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This paper presents a theoretical study of the scattering of an ultrarelativistic electron by a
nucleus in the field of two codirectional light waves outside the Bunkin—Fedorov region. Highly
asymmetric (along the wave vector) large-angle scattering of the electron is predicted. The

effect is related to the interference of the two waves.
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1. INTRODUCTION

The process of stimulated bremsstrahlung and absorption
in the scattering of an electron by a nucleus in the field of a
plane electromagnetic wave has been studied for a fairly long
time (see, e.g., Refs. 1-6). Recently the case was examined
of scattering in the field of two light waves of arbitrary in-
tensities and frequencies propagating in the same direction.”®
It was shown that depending on the intensities, frequencies,
and polarizations of the waves, the electron can be scattered
by the nucleus in different kinematic regions, characterized
by different multiphoton parameters: the quantum parameter
71, in the Bunkin—Fedorov region and the quantum param-
eters 31, and a. outside that region. An interference effect
was discovered that manifests itself explicitly in circularly
polarized waves with the scattering being highly asymmetric.
It is accompanied by correlated emission and absorption of
an equal number of photons of both waves. The ultrarelativ-
istic limit of the electron energy was excluded from the pic-
ture. The present paper is devoted to a study of precisely this
case in the kinematic region in which the Bunkin—Fedorov
quantum parameters are small (¥,,<1) and multiphoton
processes are determined by the quantum parameters S,
and a. . It is found that in certain conditions ultrarelativistic
electrons basically scatter along a preferred direction (except
for small-angle scattering), namely, along the wave vector,
independent of the angles #; between their initial momenta
and the wave vector. This sets ultrarelativistic electrons apart
from relativistic electrons (E;~m; here we use the relativis-
tic system of units: i=c=1) and from nonrelativistic elec-
trons, for which each initial angle 6; corresponds to a pre-
ferred direction of scattering.®

2. THE PROBABILITY OF STIMULATED BREMSSTRAHLUNG
AND ABSORPTION BY AN ULTRARELATIVISTIC
ELECTRON SCATTERED BY A NUCLEUS

As in Ref. 8, we select the 4-vector potential of the ex-
ternal field in the form of the sum of two elliptically polar-
ized electromagnetic waves propagating parallel to the z
axis:

A=A (¢))+A(¢2), 0))

where
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Aj(qoj)=;jj(ejx cos ¢;+ dje;y, sin ;). 2)
Here &; is the ellipiticity of a wave, e¢;=(0,;) and
ej,=(0.),) are the 4-vectors of wave polarization, F ; and
w; are the field strength and frequency of the first (j=1) and

second (j=2) waves, and the argument ¢; has the form

pji=w;(t—2), j=12. 3)

We assume that the electron energies in the initial and
final states, E; and E r, are ultrarelativistic, |P; f|~E =m,
and restrict the intensities of the two waves by the condition

7]1,2<< E,-/m N (4)

where 7, and 7, are the classical Lorentz-invariant param-
eters of the first and second waves:

eFl’z

@)

2= w12
When condition (4) is met, the probability of stimulated
bremsstrahlung emission and absorption by an ultrarelativis-
tic electron scattered by a nucleus with the charge Ze in the
field of two plane electromagnetic waves propagating in the
same direction, Egs. (1) and (2), assumes the following form
(see also Ref. 8):

[

dwﬁ=12 > dwyY, (6)
=—00 §=—0
where the partial probability of emission (/,s>0) or absorp-
tion (/,s<0) of |I| photons of the first wave and |s| photons
of the second is specified as
E,E{1+cos 0
AW =2(ze?)? —L—— A1+ cos 6)
EE,
E2
5 ]

IIIsI2

Here q is the momentum transfer, 6 is the scattering angle,
and E; and E are the electron quasienergies in the initial and

final states (the 4-quasimomentum components p;
=(E;z.pip):
q=p;—p;+(lo;+5wy)n, (8)
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l
Piy=Piytbo > bozz[(1+(5f)77%+(1+5%)77%], ©
1,J

ki,f: Ei,f_ n'p,'yf%Ei’f[ 1 —vi,f+ 2 Sinz( 0"1/2)], (10)

0:L(pl’pj)7 0,‘f=l_(n,p,yj). (ll)

In Egs. (8)—(10), n is the unit vector specifying the direction
of propagation of both waves, p; ;=(E; ;,p; ) is the elec-
tron’s 4-momentum, and v; and v £ are the electron velocities
in the initial and final states. Note that the quantity 1 —v; ; in
Eq. (10) is much smaller than unity and hence must be re-
tained in (10) only for small angles between the electron
momenta (in the initial and final states) and the wave vector
(6; s<1). In Eq. (7) the functions /,; determine the probabil-
ity of emission (absorption) by an electron in the field of two
waves of / photons of the first wave and s photons of the
second.® Expanded in a series of Bessel functions J, of inte-
gral order they have the form

Li(X1-71:B13 X2, Y2, B2 ,a)

0

-3

!
rgr'=—o

XLV(Xl’yl ’ﬁl)L;L(X2772sB2)- (12)

Here the functions L, and L, (v=I—r'—r and
pu=s+r'—r) describe multiphoton processes in the field of

one wave:310

L(x.7.B)=exp{—irx}

o

X D exp(2is’ X)W, g (VI (B).  (13)

s'=—o

exp{—i(r7_+r't ) (e )] (a-)

In Eq. (12) the multiphoton quantum parameters 7, , and the
quantum parameters 3, and @. have the following form:

m
YiT=nio \/(ejx'g)2+ 6§(ejy'g)2v (14
J
g=p/ ks~ pilk;, (15)
=(1-6° m” (1] i=1,2 16
m?|d=| (1 w an
= —_— =],
TN (e wy) \k, K
di=(1%x8,8,)cos A+i(85,* 8,)sin A,
A:L(el,\' ’e2x)' (18)

From (14) we see that if the electron is scattered in such a
way that the vector g (Eq. (15)) lies outside a narrow cone
with its axis parallel to the direction of propagation of both
waves, the multiphoton quantum parameters vy, , [Eq. (14)]
have the following order of magnitude:

71,2 lf 0",]"'\’ 1,

19
'y’]"z if 0l,f< 1 N ( )

Yi2™
where
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! m " m
Yi2SMa2"—> Yip2= M2 vl .
‘w, ! w (1= v; ;+ 67 /2)

(20)

Here the angle i between the vector g (Eq. (15)) and the
direction of propagation of both waves satisfies the following
condition:

. Uy, if6;,~1,

-~ ” . (21)
1/'}/1,2 if 01‘,]'< l,

Notwithstanding the ultrarelativistic limit of the electron en-
ergy and following the notation of Ref. 8, we call the region
specified by (19)—(21) the Bunkin—Fedorov region, since the
main multiphoton parameters here are the quantum param-
eters 7,, which first appeared in the classical paper by
Bunkin and Fedorov.' Here we assume that the fields are
strong: y;,=1 and ¥|,=1, i.., both one-photon and multi-
photon processes are essential. In the opposite case
(712<<1 and ¥],<1) the processes with the highest prob-
ability are the emission (absorption) of one photon of the
first or second wave (this specifies the range of applicability
of perturbation theory in the external field).

Now suppose that the electron is scattered in such a way
that the vector g lies within a narrow cone whose axis is
parallel to the direction of propagation of both waves. Then
the angle ¢ satisfies the opposite condition:

Uyl, if 6 ~1,

P< (22)

Uy, if 6 <1,
Here the multiphoton quantum parameters y, , (14) are much
smaller than unity for arbitrary intensities of both waves, and
the functions ,; (Eq. (12)) transform into the functions J; of
the following form (see also Ref. 8):

Jls(ﬂl 732 S va—)
EII:(Ov()’Bl ;O’Ovﬁ2;a+ :a—)

o«

-3

exp{—i(rr_+r' T )} (ay)

ro'=—o
er’(a‘")JV'(BI)J/,L’(BZ)&V,ZV’ap,,Z;L’v (23)
where &, , is the Kronecker symbol. The formula simplifies

considerably when both fields are circularly polarized:
J1,+/(0,0,0,a.) =exp{—ilA} (a.), (24)

i.e., there is correlated emission and absorption of an equal
number of photons of the first and second waves (s= *1)
and a clear indication of wave interference. Equations (23)
and (24) imply that multiphoton processes in the kinematic
region (22) are determined by the quantum parameters 3, ,
[Eq. (16)] and a. [Eq. (17)].

3. SCATTERING OF AN ULTRARELATIVISTIC ELECTRON
PARALLEL TO THE WAVE VECTOR

Let us examine the scattering of an ultrarelativistic elec-
tron by a nucleus in the field of two waves when condition
(22) is met, i.e., outside the Bunkin—Fedorov region. In these
conditions,
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g’=(n-g)’, (25)
in view of which we have
(ej.v'g)z(ejy'g)=09 (26)

and hence y;=0 [j=1,2; see Eq. (14)]. Writing (26) explic-
itly, we easily see that electron scattering occurs in the plane
determined by the initial momentum and the wave vector,
where the azimuthal angles of the electron in the initial and
final states are the same and the polar angles and velocities
are related as follows:

vy sin Of B v; sin 6;
(1—v)+2sin’(672)  (1—v;)+2sin’(6,/2)

@27

We investigate large-angle electron scattering. This means
excluding the case with §,~1 and 6;~ 1. Indeed, in view of
condition (4), the electron energies before and after scatter-
ing are equal [ E;=E; see the argument in the delta function
in Eq. (7)] and, clearly, Eq. (27) becomes cot (6,/2)
= cot (6/2), which can be satisfied only in zero-angle elec-
tron scattering. Hence for large-angle scattering Eq. (27) is
satisfied only in two cases: §;<1 and 6;~1 or 6;~1 and
0y<1. Let us examine the second case. For arbitrary initial
angles 6; the electrons scatter near the direction of propaga-
tion of both waves:

v; 0;
0,=(1—vy) v—; cot <1, 0=6,—6~6~1.  (28)

In view of this we can put E;=E; and E~f=Ej(1+2b0) in
the law of energy conservation, and the electron energy after
scattering is given by the following expression:

1—(lw1+sw2)/E,-

p1s= 1 +2b0 * (29)

Ef=pE;,

Bearing this in mind, we can write the expressions (28) for
the scattering angles as

cot (6,/2)
0f=(1——v,-) m<l. (30)
From Egs. (28)—(30) for the intensities 77%,2<1 we obtain
E~E; (p;;~1), and hence the scattering angles (30) are

0f=(1—v,~)cot(0,-/2)~l—v,v (31)

and do not depend on the number of emitted and absorbed
photons of both waves. In the opposite limit of extremely
strong waves (7]%,2>1), Eq. (29) yields

1 lotsw, _
{ - ~771’22<<1, (32)

and hence for the scattering angles (30) we have the approxi-
mate relation 6~ 77‘1‘,2(1 —v;)>1—v;, and the final electron
energies (29) are low compared to the initial electron ener-
gies (E;<E;).

Since the electrons in the final state are also assumed to
be ultrarelativistic, Eq. (32) leads to a more stringent condi-
tion for the intensities of both waves than (4):

N, <Efm. (33)
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The scattering cross section can be found from the prob-
ability (7) by dividing the latter by the incident electron flux.
Allowing for (33) and integrating over the energies of the
final state electrons, we arrive at the final expression for the
partial differential cross section for scattering into the solid
angle element d{}:

d(r(ls): pl2s y (IB 5 . )iz E‘f»m)
dQ (l+2b0)2| 1s\P1,P2,4 ,&_ ——_d(), .
34
Here
d"?\f>'n)—z2 ,| cot(8/2) 2/ m\? Ny
a0 “ | 2sin(02)) \E; (35)

is the ultrarelativistic limit of the Mott scattering cross sec-
tion,!! and r, is the classical electron radius. The functions
Js are defined in Eq. (23), and their arguments B;, [Eq.
(16)) and a. (Eq. (17)] are

B =l(1_52 ) 2 _E_’
1277 12 Pls”ll,zwm:

i

wlj:(t)z.

a.=|dz| 9 mp (36)
We see that for 7;,=1 the quantum parameters satisfy the
conditions B;,~a.=E;/w,,>1, with the result that the
partial cross sections are small compared to the Mott cross
section. In view of this we examine the case 7,,<1 more
thoroughly. Here E/~E;, the scattering angles 6, and the
quantum parameters 3, and a. are specified by Egs. (31)
and (36) with p;;= 1, and the partial cross sections (34) as-
sume the following form:

do'™ S‘f»m)
dQ =1J13(Bl ’B29a+ :a——)IZT. (37)
Note that when both waves are linearly polarized

(6,= 6,=0), with the angle A between the polarization vec-
tors close to 7/2, ie.,

[A— 7/2|< (7)) w2/ E})S 1, (38)

the interference parameters «. are much smaller than unity,
and for (23) and (37) we find that in the process of scattering
the electron independently emits and absorbs an even num-
ber of photons of both waves:

(Is) (E>m)
2 2 doy , ,
0 =Jl,(,31).’S,(ﬁ'z)——-—-dQ , 1=2I", s=2s'.
(39)

When both waves are circularly polarized (6,=1 and
S5,+ 1), from Egs. (24) and (37) we obtain the partial cross
section of scattering of an ultrarelativistic electron by a
nucleus with correlated emission and absorption of an equal
number of photons of the both waves (s= *1):

do_(z,:l) 5 do‘ﬁf>"')
aa i) e (40)

Note that 8, ,=1 and a.=1 hold for wave intensities sat-
isfying the corresponding conditions:
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M2 0 JE;,  mm= 0 E;. (41)

In the Bunkin—Fedorov region (21) the multiphoton quantum
parameters are such that y,,= 7 ,(m/w,,)= m/JE;w,,.
Hence if

m/ \/Eiwl,2>1’ (42)

then y, ,> 1. We can easily show!? that

(D12 [ (nr)7'<1, <y,
Vs [(ny) <1, I~y s~7.

Equations (7) and (37) imply that the ratio of the partial cross
sections of electron scattering by a nucleus in the Bunkin—
Fedorov region and in the plane of the initial momentum and
the wave vector is equal, by order of magnitude, to the ratio
of the functions (43). Hence if conditions (41) and (42) are
met, the cross section of multiphoton stimulated bremsstrah-
lung and absorption in the scattering of an ultrarelativistic
electron by a nucleus [Eq. (37)] is considerably higher than
the respective scattering cross section in any other geometry,
i.e., ultrarelativistic electrons are mostly scattered along the
direction of propagation of the two waves (31).

Let us estimate the intensities and electron energies sat-
isfying conditions (41) and (42). In the optical range
(w,,~10"%s7"), from Eq. (42) we obtain VE;/m<10%—

§< ')'2 N
(43)
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10°. Hence for E;/m~ 10? conditions (41) yield intensities
easily achievable in modern lasers: 77,’2~103~10_4
(F 1~ 108-10°V cm™1).

I would like to express my sincere gratitude to V. P.
Krainov and M. V. Fedorov for useful discussions.

'F. V. Bunkin and M. V. Fedorov, Zh. éksp. Teor. Fiz. 49, 1215 (1965)
[Sov. Phys. JETP 22, 844 (1966)]. i

2M. M. Denisov and M. V. Fedorov, Zh. Eksp. Teor. Fiz. 53, 1340 (1967)
[Sov. Phys. JETP 26, 779 (1968)].

3R. Pantell, G. Sencini, H. E. Puthoff er al., IEEE J. Quantum Electron.
QE-4, 905 (1968).

4F. V. Bunkin, A. E. Kazakov, and M. V. Fedorov, Usp. Fiz. Nauk 107, 559
(1972) [Sov. Phys. Usp. 15, 416 (1972)].

SR.V. Karapetyan and M. V. Fedorov, Kvant. Elektron. (Moscow) 4, 2203
(1977) [Sov. J. Quantum Electron. 7, 1260 (1977)].

M. V. Fedorov, Electron in a Strong Light Field, Nauka, Moscow (1991)
[in Russian].

7R. L. Gorodnitskil and S. P. Roshchupkin, Laser. Phys. 2, 602 (1992).

8S. P. Roshchupkin, Zh. Eksp. Teor. Fiz. 106, 102 (1994) [JETP 79, 54
(1994)].

°S. P. Roshchupkin, Laser. Phys. 3, 414 (1993).

105, P. Roshchupkin, Laser. Phys. 4, 139 (1994).

''V. B. Berestetskif, E. M. Lifshitz, and L. P. Pitaevskit, Quantum Electro-
dynamics, 2nd ed., Pergamon Press, Oxford (1982).

12 Handbook of Mathematical Functions, edited by M. Abramowitz and 1. A.
Stegun, National Bureau of Standards Applied Mathematics Series 55,
Washington, D.C. (1964).

Translated by Eugene Yankovsky

S. P. Roshchupkin 180



