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Resonant Compton scattering of photons by electrons in the field of coherent light is considered. The
dependence of the scattered photon frequency on the electron and incident photon 4-momenta and also
on the intensity of the light beam is derived. The resonance nature of the differential cross section for
Compton scattering is discussed. The lifetime of electron states with a definite quasi-energy is com-
puted™! in order to evaluate the magnitude of the cross section at resonance points. A numerical esti-
mate shows that the resonant Compton scattering total cross section for laser radiation intensities at-
tainable at present may exceed the ordinary Compton-effect cross section by several orders of mag-

nitude. The magnitude of the integral cross section for resonance Moller scattering is estimated.

1. INTRODUCTION

IN the author’s preceding paper!"! (henceforth cited

as I) it was shown, using the effect of scattering of an
electron by an electron, that the probabilities of the
processes occurring in the field of a plane monochro-
matic light wave, which are processes of second order
of perturbation theory with respect to the interaction
with the quantized electromagnetic field, have a reso-
nant character: at certain ratios of the 4-momenta of
the particles taking part in the scattering process, the
differential probability of such a process becomes in-
finite. The resonant behavior of the probabilities is
connected with the discrete nature of the virtual energy
spectrum of the electron in the field of the plane wave.
It is of interest to investigate other second-order proc-
esses in the field of a laser beam, particularly Comp-
ton scattering.

Compton scattering of a laser beam was considered
from various points of view.'®! The frequency of the
scattered photons, as shown by the investigations, de-
pends on the intensity of the laser beam.*”*! In addi-
tion, at sufficiently high intensity of the coherent light
beam, processes in which several laser photons are ab-
sorbed simultaneously become important. In the cited
investigations they considered a process of first-order
in the interaction with the quantized electromagnetic
field. In the present paper we consider a second-order
process—scattering of a photon by an electron moving
in the field of a laser beam.

In the derivation of the equations for the matrix ele-
ments of the processes under consideration, it is possi-
ble to use a quasiclassical approximation, in which the
laser beam is described classically as an external field
of definite intensity, and the electrons and photons which
do not belong to the laser beam are described quantum-
mechanically. The amplitude of the probability of the
process is determined as the S-matrix element

(037 S| @5, A)
Here ]d)qu’)z &2 A8 L. kM AYY; pyoy) is the state of

the field with one free electron with momentum pj and
spin of and n photons with momenta and polarizations

kS and A’ (s = 1, 2, 3, ..., n) respectively. The inter-
action Hamiltonian Hjuyt with the aid of which the S-
matrix is determined describes the interaction of the
electrons with either a quantized or an external electro-
magnetic field. The reduced S-matrix element corre-
sponds to a process in which the scattering of the elec-
tron is accompanied by absorption of n photons and
emission of m photons. If we now confine ourselves in
the expansion of the S-matrix contained in expression
(A), in the perturbation-theory series in Hjpt, to the
required number of orders in the interaction with the
quantized electromagnetic field (this number of orders
is determined by the sum of the number of real photons

and by double the number of virtual photons taking part
in the process) and sum over all orders of the interac-
tion with the external field (see, for example, °!), we
then obtain the following result: all the wave and Green’s
functions of the free electrons in the matrix element are
replaced respectively by the wave and Green’s functions
of the electrons in a classical external field.

Besides the quasiclassical treatment, it is also pos-
sible to use a full quantum-mechanical description of
the processes occurring in the field of a laser beam.
This is done by introducing coherent quantum states'™
for the description of the laser field. The coherent
states, which contain both information on the average
number of photons in the beam and phase information,
are apparently the most suitable approximation of the
field of a laser beam. As shown by Kibble'®! both ap-
proaches based on the use of coherent states, the semi-
classical and the quantum-mechanical one, are per-
fectly equivalent if radiative corrections are neglected
{cf. also 7).

In Sec. 2 we derive an expression for the probability
of scattering of a photon of frequency w; by an electron
in the field of a plane monochromatic wave of frequency
w. We prove the gauge invariance of the obtained ex-
pression. The formula for the frequency of the scattered
quantum in different limiting cases leads to the usual
formula for the Compton effect and the formula obtained
by Brown and Kibble'® and by Gol’dman.'*’ A resonant
behavior of the scattering probability is noted and a
formula is derived for the resonant frequency of the
photon.

1132



RESONANCE EFFECTS IN THE FIELD OF AN INTENSE LASER RAY. II

The probability at the resonance points can be calcu-
lated by the same method as in the case of resonant
transitions between the stationary states of a discrete
spectrum, for example, in the effect of scattering of a
photon by a bound electron,t® the only difference being
that we consider a nonstationary state with definite
quasi-energy in lieu of the stationary state of the elec-
tron.'*) When account is taken of the interaction be -
tween an electron situated in the field of a laser beam
and a quantized electromagnetic field, the electron un-
dergoes transitions from a state with a given quasi-
energy into a state with a different value of the quasi-
energy. The lifetime of the state of an electron with a
given quasi-energy becomes finite. Formally, the finite
lifetime can be taken into account by ascribing complex
values to the quasi-energy. The imaginary part of the
quasi-energy (the radiative width of the state) is calcu-
lated in Sec. 3.

In Sec. 4 we present a numerical estimate for the
cross section of the resonant Compton scattering. As
shown by calculation, for modern lasers the cross sec-
tion of resonant scattering can exceed by several orders
of magnitude the cross section of the ordinary Compton
scattering.

In I, to eliminate the infinities at the resonant points
in the crosssection of the Moller scattering, the Green’s
function of the free photon was replaced by the Green’s
function of the photon in an external field. For a correct
analysis of the resonances it is necessary, besides mak-
ing such a substitution, to take into account also the
‘“spreading’’ of the states of the electron with definite
quasi-energy under the influence of the quantized elec-
tromagnetic field. In Sec. 5 we present an expression
for the integral cross section of the Moller scattering
with allowance for the radiative width of the electrons
with a definite quasi-energy, as calculated in Sec. 3.

2. RESONANT COMPTON SCATTERING

The probability amplitude for the scattering of a
photon with 4-momentum k;j by an electron with 4-
momentum pj in a classical external field A is deter-
mined by the expression® (kf and p; are the 4-momen-
ta of the photon and of the electron in the final state)

My = —ie® g dizy d'zy IBpf (21 |A) {jk; (21) G (24, zziA)/‘l\ki (22) (]_)
+ Ak (21)G (21, 2| A) A ()} o (2] 4),

V - e—ihy 2, (2)
* 2(1)0;

where Ay, (z) is the wave function of the photon with
4-momentum Ky = (wg, Kg), and e, is the photon po-
larization vector. Just as in I, we take as the external
field the field of a plane monochromatic wave:

A(z) =acosk'z, k' = on,n= (1,n). 3)

of the electron is best repre-

The wave function
Fa Fourier expansion:

sented in the form o

DThe notation is the same as in I. Only new symbols are defined in
the text.
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L=
q;,,(z|4)=T b [ 0 _ZTTLm np)]u,,

X exp{—i(pz 4 2k zn2p + 1k'2)], (4a)
.y i )
L (np) = o \ do(cos @) exp i (15 sin @ + xzp sin 2 — rg).

-

(4b)

Substitution of (4a) and (2) into the probability amplitude
(1) and subsequent integration lead to the following re-
sult (the expression for the Green’s function is given in
the Appendix of I):

_ e 2 (2m)%

- 4: Zé‘{p + ky—

Mi_./ =
2Ywi0f

pi— ki + 2K (%2] b xz,')_ Sk/]

e dﬂ

X [a, [L,‘,‘” )+ o Lo (f)]fefBM(R)ii

V’(ki) ’):pi+ki+2hl“zi+5'h'

g'i BMV(P)gl (0) e an o
- Ls’ (i)— -5 —— Ly |, (5
+ Dr(— ky) t D=D ~h A2h%y R }[ (@ 2 np; ¢ )] i ] (5)

(O]

LY=L (xp,), (e=1if), n=r+5, v=r+r+s,
D: (ki) = (pi + ki — ron)? 4+ dus;onk; — m?2 -+ ie, e— —+0. ©
The functions Bu(p) can be transformed into
By (P) | p=te , hryorne = [P -+ 20n (xas — #25) — ron -+ m] By ()
+ (izon — ea) By (p) — 5— (— anj + mna) B (p) — Buv (p)]
(1)

oz 0RBU (D), P=pit ke Bi(p)= L (o) L ().
The summation over r’ and s’ in the foregoing expres-
sion can be readily carried out with the aid of the for-
mula

S L) L)
r=—c0
g
=3, S dop(cos @)™ exp i (%ip, — %1p,) SN @ + (%2p, — %2p,)sin 2¢ = 1]

®)

With the aid of (7) and (8) it is easy to prove the invari-
ance of the matrix element (5) against the transforma-
tion a —a’ = a + an, where X is an arbitrary constant.
We now demonstrate the invariance of the probability
amplitude Mj_. ¢ against the gauge transformation

(n+m)
=L, (%p, —%p,)-

ef —> e,’ = ey + Mks, ei— e/ = ei + Kz/fz', (9)

where ), are arbitrary constants. When &; = k¢, part
of the matrix element (5), corresponding to the first
term in the curly bracket, can be reduced by means of
very cumbersome manipulations to the expression

s ([0 e an LY ks By (p) e
Ji /| O+ 5o 0 |75 D (k:)

X [Li?’ )= ::Léf’ (i) ] us)

p—:pl+ki+2u22. R’+s'R’

ean

(10)
+oo
=3 (w[tP0+5 2?0 ]a [L:‘ls(z)—— LSLS(L)] )

The second part of the matrix element can be trans-
formed, after making the substitution éf — kg, into an
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expression that differs from (10) only in sign.

The differential scattering probability, averaged
over the initial polarization states of the electrons and
photons and summed over the final states, can be writ-
ten in the form

d 2 IMMI dp; dky 1 1 et dpdky
Viet = F @np @uyP & degy how; (20

x 5 [Py + by — py— ki + 2" (ay — i) — ']

X (Pruras ety Kg) A Pros (— Ry, — K1)},

(11)

Pryrs gy Fey) = HED o (ki Bog) + H (Bsy 1), (12)

Hi i (k) = Z g**‘*g”SP{(pf+m Z. )

B, v=1
'Yp.Brn»s r+r’+8 (P) Yv |p=p +I\{+2x2lh +s’R’ T( )

Dr (k) (i) (ps + m)
X z 7% (i) WBri i (P ).Y:k")=”*"'f"””’*'”"" T%T)(f)},
HS k) = 3 evesp{E+m 3 100
W, v=1
% YoBrist, rier +sl()P) 2(9 |1;;—;;7i—kl+2x21h L8R % (i) (p +m)
«3 ) gy ¥-Frt Ag):;cls—w g0 )

an

B (p) = voBia (P)Yor T+ (@) = LI (@) £ -~ L ().
Pa

Here Z:/\ denotes the sum over the spin states of the
g

electrons and the polarization states of the photons in
the initial and final states. The functions H}ar ,s take
the form

lkmn

Dr (k) Dy, (k) B = 3 RY: rorsBonriistrins

Lk; mn
(=0,1,2)
(13)
i+h +i- g (n) ij (k)
n n, 1 -
RGP fp)= 2 L (pr)Bris rerss(B) L (Pi)-
7,8'=—00
lkmn . . .
Here f,. r, are certain polynomials of fourth power in
1

ea. The complete expressions for the functions H;.O:Ifzs

are very complicated. If we calculate the functions
frlrz only in the zeroth approximation in ea, we get

D, (k) D,," (ki) H s (ks k) = 32R7C »45(iy B £, B)

X RY 1 1a(i, B3 £, B) {— m2(Bps) + (piks) (psks) + 2m2 (pikes) + 2m*},
(P =pi+ ki) (14a)

. @ 00 = =00 -
Dy, (— ks) Dy,* (ki) Hy r,s (K1, k5) = 16Ry,, .45 (i, p5 f, D) R, r.45 (i, P3 £, D)
X {m2{pski — 2pik; + 2piki — kiky + m? -+ pips — pikjl

— 2(pip)lkips — piky — kikfl},  p = pi—ky. (14b)

In order to carry out the integration with respect to
dps in (11), we shall use the following expression (we
make the following change in the integration varia-
bles: ™ 2! pf + 2k'kyf = q):

1
O, = S dpffé"[pf + kf —pi— k; + 2k’(u2, — %2,‘) — Sk{]
f
= { g8 (a2 —m™)0(qk') 8419 + ks — pi — ks + 2K'x2; — sK')
= O(pik' + kik’ — k') 6 (2ps (ki — keg) — 2heskes + 25K (pi + ki — k]

1
+ bk’ (ki — ky)],  ©(z) = r2>0

. (15)
0, z<<0
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Let us consider the laboratory system of coordi-
nates, in which the electron i is at rest (epi =m,

pi = 0). In this system we obtain for the frequency of
the scattered photon the formula

J&L0) e2a® \ 1)
w;={sm+m,[1+(1—cose)\——- yr >]f
Wi e2a? \ 1!
x{i—l—;“—cose)—}—(?— (1 —costy) |
(16a)
k,—kf nka .
—e22>0, cus@=——, cosBo= (a=1,f).
W0y Wa

When ea = 0 and s = 0, this formula goes over into the
ordinary formula for the Compton effect, and when w;
= 0 it goes over into the formula obtained by Brown and
Kibble'?! and by Gol’dman'*’

e%a?

—4;5-)(1—005()/)] .

The frequency of the scattered photon w; depends, ac-
cording to (16a) on the intensity of the laser beam. As
shown by Brown and Kibble,?’ this dependence is due to
the change in the character of motion of the electron in
the field of the laser beam compared with the free mo-
tion: the electron moving in the field of the beam ac-
quires an additional mass Am® = —e%a’/2. The depend-
ence of the frequency of the scattered quantum on the
intensity of the beam has a simple classical interpreta-
tion (see ®)) as the Doppler shift resulting from the fact
that the electron which is initially at rest acquires in
the field of the plane wave a non-zero average velocity
in the direction of beam propagation.

We shall henceforth confine ourselves to the nonrel-
ativistic approximation:

mf=sw/[1+(f%~ (16b)

®; 0 O

<t e wm st (17)
In this approximation, when wj < w (formula (16a)), only
processes with absorption of photons from the laser
beam take place (s=0). When wj> w, processes with
emission of photons of frequency w are also possible.

As expected, the probability dw;_.¢ (11) contains
resonant singularities. At certain values of the 4-
momenta, the denominators of the expressions for
Pr r,s(kikf) vanish. For example, let Dy (k;) = 0 when
r =r*+ 0, From this we obtain the following formula
for the frequency of the incoming photon at resonance
(in the laboratory system):

/
0;i=r'e /{1-—— re_
m

I e%a?

m2

e%a .
+4m2\/(1—-cose)-} r=1

(18a)

From the condition for the vanishing of the second de-

nominator we get (D .(—kg) =0
* 202
(uf=——r'm/[l—(%—f—%)‘“-‘-cosﬁf)-l, r < —1.(18b)

Thus, the resonance condition for the Compton scatter-
ing has a very lucid form: resonance takes place when
the energy of the scattered photon approximately coin-
cides with the energy difference of any two virtual lev-
els of the electron in the field of the plane wave (see
formula (15) of I).

Using (15), we easily obtain an expression for the dif -
ferential effective cross section of the Compton scat-
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tering in the laboratory system:

a? ® ,
o S\ 2L 8 (om + ik — kek')
i

TIT28

Pr.r,s(kiy kf)+ Pr,rzs(_ k/» k1)
m 4+ w;(1 — cos 0) 4-(so — e2a2/4m) ( 1— cos 65)

do =

dQy,

(19)

e? , Lot e2a®? nk;— nk;
a=—— e =m+oi+so—op————i————
M t " Gm m+ nk;— nk;

4
df2s is the element of the solid angle in the direction of
the vector Kki.

In the absence of an external field (ea = 0) the func-

tions Hyl} 5 and Hp'}. o take the form

32 Br  PBif2

1)
Hr,r,s(kiy ky) |ea=0 = '57'\ 1— 7 4 >6r.061,0650y
32
Hrf%),s(kh ks) |ea=o = m;( 1— —‘} _p > 8r,00r,0050,
pik: piky (20)
=250 R=2

With the aid of these relations, the cross section (19) in
the absence of an external field can be reduced to the
form

i a
d0]uamo = = 5 <‘°’> (‘”’ +‘i’i—sin20>dg,, n="

w; ;i f

21)

This is a well known formula for the cross section of
ordinary Compton scattering (see, e.g., *%).

We note that the cross section of the Compton scat-
tering, calculated in 2s¢! at zero external field, van-
ishes like an effect of first order in the interaction of
the electron with the quantized electromagnetic field. In
our case we consider a second-order effect which takes
place also without a laser field.

3. RADIATIVE WIDTH OF A STATE WITH
DEFINITE QUASI-ENERGY

As shown by Zel’dovich,™*! among the states of the
system with a Hamiltonian that is periodic in time, we
can separate states with a definite quasi-energy which
play the same role as the stationary states with definite
energy in the theory with a statistical Hamiltonian.
These states comprise a full set in terms of which an
arbitrary state of the system can be expanded. States
with different values of the quasi-energy are orthogonal
to one another. When the interaction with the quantized
electromagnetic field is turned on, transitions occur
from a state from one quasi-energy into a state with an-
other value of the quasi-energy, i.e., a ‘‘spreading’’ of
the wave packet takes place in the quasi-energy space.
Formally, such a ‘‘spreading’’ can be taken into account
by regarding the quasienergy €, as a complex quantity:
€p = ei) —il,. The value of I'y is double the width (we
shall call it the radiative width) of the state with quasi-
energy €p. Its reciprocal 7p = 1/1“p determines the
lifetime of the state with definite quasi-energy.

In the case of the field of a plane wave, the states of
the electron (z]A) are characterized by the value of
the quasi- energy €p =Vp? + m®> + 2wK,y. The states
(4a), which belong to different values of the quasi-
energy €p, are orthogonal to one another. In our prob-
lem, the spectrum of the quasi-energies is continuous.
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However, the spectrum of the virtual excitations of the
system (formula (15) in I) turns out to be discrete. It
is this discreteness which leads to a resonant behavior
of the probabilities of the processes.

Allowance for the finite lifetime of the states (4a)
makes it possible to obtain the value of the scattering
cross section at the resonant points. To this end it is
necessary to replace the quasi-energy €p in the de-
nominators of (5) by €p — il

The radiative width of the state with definite quasi-
energy will be calculated in exactly the same way as
for the stationary state.'®! The wave function of an
electron interacting with a quantized electromagnetic
field and with a classical field of a plane wave A satis-
fies the equation

(iﬁi - 8;11

mypT (1] d) = § disosz (1,2]4)p,r(2]4).  (22)

Here (1, 2| A) is the electron mass operator. In per-
turbation theory of second order in the interaction with
the quantized electromagnetic field, this operator takes
the form

H(1,2|A) = ie? ?

n, m={

YG(1,2[A)ymD, (2,1),

(0) . ~r -
Doy (51— z2) = 0t 2 — ).

where D'®(z, —z,) is the free Green’s function of the
photon.

We seek the solution of (22) in the form (the chosen
form of the solution is justified by the subsequent cal-
culations)

(24)

Ep is the sought function and (z]A) is the solution of
the Dirac equation (4a). Substitution of (24) in (22)
yields

YoEppp (2|4) = S d'zy Ml (2,22|A) exp{— iEp (t2— t) }p (22| 4). (25)

We multiply both sides of (25) from the left by ?[)'p(z |A)
and integrate over the volume V (normalization vol-
ume); taking into account the orthonormality of the
functions zpp(z |A), we get

Yol (s]4d) = et (51,

Ep= S dr S dizppp (2| A) S (2, 22| A)Pp (22| A) exp{— iEp (t — t)}.(26)
)

The integral equation (26) can be solved by successive

approximations. In the zeroth approximation

zpll;(z [A) = Yp(z|A) and consequently E(I(;) = 0. In the
first approximation we obtain

Ef— Y ‘“S dizapp (2] 4) L (2, 22| A) P (22]4). (27)
W)

Using (23) for the mass operator, we can transform the
right side of the preceding relation into

. — ie?
4 Y7 —_— — A
(é)dr § a2y (2]4) 1 (2, 2| A) o (2] 4) Gt ,_isd k__m
X Qrr(P,P + k)
(p + k + 20m0p — ron): — m"2 + ie” (28)

e, e"—>+0;
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Qrr(prp + k)= 2(m 2—kp>Bf‘i<p,p+k>
—2/nke — eak B (p, p+k)—e2a2<1—|~ >B3°r(p pk)
«\ T + nk 5 ’
‘ 1 1t
e R B YT

Bru: (p.p + k)= L-*(p — %p+n) L (%p — Hp4r).

We separate the imaginary part of the function E{
(E(” Re Ef,“ - il"I()“ ). For the radiative width
FI(JD we obtain the formula
Foo
a1

= 2 ,\dk{“\% Qvr (2, p+E)

ro—_ %
P
4drgy =

1
[(p +k— ron)* + m2)"
Qe (B PR B (R — KT |y L 5 rompment}

P=1p+ 20nx,.

X8 [(p + k4 2000y, — ron)* — m?] f = -+ [

(30)

In the derivation of this relation we used the results of
Appendix 2, and also the formula
1

—_— Pi—mé( z),

0.
T+ ie z et

Expression (30) is calculated in the approximation

iy
m

elal

2 <y, L« (31)
m

In this approximation, the second term in the curly
brackets of (30) can be neglected (p, = €p > 0). In addi-
tion, we use the approximate equalities (Jp(£) are Bes-
sel functions):

) -
Ly (p — %pir) = 11(8),

Lf.n( — #pin) = allra (8) - Jr1 (B));
L (tp ~— ) = /ol () + /ilT a2 (8) 4 Tr2(8)]
(32)
&= —eak/ o (np).

Retaining in the expression for I'f" the largest terms,
we obtain

13 1
' — 2= 3 {afk|de, k| .
Buep |ep + pex|
{2(m2— k) B (p,p + k) + 2ea2B, (p,p + k) } |1 —— -
5[!k|+~_r91’;‘l%‘“ /elll’
ep - pex - 6 N\ om (33)
ek:k/lk], ép :;0,

If the electric component of the laser field has an in-
tensity |E|~10” V/cm and the frequency is w

= 3 x 10" sec™!, then the lifetime of the state with defi-
nite quasi-energy is

p=1/Tp ~ 6-10-° sec (34)

4, INTEGRAL CROSS SECTION OF THE RESONANT
COMPTON SCATTERING

The radiative width of the state, calculated in the
preceding section, will be used to estimate the integral
Compton-scattering cross section.

We consider a case in which the resonance condition
Dy(—=kf) = 0 is satisfied at fixed values of the 4-vectors

V. P. OLEINIK

kf and pj. In order to calculate the probability at the
resonance point, we shall make in the expression for
D,(—kg¢) the substitution €p; €T i’. Then in the vi-

cinity of the resonant point Dyp(—k¢) will be replaced by
Dr(—kf) — 2ieil’. Corresponding to the separated reso-
nance in the integral cross section is the expression

S F(ky)

Qg dQy = sin 0 do dg
Qk/|D( . ]2+4m2I‘2' Qkf sin 6 d6 dg,

(35)
Here F(k¢) is a certain function, the form of which can
be readily established with the aid of relation (19). We
choose a coordinate system in which the vector of the
propagation direction of the laser beam is parallel to
the z axis; in this system 65 = 6. Let the angle 6f = 6f
be the resonance angle. Owing to the smallness of the
radiative width of the state I', the main contribution to
the integral (35) is made by a small vicinity of the point
9; = 6f. Inasmuch as the function F(kf) is smooth, it
can be taken outside the integral sign at 65 = 6{. Since
the function F(kf) is smooth, it can be taken outside the
integral sign at 6 = 9{. As a result we can rewrite (35)
in the form

2n _ x*4+Ax 1
=~ do F(k —0* d.
’ 5 e r e, "ka,SAf | D (—hg) [+ hmI?
> 24, (36)
~ § g F (k) |o o . :1“2’ r=cosf. z'= cos0;".
ny

[

The quantity ax (which we shall call the resonance
width) is chosen to satisfy the condition that the numer-
ical value of the function [Dy(—k¢) + 4m?I'2]~! at the
points x = Xx* = AX is half the resonant value (4m?I?)7L,
Using (16a) we get (the angles 6, ¢j, and ¢ are as-
sumed fixed)

Ap == m ‘I‘ ’
SO+ 0; des
0.
drs = !—(r—f—s)m—micosei—i—mi c'os j;sin Bicos(cpi—(pf)\ R
sin 0 @3

r<—1, ki=k(6;,9;), ki=ki(0spi).

In the derivation of this relation we expanded the func-
tion Dy(—kf) in powers of Ax and confined ourselves to
the linear term. If for the chosen parameters (03, 6f,
wj, ...) the quantity d,g is zero or small compared
with w, then it is necessary to retain in the expansion
of Dp(~k¢) terms of higher order in Ax.

In estimating the total scattering cross section we
shall use the approximate equations (14a). The largest
contribution to the scattering cross section in the ap-

proximation (31) is made by the term with |r,| = |r,]
=1, s = 0; then
1
B\l 05 1, B) |y =t om0 & —4\/ |m] \)coscpzcosq)f,
- ak; - ak (38)
cos (i = ., cosqy = (01 ~ @f ~ ©).
la]o: |a]oy

We take further the angles 0 and §; near 7/2 and
/4, respectively; then (d_, =~ 0.3w)

g~ 17«2/1\3( e]al

L 7>2 cos? ;. (39a)

At an electric field intensity |E |~ 10° V/cm and a fre-
quency w ~ 3 x 10% sec™!, we have
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0~ 5107r¢ (for ¢ = 0). (39b)

To obtain a more accurate estimate for the total cross
section it is necessary to calculate the corrections of
the order ea and (ea)® in the functions fy r, (see (13)).

These corrections, however, cannot change the order of
magnitude of the cross section (39a), which is valid if
the inequality elal/m <« 1 is satisfied. Therefore the
estimate presented for the cross section of the Compton
scattering is valid at frequencies w > ¢|E|/m (at

|E| ~10° V/cm and w > 100 sec™?),

Thus, the calculation shows that at the presently at-
tainable intensities of the laser radiation the cross sec-
tion of the resonant Compton scattering is larger by
several orders of magnitude than the cross section of
the usual Compton effect. We emphasize that resonant
Compton scattering should be observed in scattering of
incoherent radiation by an electron moving in the field
of a coherent light beam.

5. INTEGRAL CROSS SECTION OF RESONANT
MOLLER SCATTERING

In I we gave a numerical value of the differential
cross section of Moller scattering at the resonance
point. The infinity at resonance was eliminated by re-
placing the free Green’s function of the photon by a
photon Green’s function that takes into account the in-
teraction with the field of the laser beam. No account
was taken of the finite lifetime of the state with definite
quasienergy. In this section we estimate the integral
cross section of the Moller scattering with allowance
for the radiation width of the state of the electron.

Let us consider one of the denominators of (10) of I,
for example, Bg = (pj — Bf —s,k')>. The substitutions
€j — € —iI' and ef — €f + il transform this expres-
sion into

Bs, + idsik'T. (40)

Recognizing that in the nonrelativistic approximation we
have the approximate equality '~ 26 (s = 0) we have,
in succession (the notation is that of I)

Bi,= (bt — P — 250 (B:— D)) = — 2(B)* + 2[ B/ || By | e0s 6
- 2530 (0P —nPy) &~ 2 [2 (F1)? (cos2B—1)
+ sy (] P; | cos 9, — |y | cos 9],

10 (1P | [B1] ol 1)

cos@; = np;/|P;l, cos@r= npy/|P;l-

We put x = cos ¢f. If resonance is observed when
X = X* = cos cpf*, then for a small deviation from reso-
nance, x = X* + AX, we get

By, limxriax =~ Az {— 2570 Pr|l+2(]P:|?cos 60— sy | Bi | cos )

sin §; cos (Zi —Ef)]} s

~

~ cos
X [cos @; ——Tn-%

Bi— 1t (T B By =P1(@n T, (42)
1P ={p:]cosB (fors=0).

The vector n is directed here along the z axis. To es-
timate the resonance width, we choose the angles (}f‘
and ¢; in the vicinity of /2 and n/4, respectively.
Then (42) yields
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Bs;|x=x0+Ax ~ zip;’IA‘z{_—Sim + Ip:l /}/E} (43)
From this we get for the resonance width Ax
Az = 25T/ 8|ps|, b =|si0 —|p:|/V2]. (44)

This expression is valid when & ~ 1. With the aid of a
relation similar to (36) we obtain the following estimate
for the integral cross section of the Moller scattering
(see relation (18) of 1):

m )’* /elal \?

1
Uls,zzi ~ _r02 (‘ -
a

° for ]51]-}?(», s=0;

m (45)
Os,=2 [ Os,=1 ~ (e|al|/m)L

at an electric field intensity |E|~ 10° V/cm and a fre-

quency w ~ 3 x 10% sec™ we get

Ogpmt ~ 5.1012 ,.02.

(46)

In conclusion, the author thanks Ya. B. Zel’dovich
for interest in the work and a fruitful discussion and
V. M. Buimistrov for numerous remarks during the
discussion of the paper.

APPENDIX I

We present some of the relations used in the paper

for the bispinors:
ap

ipo,@Ups, == - — O0,0,,
Ep
s
b A A 2anp
ups ntatanuys, = — 00,0,
Ep
“ (A1.1)
(=0, &p>0).

The bispinors satisfy the following orthogonality and
normalization conditions:

+ _
Upo,Upo, = 66102, (A1.2)
_ m
fpo,Ups, = — 00,0,
Ep
APPENDIX II
We calculate the integral (¢, €”— +0)
4oo
X={ kB (0,0 +)
1 1 (A2.1)

X k24-ie’  (p+ k 4 2npp0n — ron)? — m*2 4 i”
To this end, we represent the function B#:;.(p, p + k) (29)
in the form

+x
BY (p,p+ k)= dpy dips €7@ cosH @y cos @2
B (%) ]
np+nk A
(A2.2)
(sin 2¢; + sin 2¢s).

1
@

X exp i [mp (sin @1 + sin @2) + #ap (sin 2¢; 4 sin 2¢,) +

_ﬂ(gik)_(sin @1+ singz) + o
)

Bt = —

[0}

Let us consider the expression (we close the integration
contour in the upper half-plane)

+4oo .
Bk "
X — [ LA _I
~§° dko np + nk -+ ie |
% 1 1
k4ie’ (p+ &+ 20nnp —ron)?—m2 4 ig”

= 2m’{ —21|k| [ np -:—ﬁriz)—i— ie j’n
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: |
(p+ &+ 20m0p —Ton)2 —m 2 +ie” 1|y
- 1 [ iB (k) -'n
—2[(1~)+ k —ren)24m*2)%: L np 4 nk 4 i
1
oy g k=m$‘7[@k_mm,?m”]./z} ’ A2.3)
e>0, j=p-+ 2enu,.
Using (A2.2) and (A2.3), we get
g
= -_zS ds doz exp {ir (g1 + @2) } cos* s cos” @2
(2m) (A2.4)

o 1
X exp i[xip (sin @; + sin @a) + %9p (sin 2¢4 + sin 2¢»)] lim Z.;'X(n)
£>40

n=0"""

—aif %[Br',‘i (p, p-+E)

1
+ [[(T) +k—ron)?+ m*2|"

B . (p, p+ k)
k? - ig

hy=ro-pr-[ (D+K-ron) + m"]l/!}
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