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Spin precession of ultrarelativistic electrons in a circularly polarized electromagnetic wave
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A drastic growth in the frequency of the spin precession of ultrarelativistic electpmsitrons in the field
of a counterpropagating circularly polarized electromagnetic wave is predicted and its connection with the
known effect of the rotation ofy-quantum polarization in a polarized electron target is demonstrated. It is
shown that the effect considered corresponds to a correction of @re@f137 to the amplitude of the coherent
forward Compton scattering and cannot be described by the Bargmann-Michel-Telegdi equation which corre-
sponds to a correction of ordef to this amplitude and predicts a three order of magnitude smaller precession
frequency value as well as both its wrong sign and dependence on the electron energy and wave frequency. The
discussed growth of the electron spin precession makes it really possible to observe this phenomenon using
available high energy electron beams and superintense subpicosecond &3&56-282(196)04710-9

PACS numbd(s): 12.20.Ds, 13.40.Em

[. INTRODUCTION [12-15 of the y-quantum polarization rotation in a spin-
polarized electron target, the phenomenon described by the
The present broad interest in the interaction of intenseeal part of the same helicity amplitude of the coherent for-
laser beams with ultrarelativistic electrons is connected wittward scattering as the electron spin precession in a CPW.
working out the electron-photon and photon-photon colliderdRecall that in the 1950§16,17) a contribution to this ampli-
[1]. Polarized laser beams make it possible to effectivelftude proportional both to thg-quantum energy and squared
polarize electrongpositrons as well as to measure their po- AMM of a scattering particle was found. We will show that
larization both at lineaf1] and circular[2] accelerators. it is this contribution that exactly corresponds to the preces-
Modern powerful laser systeni8] allow one to obtain very sion frequency following from the BMT equation which is,
intense electromagnetic fields in the focus of a laser beanindeed, too small to be observed experimentally. In the
After a Lorentz magnification in the proper frame of super-1960s[12], however, it was found that another contribution
relativistic electrons these fields can cause a lot of newWo the spin-dependent part of the amplitude of the coherent
mostly nonlinear phenomeri4,5], which soon will be pos- forward Compton scattering grows much faster than the
sible to observe experimental[6—9]. In this paper we de- y-guantum energjiw and atiw=mc*=0.511 MeV, where
scribe a phenomenon of a drastic growth of the ultraim is the electron mass, by nearly three orders of magnitude
relativistic electron spin precession frequency in a counterexceeds the contribution found|i6,17). The corresponding
propagating circularly polarized electromagnetic wavegrowth of the rotation angle of-quantum polarization was
(CPW) [10]. This phenomenon is intimately connected with Soon observed experimenta(l¥4,15.
both the nature of the anomalous magnetic montaMM ) An intimate connection of Compton and inverse Compton
and the problem of the applicability and accuracy of thescattering allows us to predict a drastic growth of the spin-
Bargmann-Michel-Telegd{BMT) equation[11]. The pre- dependent part of the coherent forward electron scattering
dicted growth of the precession frequency makes it possibl@mplitude when the photon energyin the proper electron
to observe the ultrarelativistic electron spin rotation in aframe reaches the value comparable witt?. As far as the
counterpropagating CPW in experimefis-9]. We will also  electron spin precession frequency in a CPW is proportional
show that though this phenomenon, in fact, is a linear one, 0 this amplitude, its growth indicates that this precession
needs nearly the same laser power as the nonlinear[6hes frequency will also grow drastically whe@=mc?. In an
for its observation. arbitrary reference frame the last condition can be written in
The absence of references concerning the ultrarelativistithe formx=1 wheré
electron spin precession in a CPW can, perhaps, be ascribed
to the intuitive notion that this phenomenon is not large. 2kp 20 2wee(l—vcos)
Indeed, we will show that the BMT equation predicts a small X=—=— = (1)
precession frequency proportional to the AMM squared. m
There is, however, reason to believe that the last equation
has a limited domain of applicability and a region of particleis the parameter widely used in the theory of the inverse
energies exists in which the spin precession frequency ofompton scatteringl,2], w, ande are energies of a laser
ultrarelativistic electrons in a CPW, in fact, greatly exceedgphoton and electron, respectively, ake-(wq,won) and
that, following from the BMT equation. p=(e,eV) are their four-momenta in this reference frame.
This statement is grounded on the results of studieghroughout the papep is the photon energy in the electron
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rest frame. The anglé@ is constituted by the photon propa- sume that the longitudinal electron velocity shift in a CPW
gation directionn and electron velocity. has an order of 32 in a real experimental situatiofsee

In the laboratory frame of reference in which an ultrarela-below).
tivistis electron collides head on with a laser photon with the In order to obtain a value to compare with, let us first

energyw, Eq. (1) reads touch on the spin precession in a static uniform electric and
5 transverse uniform magnetic fieldpin precession in a lon-
X=4ewo/M>=0.0153(GeV)w(eV) gitudinal one is much slowgrIntroducing a transverse vec-
~0.01%(GeV)/\ (wm). 7 tor F;=H—-[EXV] the frequency of the spin precession

about this vector can be written in a form

If an excimer laser with a typical wavelengih-(0.2-0.3

um is used as is recommended [i@], the conditionx=1 Q ~_2( i Ho
g - - uf= s

satisfies at a readily available electron energy10 GeV

which, thus, allows us to observe the predicted electron spin

precession frequency growth in a circularly polarized laser In fact, two types of contributions to the ultrarelativistic

wave. electron spin precession in a counterpropagating CPW can
The paper is organized as follows. The ultrarelativisticbe distinguished. The first one is not connected with the elec-

electron spin precession in a CPW is considered in termron velocity perturbation by the wave and can be described

of the BMT eq_uatipn in Sec. II. The. phenomenon of py the equatiord/dt=[{xh], whereh=4H(u’ + uo/7)
y-quantum polarization rotation in a polarized electron targetn the ultrarelativistic approximation. This contribution to the
is outlined in Sec. ll. Its connection with the electron spin spin precession frequency reminds one of the Bloch-Siegert
precession In the regime of nonrelativistic transverse mOtIO@hift of the magnetic resonance frequemsge, for examp|e,
in a CPW is considered in Sec. IV in which this phenomenor18]) and can be easily found if one considers the reference
is also described in conventional terms of Feynman diaframe which rotates about the wave propagation direation
grams. The spin precession frequency growth in the oppositgn|=1) with the frequency— 2\ ,w, of the counterpropa-
regime of ultrarelativistic transverse electron motion in agating CPW field rotation “seen” by the electrdthe posi-
CPW is described in Sec. V on the basis of a semiclassicalve spin rotation direction is chosen to appear as a counter-
electron self-energy amplitude which also opens up the thirdjockwise from the end of the velocity vector; =+ 1 is the
possibility to obtain the basic formula for the electron spincpw polarization ando, is its frequency. The vectorh
precession frequency in a CPW in the regime of nonrelativstops to rotate in this reference frame and acquires a large
istic transverse motion. In Sec. VI we discuss some details opngitudinal component ,won. As far ash<w,, the elec-
oo S cseson 1. e o BT i e Teenty Lo o
: =N\,(2wo+h?/4wy), giving rise to the equal to
AN,(u' + ol y)?H? wg contribution to the spin rotation fre-
Il. DESCRIPTION OF THE SPIN PRECESSION IN A CPW quency in the laboratory frame of reference.
ON THE BASIS OF THE BMT EQUATION The second contribution to this frequency is connected
We will consider in this section the ultrarelativistic elec- With the electron velocity perturbation by the CPW9)]

tron (positron spin precession in a CPW starting from the V1 = —€A2H/€wg, which is usually characterized by the pa-

F1=_2/.L,F1. (4)

Bargmann-Michel-TelegdiBMT) equation[11] rameter[4,5] & =|e|H/mw, (Sec. V). As far as the last
does not exceed one considerably even in the most intense

- Mo\ - 2u'y . available subpicosecond laser pul§8s6-9, a transverse

dgrdt=2| u'+ > [{XH]+ Y+l (v-H)[vXx{] velocity component , will not exceed 14<1 much allow-

ing one to neglect the longitudinal velocity shift in the CPW

L Mo | - ovj=—(v>+1/y?)/2~1/¥? in the ultrarelativistic approxi-
T2\ p y+1 [EX[E-v]] 3 ma!tion. Substituting/, into Eq. (3) one finally obtains
which describes the evolution of the spin vectrof an BMT 2 , 2 , Mo %
electron(positron moving with the energy: = ym and ve- QCPW_‘”‘?(O_O (u'+ ol y)"=2p PR
locity v in slowly varying electricE and magnetidd fields. ) 5
Here m and e==|e| are the electror{positron mass and _4 LH [ a N 2 5
charge; uo=e/2m and ' are the normal and anomalous =Ahop wo \2m 20060 ®)

parts of their magnetic momenta, respectivaly4| is equal
to the Bohr magnetrognRemember tha'= g in the weak  for the sum of both considered contributions to the electron
field limit, where u(=(a/2m)u, is the celebrated AMM (positron spin precession frequency about the average par-
value calculated by Schwinger in 1948. ticle velocity. The detailed form of Eq5) shows that the
Since the phenomenon of the electron spin precession int@rms proportional both tg’ uq/y and (uo/7y)? cancel out.
CPW can be most readily observed in a multi-GeV regionThe last equality in Eq(5) assumes that’ = .} and shows
x=1, we will use the ultrarelativistic approximation expand- that the BMT equation predicts a decrease of the spin pre-
ing the right-hand side of Ed3) into series in respect with cession frequency in a CPW with the growth of the wave
the small parameter 4510 *<u’'/uy. One can also as- frequency as well as its independence on the electron energy.
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Let us compare the spin precession frequencies in ant parameter introduced by Ed) which readx=2w/min
transverse uniform field4) and a CPW(5). Assuming the electron rest frame considered in this section. The differ-
(=1 and F;=H one obtains an estimatmg’\Fﬁ'\I/QUA ence(7) determines the imaginary part of the spin-dependent
=(al27)&y~10"2 showing that the BMT equation predicts contribution
a three order of magnitude smaller precession frequency in a
CPW than in a transverse uniform field.

Such a small frequency makes it really difficult to observe
the effect considered. Indeed, as far as in the case of
£<1, the energy of a scattered photon can reacho the coherent forward scattering amplitude
wmax=Xel(1+x); an electron will lose a substantial part of .
its energy in a single collision with a photon in the most fi(w)=f(w)Ff(w)({ n), 9
interesting region ok=1. As a consequence, the interaction R
length with a wave cannot considerably exceed the charaawhere { and n are the electron polarization and the unit
teristic length of the inverse Compton scatteringvector of the photon propagation direction, respectively. As
IC=1/[2chp,/]z)\/(a7-r§§), wherepy:H2/(4moo) is the far as we use Gell-Mann'et al. notation [20] (see also
laser photon densitfa number of photons in a cubic centi- [12,13)), attention should be drawn to the fact that in Ref.
mete) and o is the cross section of the inverse Compton[20] the signs are not consistent in Eg$.9 and (5.19
scattering. Using Eq(5) one can easily find that the spin playing the same role as our Ed8) and(9). The angle of
precession angle on this length=1-Q2%~ a/7?~1 mrad  the y-quantum polarization rotation on the lendth
is indeed too small for the experimental observation. Our 4
further consideration will, however, show that E&) be- _ . _am oo
comes inadequate already whee0.01, and atx=1 the By=—o(ny=n)l=—=(-mRef(w)l, (10
interaction with the field of radiation leads up to a nearly
(27l a=10®) fold increase of the precession frequency andis proportional to the real part d§(w) which can be found
typical spin rotation angle, making this phenomenon reallyfrom the dispersion relatiofi 2,20

observable.
2w J’w Imfy(w’)

Refz(w)=f2(0)w+ TP Omdw y (11)

w 1
ImfZ(“’):EE[UH(X)_UTT(X)] (8)

Ill. THE BARYSHEVSKY-LYUBOSHITS EFFECT

We will consider in this section the effect of rotation of
y-quantum polarization in a polarized electron tarffe2—
15] which is intimately connected with the electron spin pre-
cession in a CPW. It is well known that polarization rotation
stems from the difference of indices of refraction(w) of
photons with right ¢-) and left (=) circular polarizations. Ref?(w) = Ref P (x)
In its turn this difference is connected with that of the real 2 2
parts of the amplitude$..(w,0) of the coherent forward a? ((2 )

--1

wheref;(0)=df,(w)/dw at w=0. Substituting Eq<.7) and
(8) into Eg. (11) one easily find412,13 that the leading
contribution to the amplitud€l1) has the second order in the
fine structure constant=1/137 and reads

Foxe 1)+
(x=1)+5

scattering of circularly polarized photons by the relation =

~ 4mm| | x

27p 2
n+(w)_n—(w):Fqu-F(wvo)_f—(wro)]a (6) — ;_Fl [F(X)_|nxln(l+x)]
wherep is the density of scattering centers the role of which X 2%3Inx
is played by electrons in the case pfguantum polarization + 152 + (1—x2)2]’ (12

rotation in a polarized electron target. As far as we consider
only the coherent forward scattering, a zero argument for thgvherex= 2w/m and
scattering angle will be omitted everywhere bel@iwvill be

used, instead, for the photon energ@ince polarized elec- « dt

trons can be considered as nearly not bound to nuclei in the F(X):j IN(1+t)—. (13

most interesting photon energy regiare=m, the spin de- 0 L

pendence of the photon absorption in a polarized electron . .

target is correctly described by the difference of the total | "€ Same result can be also obtained in a more customary

cross sections of scattering of photons polarized parallel any2y- Indeed, the scattering amplitu@@® which determines
antiparallel to the polarization vector of free electrons the refraction indexes(6) is connected by the relation
f(w)=My;/87m (see Sec. IY with the amplitudeM;; fol-

1 lowing from the QED Feynman rules. The second order in
E[UN(X)_‘TM(X)] a of the amplitude(12) indicates that it corresponds to the
lowest order radiative correction to the coherent forward
oo 2 1 Compton scattering, described by the diagrams shown in Fig.
= ?{2( 1+ ;) IN(1+X) =5+ 7~ 12|’ (7) 1. The method of calculating this correction at arbitrary scat-
tering angle was given ifi21,22 (see alsd23]) and leads
where go=7(a/m)?=2.5x 10”25 cm? andx is the invari-  exactly to Eq(12). This approach will be considered in more
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Compton scattering, all the terms proportional both,uté

«a and ,uo,u(’,ocaz cancel out leaving only the third order in
a contribution

a®x

=130 0= —2pp*0=— 1> (16)

[recall that terms of different order also cancel out in a
similar manner in Eq.(5)]. As would be expected, the

ratio — f$(x<1)/f$))= (7x? a) [60In(1k) — 37]/9 reaches
7/ @ and the angl€10) by several hundred times exceeds the

value 9'¥= 47/ w(In)RefP(w)! in the region ofx~ 1.

It is remarkable that the third order i contribution(16)
exceeds the second order ofl®), (14) at x<0.01 (more
precisely, atx<<0.00926) orw<2.44 keV. As a conse-
quence, polarization rotation changes its direction at

FIG. 1. Feynman diagrams contributing to the lowest order ra-=2.44 keV. Note that though the third order contribution
diative correction to Compton scattering and describing the radicagiso becomes comparable with the second order one at

growth with the parameter [see Eqgs(1) and(2)] of both the angle

x=27/a=8500, Eq.(16) can hardly be used in this energy

of the photon polarization rotation in a polarized electron target anq’egion since it was obtainefil6,17 in the limit of low
the frequency of the ultrarelativistic electron spin precession in a’y-quantum energies and a mor’e thorough consideration of

CPW.

detail in application to the inverse coherent forward Comp
ton scattering in the next section.

The spin-dependent part of the coherent forward scatter

ing amplitude(12) describes an impressive growth of the
rotation angle(10) of y-quantum polarization in the energy

region w~m. This growth was observed experimentally
[14,15 and can be illustrated by both the low and high en-
ergy limits of Eq.(12). Indeed, whex<1 or w<m one has

2X3

< w3lnew

(2)(ye1) =
R (<D= 122 m

14

1
(GOIn— —37
X

and the anglg10) grows proportionally tow?Inw with the
increase of the photon energy.
In the opposite limit ox>1 or w>m one has

2

Ref2(x>1)= 15
Po1)= 0 s

and the anglg10) decreases inversely proportionally &
showing that the phenomenon of thequantum polarization
rotation is indeed most pronounced in the regionwef m.

Since df?/dw=0 at w=0 [see Eq.(14)], the second
order amplitud€12) gives no contribution to the first term in
the right-hand side of Eq11). As a consequence, this am-
plitude does not contribute to the interaction of the electro
spin with the low energy circularly polarized photons to de-
scribe which next order i contribution to the amplitude
(12) should be considered.

In fact, the third order ire contribution to this amplitude
was found in[16,17 in the low energy limit. Generally

the third order ina contribution, based on evaluation of the
next correction to the diagrams given in Fig. 1, is necessary
in the high energy region.

A proportionality of the third order i contribution(16)
o the AMM squared indicates its intimate connection with
the frequency(5) of the electron spin rotation, following
from the BMT equation. This connection will be substanti-
ated in the next section along with the interrelation of the
described behavior of the coherent forward scattering ampli-
tude(11) with the specific effects accompanying the electron
spin rotation in a CPW.

IV. ELECTRON SPIN PRECESSION IN THE LIMIT
OF NONRELATIVISTIC TRANSVERSE MOTION
IN A CPW

We will show in this section that the amplitud&2) cor-
rectly describes the electron spin rotation in a CPW in the
limit of nonrelativistic transverse motion in a CP#<1.
Here

eH

mwo

2
W
) =3.65x10"19 (

o A2 (um)

17

0=

is the dimensionless parame{&-9] characterizing the in-
tensityl of a CPW. Subpicosecond laser systems allow one
to generate the pulses wiﬁﬁzl at present and soon will be

rfble to reach the valugg>1 in a sufficiently extended laser

focus regior{9]. Recall that the transverse electron motion in
a wave is nonrelativistic wheg3<1 and ultrarelativistic

when ¢2>1. The character of both the spin evolution and
radiation process in a CPW differs essentially in these two
limits which are analyzed in this and the next sections, re-

speaking, the scattering amplitude was evaluated there Witi$peC_tiV8|y.
out use of the perturbation theory for the case of an arbitrary It is known[4,5] (see also the next sectipthat the elec-
spin-1/2 particle not specifying the nature of fields and interdron interaction with an electromagnetic wave can be treated

actions in detail. As a consequence, when one conside

@S a scattering on independent photon%ﬁé 1. By analogy

Compton scattering, this amplitude contains the terms of difwith the effect of rotation ofy-quantum polarization in a

ferent order ina. However, in the case of the forward

polarized electron target we will consider the electron inter-
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action with a laser wave in this limit as a coherent forwardequation[compare with Eq(9)]

electron scattering by a polarized “photon target.” A con-

centration of the scattering centdphotons in the last can

be comparable with that in a condensed medium in the case fo(e)="Fy(e)ENofo(e). (19)
of a superintense laser pulse. As far as the photon energy -

wq of the most powerful laser systems does not far exceed RI . . . .

: L ote that the difference of signs in EJ9) and(19) is con-
ev [9], paramgter(Z) will reach one at the ultrarelativistic nected with the opposite diregctions oﬁ‘(tgle eléctr)on and pho-
electron energies=10 GeV. ton propagation. The knowledge of the differerit8) of the

Also by analogy with24] and Sec. 1Il, the coherent in- electron refraction indices allows one to find their spin pre-
teraction of polarized electrons with the “photon target” can . pinp
cession frequency

be described by the indexes of refraction(e) of electrons
polarized paralle(+) and antiparalle(-) to their momen-

tum p. The difference of these refraction indexes describes Q=-pv[n;(e)—n_(e)]
the rotation of the transverse electron spin component and is 87 2H2
connected with the difference of the real parts of the ampli- =— ?py)\zRefz(s): - E—%AZRefz(s). (20

tudesf .. (&) of the coherent forward scattering of a polarized

electron by the polarized “photon target” by the relation
We will use two ways to evaluate the spin-dependent part

of the amplitudg19). The first one will demonstrate a strong
4mp, connection of the electron spin precession in a CPW with the
ni(e)—n-_(e)= _ere[h(S)_f*(S)]’ (18)  Baryshevsky-Lyuboshits effect. This way consists of trans-
formation of the amplitude of coherent forward Compton
where the doubling of the photon densjiy=H2/4ww0 ina  scatteringf.(w) to that of the inverse coherent forward
CPW [compare with Eq(6)] arises due to the head-on mo- Compton scattering ..(¢). The second way is a straight
tion of the electron and “photon target.” Note that both the evaluation of the last using the Feynman rules.
refraction indices and scattering amplitudes of electrons and Following the first way one has to obtain the ratio of
photons are distinguished here only by their argumeats ( forward scattering amplitudes in different reference frames.
for electrons andv for photons. We will proceed from the written in an arbitrary reference
It is convenient to introduce a spin-dependent gaft) frame differential cross section of the forward scattering of a
of the electron scattering amplitude (¢) according to the “first” particle by a “second” one:

do(0) IMgl*vTe,
—=|f| = 2 2 2,4 _ 2_ 227102 : (21
do, 64mee,[ e7e5(1—v10,c089)°—mim5] v, — v ,cOH)|
|
Herem, ,, €;,, andv, , are, respectively, particle masses, mof(w) mf(w)
energies, and velocities, constituting the angleThe for- f(e)= wo(1—0cos) v —cod| 2~ 2wy (23

ward scattering amplitud® ;=Mgy(s) is a function of the

Invariant paramete$_=(p+k0)2=(1+x) mz’. wherex is the  5jjowing one to transform the spin-dependent fafiw) of
parameter(1) used in the theory of the inverse Compton e amplitude(9) of the coherent forward photon scattering
scatterind 1]. The sought-for amplitude by an electron in rest to the spin-dependent paft) of the
amplitude(19) of the coherent forward electron scattering by
a laser photon. Note that the last equalities in EB8) and
Ms(s)v . M (s) 22) (23) correspond to the case of a head-on collision
87wo(1—vcosh)Yv —codh| Y2 167w, (cos#=—1) of an ultrarelativistic electron with a photon.
Using Egs.(20) and(23) one can easily see that the con-
tribution (16) of order ® to the amplitudg11) leads to the
of scattering of an electron of energyand velocityv by a  electron spin precession frequency
laser photon of frequency,, follows from Eg.(21) after the
substitutionsv,=v, v,=1, e1=¢, €,=wg, M=m, and
m,=0. The same amplitud®&;(s) is connected with the
forward Compton scattering amplitudéw) = M;/87m of a
photon ¢;=1, m;=0) of the energyw= wy(e/m)(1— which exactly coincides with that following from the BMT
vcos), corresponding to the same value of the param@ber equation[see Eq.(5)]. In its turn, the contributio(12) of
in the electron rest framevp=0, e,=m,=m). Excluding  order o2 to the amplitude(11) leads to the electron spin
M;(s) one obtains the relation precession frequency

f(e)=

a 2
9(3):(5) N200£5 (24
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2H? mH?
0= )\ §P(g)=— £2)
swo)\z 2 (€) swé Aof5 (o)
_a 21[(2 Vg ] (2 ) E G0 — (1 X 2x3Inx )
= 2@ty || T FOEDF = A LIIFCO = InXIn(A+X) [+ 77+ 35z [ (25

where the parameter should be taken from Eq2) and the interesting quantum region of= 1. Recall that all the clas-
function F(x) is given by Eq.(13). sical equations mentioned contain the electron AMM which
A second way to obtain this frequency is based on Egis closely connected with the low photon energy limit of the
(22) and the well-known Feynman rules allowing one tovertex part with both initial and final electrons on the mass
evaluate the amplitud®l;;, corresponding to the lowest or- shell. However, the diagranis) and(d) show that the elec-
der radiative correction to the inverse Compton scatteringtron spin precession in a CPW is connected with the vertex
This correction is described by four Feynman diagrdays  part with only one electron on the mass shell. What is more,
(d) from Fig. 1 in which an electron first absorbs the incom-the low photon energy limik<1 of this vertex part cannot
ing photon and then emits the outgoing one. In addition, thalescribe the real experimental situation which corresponds to
same four diagrams in which an electron first emits a photonhe regionx=1 indicating the quantum nature of the consid-
and subsequently absorbs the incident one also have to leeed phenomenon.
taken into account. As far as the coherent forward inverse When the two ways to obtain the basic E&5) have been
Compton scattering is considered, the momenta of initial andutlined, one can proceed to the analysis of the main features
final photons(and electronsare equal(it is interesting that of the electron spin precession in a CPW. From the asymp-
the diagrams given if21,22 describe just this case tote
The amplitudes corresponding to the diagrams given in
Fig. 1 were first considered 21,27 (see als$23]). In fact,
to describe the electron spin precession in a CPW we need
only the spin-dependent parts of these amplitudes which do
not contain divergent integrals. The methods of analyticabne can see that the third order contributi@d) exceeds the
calculations allow one to further simplify their evaluation second order oné&5) in the region ofx<0.01[or ¢ (GeV)
which together with Eq(22) leads to the following contri- <<\(um)/2] in which the BMT equation correctly describes
bution of the diagranta) to the amplitudd(zz)(g) the spin precession in a CPW with an accuracy equal to the
ratio R=—0)(x<1)/Q®. The opposite signs of the con-
tributions (24) and (25) result in the change of sign of the
combined frequenc) =0+ 0 (2 as well as of the direc-
tion of the spin precession at=0.01. It is interesting to note
(26) that the last condition precisely corresponds to the technical
’ possibilities which were available in the 1970s. Namely, to
the wavelengthh =1.06 um of the most powerful in the
As far as the amplitudes of the electron self-endi2fl and  1970g Nd:glass lasers and the energy0.5 GeV of the
vertex part with one electron out of the mass sh28] are  storage rings at which the first polarized beams of ultrarela-
well known, only the spurs of-matrices have to be evalu- tjyistic electrons had been obtained in 1970.
ated in order to obtain the contribution of the diagrén The most interesting features of the electron spin evolu-
1 2Inx tior_1 in a CPW manifest themselvgs ir_1 the region0.01 i_n
5+ 5 (27)  Which the second order i contribution (25) to the spin
1-x7 (1-x9) precession frequency dominates strongly oi@sh. Accord-
ing to Eq. (25 the electron spin precession frequency
Q=0® grows as fast asye?Inl/x with w, ande, while
2 the frequency5) does not depend os at all and decreases
F(x—1)+ F_F(X) in inverse proportion tow, if one assumesu’=pu,.
The dependence of the ratio of these frequencies on the
2 parameterx is given in Fig. 2. After nearly a 700-fold
+InxIn(1+x)+ m} (28)  increase in the region~1 up to the value~ (a/ ) o3,
the spin precession frequency in a CPW wij~1 be-
One can easily see from E(0) that the sum of the contri- comes comparable with that in the transverse uniform field
butions(26)—(28) leads to(25). of the strengthF~ (a/7)wo/pug=xFo! y~Fq/vy in which
Leaving aside the diagranfs) and (b) note that the dia- the field in the proper electron frame reaches the typical
grams(c) and(d) alone can explain the reason why the BMT value [4,5] Fo=4.41x 10" G. Only recently such intense
equation as well as the similar classical equations taking intéields were reached in a focus of subpicosecond laser pulses
account the field inhomogeneity cannot, in principle, de-[3,6—9 and the investigation of particle interaction with the
scribe the electron spin precession in a CPW in the modields of comparable strength began in crys{2i].

2) a 2 2 5 1 37
Q (X<1)=—;)\2w0§0X §In;—% (29

2

F(x—1)+ —
(x=1)+

2 4
ay___ ¢ c
Ref29(c) Smo[(x 1)

_(§+1)[F(x)—lnxln(l+x)]

a®x

Ref 20 (e)=—

87wy

as well as the equal contributions of the diagrdmsand(d)

2
Ref 29(s)=Ref 29 (e) =

8770)0 X
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FIG. 2. The dependence on the parameteof the ratio FIG. 3. The dependence on the paramgtef the rotation angle

_ 2003 - 2 ) i .
R=—0®/0 of the contribution(25) of ordera? to the electron  of transverse electron spin component in a CPW on a typical length

spin precession frequency in @ CPW in the limit §ﬁ<1 10 of the inverse Compton scattering in the lingf<1 of nonrelativ-
the contribution(24) of order a® equal to the spin precession fre- stic transverse electron motion.

quency(5), following from the BMT equation. This curve also il-
lustrates the growth of the proportional te f?(w)/f$¥(w)
ratio of the contributions of order? anda® to the anglg10) of the ~ X<2m3/@=8500; see beloy Thus the energy region—~ 1
vy-quantum polarization rotation in a polarized electron target. is best suited for the experimental observation of the electron
spin precession in a CPW, the possibility of which will be
briefly analyzed in Sec. VI.
It should be also mentioned th&(?)(x>1) equates
Thus the precession frequency in the regiornl be- —O®) atx=27%a=8500. However, since the contribution
comes nearly a thousand times higher tk@inand reaches a (16) of order a® to the Compton scattering amplitude was
value typical for the most intense available uniform fields.found in the low energy limi{16,17], the only conclusion
Note that if the assumptiop’ = w(, leading to the last equal- one can draw out from this circumstance concerns the im-
ity in Eq. (5) is not used, the BMT equation predicts the portance of evaluation of this contribution at arbitrary values

frequencyQ &b =4\ 1’ 2H? wy which allows to argue that of the parametex for the analysis of the considered effect in

the predicted spin precession frequency growth can, in som@€ high energy region.
sense, be interpreted as a nearly 25-fold increase of the elec-
tron AMM. However, the opposite signs of frequenci&s
and(25) [see also Eq(29)] make such an interpretation too
artificial from our point of view.

As noted above, the optimal spin rotation angle is deter-
mined by the scattering lengtho=1/[2p,0c(X)], where
ac(x) is the cross section of the inverse Compton scattering, To describe a spin evolution in the case of arbitrary CPW
corresponding to the given value of the paramé®r The  intensity we will proceed from the spin-dependent part of the
dependence of the typical spin rotation angle (M onthe  |owest order ina electron self-energy amplitudet,5,27.
last is illustrated by Fig. 3. As far as the asymptotic cases ar®wing to the classical character of the electron motion in the
considered, sinceoc(x<1)=80y/3 the rotation angle wave field we will use the expression, obtained for this am-
¥=Qlc=5x2In(1/x)/4m grows like (wee)?In(1/x) atx<1l.  plitude by the semiclassical operator metta8,29. Trans-

On the contrary, sinceoc(x>1)=o0,(2Inx+1)/x and lational invariance of the problem allows one to use the spin-
Q@ (x>1)=— aw)\zw0§§/2x, the angle 9==/(2Inx+1)  dependent part of the self-energy amplitude per unit of
only slowly decreases withwy, and ¢ at x>1 (but length

V. ELECTRON SPIN PRECESSION IN THE LIMIT
OF ULTRARELATIVISTIC TRANSVERSE MOTION
IN A CPW

€
1+ —
&

[v(t+7)=(v) IX[V(t) =(V),]

@, 7 _ le (e “dr o1 _
T (g)—4wfodwfo - 8§| IVt 1) xv(D)]

_we
xXexp —i=—
2¢e’

T T
7+Jo(v(t+r’)—(v>r)2dr’ ] (30
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Here arises due to the electron interaction with the field of radia-
tion was introduced in Eq:32). The corresponding equation
dr' of the spin evolution

W= [ e =,

s LRy 2
wherev(t) is the electron velocity at a moment of tinie dZ/dt=[QPx (] (33

w is the energy of a virtual photon, emitted by the electron in
a CPW,&'=¢—w, and y=¢/m. Note that the amplitude o ) )
(30) corresponds to the second order self-energy diagram if@s @ form similar to that of the BMT equati@8) but, in
the Furry picture with the “solid” electron line which takes fact, is much more general and can be used to examine its
account of all the orders of the electron interaction with thePplicability. _ _
external field. The perturbation theory is, thus, used in Eq. 1he uniform field has been introduced here merely to
(30) only for the interaction with the field of radiation. Ac- demonstrate that Eqe32) and(33) correctly describe a con-
cording to[28] the self-energy amplitude is normalized in tribution Q= —2u[Fxv]=—2u{F,; of the field of ra-
such a way that the doubled imaginary part of E80) is  diation to the ultrarelativistic electron spin precession fre-
equal to the spin-dependent contribution to the total probguency(4) in this well-known case. Note that since E§3)
ability of photon emission by an electron in the externaltakes into account only the spin evolution under the influence
field. In its turn, the real part of Eq30) which describes the of the field of radiation, it does not describe a contribution of
spin dependence of the coherent forward electron scatteririfpe “normal” part wo=e/2m of the electron magnetic mo-
by the external field is connected by a simple relation withment to the frequency).
the contribution to the electron spin precession frequency In the case of zero uniform field the remaining term in the
arising due to the interaction with the field of radiati@®e right-hand side of Eq32) is proportional tof-v. According
below). to Eq. (33), it describes the electron spin precession about
In the presence of uniform electric and transverse uniformne average velocity vector with the frequen@y? which
magnetic fields a transverse component of the ultrarelativisgeneralizes the expressi¢@b) to the case of arbitrary CPW
tic electron velocity can be written in the forf29] intensity. Indeed, ifé3<1 the electron interaction with the
wave field can be treated as a perturbafid®] allowing one
to expand Eq(32) in powers of the parameté?. The pro-
portional tofé main term of this expansion leads to the fre-
- guency(25) thoroughly discussed in Sec. IV. This term cor-
+ &SI 2wo(t+ 7) + @ol}, (3)  responds to the diagrams given in Fig. 1, two vertexes of
which arise due to the electron interaction with the field of
whereF=E—v(v-E)/v?+[HXV] andgy is the initial wave  radiation and another two describe its interaction with the
phase. Orthogonal vectoé‘l,z constitute a right-hand triad electromagnetic wave. The proportional{ﬁq 58, ... higher
with the unit vectom of the wave propagation direction and order terms of the expansion of E(2) correspond to the
characterize the wave intensig§= (£2+ ¢2)/2 and polariza-  diagrams with also two vertexes of electron interaction with

eFr 1 .
v, (t+ T):T+ ;{glcos{Zwo(H- )+ o]

tion, described by the Stokes parameterg and \,=  the field of radiation and four, six, or more vertexes of inter-
[£,X&]-n/€2. In the case of pure circular polarization ction with the electromagnetic wave. _
Na=0, A=+ 1, &= &= E=|e|H/me, [see Eq(17)] after The aforesaid allows one to interpret the index of the

the averaging over the phasg the real part of the spin- frequencyQ® not only as that corresponding to the second

dependent contributiof80) to the self-energy amplitude can order ina of the contribution o_f the diagrams given in Fig. 1,
be written in the forn{29] but also as that corresponding to the second order of the

electron interaction with the field of radiation described by
the self-energy amplitud€30). The latter interpretation is

ReT?=— Eg.ﬁ@ more general since it remains adequate for all the terms of
¢ 2 Eq. (32 expansion in powers of the small paramegg<1
) am? R R »dz as well as in the case @,~1 when the electron interaction
= pol[FXv]+ m)\z(g-v)ggfo wdwjo ?(2 with the wave cannot be treated as a perturbation.

As mentioned above, the existing laser systems allow one

Zsinz to obtain the pulses wit,~1 and their fast progre§8
+u)| 1-coz— _) 1 will soon make it possible to reach the regiégs1 in
2 which Eq. (32) as well as the formulap4,5,28 describing
Uz 25(2) the radiation process in the wave field can also be substan-
Xsin[ —1+ §S+ —(coz—1) ] (32 tially simplified. Indeed, as far as the angle of electron de-
S z flection by the wave exceeds the typical angle of radiation in

the limit of £,>1, the uniform field approximation can be
whereu= o/(e— w) andz=s7. We have assumed for sim- applied. This means that > 1 the integral32) is forming
plicity that the uniform field is not very strong and neglectedin the regionz<1 and all the trigonometric functions of the
accordingly the AMM variation in it. According t628] the  argumentz can be expanded in powers pfleading to the
pseudovectoﬁ(z) of frequency of the spin precession which simple expression
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5 2u e ° t3 o\ dow considered indicates that when the paramégexxceeds one,
0@=— ﬁ)\szJ'o 1—)’fo sin yt+ 3 dt|| 2— = the scale of the spin precession frequency growth becomes
less than that in the case of nonrelativistic transverse electron

motion. In addition, our numerical evaluation of the spin

for the spin precession frequency in the second order in eled@recession angle at a typical length of synchrotronlike radia-
tron interaction with the field of radiation. Here tion in the wave in the limit of¢5>1 also demonstrates a

smaller value of this angle than in the caseépi 1. Thus,

one can conclude that the limit of relativistic transverse elec-
(5 tron motion does not give considerable advantages to ob-

serve the effect of the electron spin precession in a CPW.
are the parameters widely used in the theory of radiation in Note also that the rati® independence on the electron
the intense uniform fiel§4,5,28, the role of which is played energy atx>1 allows one to expect that in contrast to the
here by the field of CPMWF=E=H. The doubling of the limit of ¢3<1, the next order inx contributions to the self-
field strength in Eq(35) is connected with the summation of energy amplitude and spin precession frequency will not be
actions of electric and magnetic fields of a counterpropagatimportant at very high energies in the considered limit of
ing wave on the electron moment and sfsre also Sec.)ll  relativistic transverse electron motion.
Note that three paramete®), (17), and(35) characterizing
the electron interaction with the wave are related by the

2,}/F 2/3

X:H_01

w

X(e—w)

equality VI. EXPERIMENTAL POSSIBILITY TO OBSERVE THE
SPIN PRECESSION OF ULTRARELATIVISTIC
Xfo ELECTRONS IN A CPW
X=—= (36)

We will consider in this section some details of a possible
experiment on observation of the electron spin precession in
a counterpropagating circularly polarized laser wave. As far
as the regime of relativistic transverse electron motion in the
wave gézl does not possess considerable advantages and,

The energy dependence of the freque(®4) differs con-
siderably in the regiong<<1 andy>1. Indeed, the integral
(34) asymptote in the former can be found by the methd
(see alsd28]) used to evaluate the AMM asymptote in the 0’ ) ; ,
limit of weak uniform field. As a result one easily obtains for I 2ddition, needs higher CPW power, we will restrict our
the ratio of the frequencie34) and (5) in the same limit ~consideration to the nonrelativistic limit gp<1.

R=— Q@ (y<1)/QBM ~ (207/3a)x?[In (1/x)+C+In 3/2 A strong nonuniformity of the laser field in a focal region
—59/20] whereC=8F.)L¥>v7_72 __is theEuler constant. This will not cause principal difficulties in this case. Indeed, since

the precession frequendi25) is proportional to the local
photon densityp,,, the spin precession angig= [ (t)dt
&Efpy(t)dt will be proportional to the electron scattering
probability p=o¢(x)[p,(t)dt. As a consequence, normal-
izing the measured spin rotation angle to the number of scat-
tered photons one will bypass the problef@$ of stabiliza-

§on and absolute measurement of the field strength of
superintense subpicosecond laser pulses and extract a direct

;/<VI<£h1 SEeCS(-s)“ngrr;gcl[\ll- c\i/\elzic\pi/glegssucn(:ﬁtr'[igiii(l)z ttf:)et;(zglsori]n information on the spin precession frequency growth illus-
9- y PN trated by Fig. 2, corresponding to the casepefl.

i) O o S e o (OIS 2 O L
> . 0 cross section of the inverse Compton scattering vanigbles
(see Sec. Iyand£p>1. One can easily see that the frequen-oeqents a reasonable choice corresponding-tb40 GeV
cies (34) and (5) equate, resulting in change of sign of the o ) —1 o6 um (Nd:glass laseér and =33 GeV at
combined spin precession frequen€y=Qgpi+ Q) at A =0.248um (Kr-F excimer lasex Recall that the electron-
x?=3.5x10"*/In(1/x). positron pair production in the field of a laser pulse by the
At the higher values ofx the ratio R=—Q®@/QZ,  backward scattered photons will not complicate an experi-
grows proportionally to goe)?In(1/x) with the wave fre- ment atx<4.8 [1]. As far as atx=1 an electron loses a
quency and electron energy. However, on the contrary to thgonsiderable part of its energy in a single collision with a
limit of £5<1, the obtained asymptote remains valid only uplaser photon, the probability of the electron scattering by a
to the regionx~1/£y<1 [see Eq.(36)] in which the ratio laser pulse cannot far exceed one as in the case of photon-
R reaches the value of about®8? and its further growth photon colliderg1]. If one choosep(x) =1, the angles of

ratio differs from that obtained in the case&3f<1 [see Egs.
(24) and(29)] only by a multiplier under the logarithm sign.
As a consequence, most of the features of the effect consi
ered coincide in the limits of3<1 and&3>1 at smallx.

First of all, the fast decrease of the frequeKi@$) at small
X makes it necessary to take into consideration the next ord
in electron interaction with the field of radiatidicompare

with the parametex slows down atx>1/&,. the electron spin rotation in a circularly polarized laser pulse
Indeed, as far as the integral in E®4) approaches 3/2 will be equal to 0.241 rad at=2.50(see Fig. 3
at x>1, one easily obtains an estimateR= Assuming the Gaussian shape of the laser beam as well as

—Q@)(x>1)/108M = (87 a)/ £2=3% 10°/£2 which shows the head-on collision which can be realized using mirrors
that in the considered limit of ultrarelativistic transverse mo-with holes for the electron beafi], the length of the laser
tion this ratio is nearly constant wheyt>1 andx>1/&, and  focus region and the photon density in it can be estimated
does not reach the vallR~ 27/« attainable in the opposite [1], respectively, ais~47-ra§/>\ andpy~A/wail ,wo, Where
limit. The smaller value of the frequency ratio in the limit a, is the rms focal spot radiug, is the energy, andl, is the
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length of the laser pulse. On the contrary to the case of5], the considered phenomenon of the electron spin preces-
electron-photon conversion in the photon-photon colliderssion in a CPW does not need an additional intensive field for

|, has to considerably exceed the lengithof the electron

its observation. It is remarkable that three order of magnitude

beam in order to provide the close conditions of interactiorspin precession frequency growth in a CPW is, in some
of all the electrons with the laser pulse. The conditionsense, comparable in scale with a 25-fold growth of the
p=1 for the probability of the electron scattering by laser AMM, whereas a modification of the last even in the sixth or

photons leads to an estimate

A Tr 5070 J 3
~ gt =202 mn] 37

oc

for the laser flash energy. As far as(2.5)=1.040 and
|,>1¢~1 mm,A has to be 10 J or moré, /I, times exceed-

ing the energy necessary for an efficient electron-photon con-

version[1]. The smaller pulse energies’ will, naturally,
allow one to observe at=2.5 a smaller spin rotation angle
9=0.241QA"/A) rad.

In contrast to the phenomenon of the AMM maodification

seventh decimal place is considered %) as a phenomenon
representing a considerable interest.

From the aforesaid it may be concluded that the described
phenomenon of a drastic electron spin precession frequency
growth in a CPW represents a fundamental interest and can
be observed experimentally at present.
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