) for d+ is
due to just these scattering processes.

- -y

Supposing that n= ﬂrin formulae (5), it is possible to

t
radiation effect on a spin via the Compton scaitering cross-

] s
find the flip probabilities . describing the direct
5 2

gection:

B~ iy [d5 (7,7 5P),
Fﬁ: Ny Edﬁ' (7, 7:5P),

In the ultrarelativistic limit these probabilities seems to be




equal and, hence, the direct radiation effect is depolarizing.
The second term in (1) takes into account the effect of
the variation in a particle momentum in scattering on the pre-
cession axis. The polarization effect here arises due to corre-
lation of the direction of apin Sr and that of the particle
momentum during scattering without a spin flip. This polarizing

effect is described by the expression of the form:
A -
(S =(EEL <S( T )
?

where %; is the part of the radiative friction force which

ig linear over the spin Er ., The latter is of the form:
F=-2R0°H, T+ gm?,féwwHw[é(sv)v +15
(3, = §-CHw/v*)

and may be obtained by averaging the change in a particle mo-
mentum over the scattering probability Nw 0{5' :

- 3 - —p >/ —h)

{I nggPdﬁ(ijng -

— g

The force :F as a function of the spin S =2'3 does not
contain the FPlank constant and may be obtained in the classical
radiation theory for a particlf;with magnetic moment and spin.

2) of the force fh into (7) leads to the result

Substitution
consistent with the expression for ad...

Observin_  the dynamics of spin and orbital motion, one can
_EKPlEln directly the polarizlng effect degeribed by a parameter

;aflffafli. After a aingle passing of the interaction rEglcn

2) In quantum consideration of some terms in (1) they

should be replaced by the spin-symmefrized expressions, for ex-
ample: 51353 2 (S 3( +;Sd.)
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the spin orientation does not vary, but under the radiation in-
fluence the electron receives the momentum whose average value

depends on a spin direction. The orbital perturbation in an in-

homogeneous field of the storage ring results in varying the field

affecting the spin and correlated with it. At synchrotron radia-
tion this perturbation relaxes at a larger number of turns in
the storage ring, thereby leading to the spin-quadratized integ-
ral effect depending upon a relative position of the spin and
orbital motion frequencies.

The quantum radiation fluctuations in a wave field leads
to the diffusion change in a particle momentum which in turn
results in the diffusion change of the projection Sﬁ in the

-

case when the precession axis [l depends on the momentum. This

diffusion is described by the following expression:

5 (b el o Sy _
il = (55—22@ =&z )=

617, __gs § (U Ry
=-15%<(5F)="2 izﬁfagap =)

The diffusion coefficient of a particle momentum may be derived
by means of the expression for Tomson scattering cross-section

of the photon_dOr:
S&SP s Nw J(S' gﬁ{s

where 5;.}3 is ]{rnneker s:ymbol.

As a result, we get

i‘%ﬁ 56%‘9 m““féH“’ﬁ

i1




Substitution of these values in (8) yields an expression coin-
ciding with the part p£.+ quadratically dependent on the gra-
dients of ﬁ'.

The last term in (1) takes into account the correlation
of varying the precession axis F{ and the particle spin Er
in scattering of the photon. This correlation leads only to the
. spin diffusion and ddsappears in the classical limit. Thus, the
term taking into account the correlation of changes in the spin
and momentum in scattering yields an addition linear over the
gradient of thu the coefficient aé._l-.

As seen from fcimulae (4), the polarization effect is alto-
gefher due to the gradienis nffifjg)‘which aréadetermined by a
field and its variables near the equilibrium orbit. This arises
due to spin deﬁenﬂence of the radiation braking force, and its
origin is purely classical, just as the coefficient d(-f/ﬁ. fa/.
Tn the classical theory the kinetic equation for 'SH , the par-
ticles with a spin ‘3 , is of the form S-F'E J'h (§2 Sﬁ with
the same caefflﬂlent oL. as in Eq.(3), and the equilibrium deg-
ree of polarization seems to be equal to 100%. Account of the
quantum radiation fluctuations leads to the déppearance, in the
kinetic equation, of a diffusion term -aﬂ+ Sﬁ decreasing, in
a general case, the equilibrium degree of polarization. For the
particle with a spin ﬁ/.-.?, the equation is converted into (3).

Let us compare fhe results of the present paper and Refs.
/5, 6/, In /5/ the relaxation time and the degree of equilibrium
polarization have been obtained on the basis of the spin-flip
probabilities with respect to the incident wave direction in
an accompanying system ( r;“ SIB}. Relative to the general

formula (4), such a calculation actually assumes & 2ZeI0 gradi-

12

dient of ﬁa@m the accompanying system, for that, as
aib S
seen from (6), the vector JQ(FJ‘Bhould satisfy the conditions

( @*—-fﬁ/ﬁr )

qafj 1 > 25 m -2 , 'qus '
The fulfilment of these cund:tinna is poseible 1n the case of
special structure of a magnetic field of the storage ring (out-
gside the interaction region with a wave). There is no difficul-
ty to see that formula (4) yields the value 5/8 for 57 in this
particular case.

Note, that the ratio of the spin-flip probabilities to any
constant direction is not a relativistic invariant (as is the
polarization direction itself) because of Thomas revolution dur-

ing a momentum rotation as a result of scattering
f -~ F {T(7F));

Therefore, the probabilities given in /5/ do not characterize

directly the polarization variations in the laboratory system.
Indeed, a direct calculation in the laboratory system /6/ or

a scale of the polarization variation from the accompanying sys-
tem with account of Thomas revolution results in the equal flip
probabilities (in the ultrarelativiem) with respect to the in-
cident wave direction, ]

An invariant quantity used in this paper is the spin projec-
tion on any space direction satisfying the equation of spin mo-
tion in an external field. In the wave-interaction region (where
tﬁe storage ring field is absent) any vector constant in the
electron rest system, in particular, the vector Fi(f:: Z)due to

conditions of motion in a storage ringB) may be such a direction

13




(the polarization transverse to E disappears because of
spread of the spin precession frequencies in a beam).

Conasider now the dependence of the equilibrium polariza-
tion degree and the relaxation time from & parameter of the or-
bit-gpin coupling ( P?*ﬁfaa). Since the electrons in a wave
field are mainly studied at an angle of the order of 1/3"
then the degree of polarization and the characteristic rela-
xation time much more strongly depends on the gradient of J’lover
the momentum in the longitudinal direction (on @R fc;'é" ) than
on the gradientsof L in the transverse direction (on BE/@}%’E Ye
The dependence of the direction H from a momentum substanti-
ally increases near spin resonances.- In a8 non-resonant situation
the dependence of the values ©ol#+ from aﬁ/apf‘_q

may be chviously ignored !ﬂ"t aﬁ‘/aﬂ 2} << 1):
20 3 3
hc; 3, Ww 7@ )

(9)

L+ ‘fgé_mif Wy Hy, f{»! - Broyt+ 2 (7 )}z.

In this case, the maXimum polarization degree for a circularly-
polarized wave ( ?2 = +1) is L. =i,l'7§ 2 60% and is achieved

in a situation when the equilibrium polarization direction H‘
in the interaction region is trensverse to velocity {Ef = 0),

5 ;
and the gradient 3‘3”/33' is directed along the velocity and
equals fg'anfag' V{0/? . The relaxation time is here equal

& (%h‘ia Ww { Hif)

3) In the given conditions %HW{*C' &y, , dynamical oscilla-

- * .
tions N under the wave field influence may be negligible.
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Near the spin resonances the values éﬂaﬁfaﬁa) may
be of the order of unity and glve a gignificant contribution to
the quantities a{r_t . Particularly, at 'aﬂ/aﬁ' = 0, a maximum
degree of polarization (A 68%) is achieved in the longitudinal

direction }-1' {H?? = +1) in the interaction region for the
gradient n equal to En/taﬂl -r't/_efg (,e-g "‘ f)

The polarization time here equalsq'J Ty = (56497 Ww] wa/..zﬂ)

4., ON POSSIBILITIES OF LASER POLARIZATION

Let us formulate the basic requirements for a wave gource.
From (4.9) it follows that three characteristice of a colliding
electromagnetic wave are important for the polarization process:
f_requenc:,r Chey squ:arad field Hi , which both determine the
pularization time,and also the circular polarization degree of
a wave g which determines the degree of equilibrium beam po-
larization. No requirements for a spatial coherence are imposed
(G Hw << Ww ) . There is no difficulty to generalize (4.9)
in the case of pol:.rchrnmatic radiation gince the waves with dif-
ferent frequencies give independent contributions to the coeffi-
cients 0[1' -

In the palarizatiun process & Wave power is not practically
gupplied. Thie allows to increase the efficiency of a source
(to increase H%r ) by means of upticﬁl regonators and the wave
focusing nn‘ the beam whose transverse sizes in a storage ring

are very small (for exemple, in the storage ring VEPP-2M (Novo-

4) One assumes that the spread in the spin precession fre-
quencies remains, &8 before, much more less than the &etuning.r

In the case when M ]aﬁ/aﬁff—" 1 , the latter is small enough.

15
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gibirsk) at a maximum energy is approximatlely equal to 10™% om®
in the culligzgxf;a?. Affecting the elecirons in ithe storage ring
by the electromagnetic wave, il 1is necessary ’c_u take. care of
that the beam lifetime should be larger than fthe polarization
time. This causes two limitations on the wave amplitude and fre-
quency. Firsi, in order to not lmocking out the electrons in a
gingle scattering, the wave frequency should be semall enough:
43‘2'}, ﬁdw < ﬁEP . Second, multiple scaitering leads to the
particle energy diffusion in the storage ring and, hence, to
inereasing the energy spread. There exisis a simple relation
between the polarization time ’EW and the energy diffusion co-
efficient in the wave. For example, for.an optimum value fa'aﬁ/ﬂi:
: i : - 2
=W{0/7 in the storage ring we get t’w.*r. -?5(%2) .
An analogous relation also occurs for the polarization process

in an azimuthally-symmetric sitorage ring in synchrotron radia-

. tion: & J 'S ry2
: f"'ﬁg‘a?(?g)m.

3.8,

Thus, the decrease in the polarization time by a factor of a ,
in comparison to a conventional storage ring ( G= 2;_* ff'w i
results in increasing the energy spread by a factor of Vf-i- ﬁﬁﬂ a -
For example, the decrease in the polarization time by a factor

of 10 leads to increasing the energy spread by a factor of 2.6.
This increase in the energy spread does not allow to decrease

congiderably the polarization timeﬁ) because of aperiture limi-

5)  The increase of the energy diffusion coefficient in
storage r:‘.ﬁgs (at a fixed structure of the magnetic system)
leads to a directly proportional increase in the beam sizes in
the considered conditions when during the radiation damping the
beam interacis many times with a colliding wave.

16

tations (size of the storage ring chamber, energy aper-
ture). .

For the best use of a source it is evidently necessary that
the transverse sizes of a light beam do not exceed the establish-
ed ones of the electron beam. Here, if the interaction of the
beam with the wave happens many times during the radiation damp-
ing, then the polarization time decreases with a growth of the
source power W/ inversely proportional to not the first degree of
W/ , but only to IfE"- , due to increasing the electiron beam sizes.

A laser may be used as a source of the circularly-polarised
wave. The features of laser radiation allow to focus itl up to
ithe electron beam sizes and, thereby, to increase substantially
the intensity of a light field acting upon the particles. The ope-
ration in a pu.lse run with the phase ajusted to that of electron
beam in a siorage ring enables one to increase additionally the
radiation intensity by a factor of .L/E (at the same mean power).

Moreover, one can increase the efficiency of a source, if
the time between the pﬁl-aas ig of the order of several times of
radiation beam damping in a storage ringE’). In this case, each
subsequent pulse of light fells within the already damping beam
with the sizes determined only by quanitum fluctuations of syn-
chrotron radiation. Note that in the case when the. energy of se-
condary quanta tmphm gomewhat lower than the energy aperture
&EP , the energy loss by the particle during its interaction
with a pulse of the light unessentially exceeds the energy gpread
arising at this iime., Therefore, the appearance of the average
e;nargy deviation during interaction with the light does noti de-

decreases practically the efficiency of the considered method.

6) Tor exsmple, on the storage ring VEPP-2M at a 0.5 GeV

enerzy the time of radiation damping is 1.3-‘!'!'_'1"2 gec.

17




The free-electron laser (FEL) is a promising radiation
gource /9/. This laser generates directly the circularly-pola-
rized light, that enables one to use the radiation accumulated
in the optical resonator of the laser for the polarization pro-
cess. The ondulator and the mirrors are here installed directly
in a straight section of the storage ring. Since the electrons
with an energy of several tens of leV play a role of the active
substance, their passing through the optical resonator mounted
in the storage ring do not worsen the cunditions necessary for
keeping the circular beam.

For illustration, let us present a numerical example. In
conventional storage rings the spin precesses around the vertic-

al direction and a quantity fg"BH/é?a”{ is connected only to

the perturbations of magnetic systemﬂ. One of the possible methods

of organizing the gradient ﬁﬁ/&?’ directed along 2?: on the
wave-interaction region is the creation of a longitudinal field
in the opposite straight section of the storage ring (solenoid).
7l iy
For the optimum case, when 3"8,‘?,/(93":@2}', the solenoid is
.required whose length ESGE and field Hmf gsatisfy the follow-
ing pelationS ) ngfwg o~ f{?f})—ﬁ)z [T=M] *, where ) is
the gpin-precession frequency in the storage ring in the units
of revolution frequency, and K is the number of the nearest
“integer spin resonance. It should be noted that at a constant
detuning from the resonance the needed integral of the solemnoid
field is independent of the particle energy in the storage ring.

The growth of depolarising processes esgosiated with imperfec-:

7}  During the passing of the section with & wave (helical)
-

field, strictly speaking, the vector M 1is inverted around the

velocity by an angleE}??jff{]@ﬂw/ﬁgiﬂwf/z. This angle is usually .

small and may be ignored.

.18

tion of & magnetic system of the storage ring does not allow
to choose the wvalues v as close to the integer as poﬂsiﬁlaw.
In the case of using the lager with a mean pnmr’fin the optimum
cage (i.e. in the case of a pulse regime with the phase ajusted
to that of electron beam,aﬁd a correspondence between the light
beam sizes and the particle beam gizes)the polarization time

may be presented in the form: 5 :
7. (e = fz-ifﬂ"ﬁ E[dev?] Ww]
i ( . ; S[M!] /\w[ml "

where 8§ is the particle beam area.

For the laser on Yt-Al granate with Nd with the following
parameters: W = 1'121'3 Wy /\‘IF = 10_4 cm I‘:IQJL, the polarization
time equals 330 sec at 0.5 GeV and with a beam area 10_4 cmz.

The authors express their gratitude to V.M.Katkov for the
gtimulating discussions and also to v ,N.Baier, A.N.Skrinsky,

Y ..53trakhovenko, vu.M.5hatunov for the interest in our work.

6)  The writhenm pefation te wglid at V=Kl =1,
-9) For example, for the eleciron polarization by a ¢ollid-
ing wave at 10 minutes in the storage ring VEPP-2M (Novosibirsk)

it is necessary to choose the detuning values IV=K| larger

than 1 0-2.
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