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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. IHighly 
asymmetric (along the wave vector) large-angle scattering of the electron is predicted. The 
effect is related to the interference of the two waves. O 1996 American Institute of Physics. 
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I. 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 dire~tion.~" 
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 
y,,, in the Bunkin-Fedorov region and the quantum param- 
eters 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 (y1,24 1) and multiphoton 
processes are determined by the quantum parameters 
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 Oi between their initial momenta 
and the wave vector. This sets ultrarelativistic electrons apart 
from relativistic electrons (Ei-m; here we use the relativis- 
tic system of units: ii = c=  1) and from nonrelativistic elec- 
trons, for which each initial angle Bi 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: 

where 

F.  
A .( .) = 2 (eix cos q j+  Sjejv sin cp,). 

J VJ wj 

Here 6; is the ellipiticity of a wave, eix= (O,ej,) and 
e,,,=(O,ej,) are the 4-vectors of wave polarization, F j  and 
w, are the field strength and frequency of the first ( j =  1) and 
second ( j =  2)  waves, and the argument cpj has the form 

We assume that the electron energies in the initial and 
final states, E, and Ef,  are ultrarelativistic, IPifl = E i , p m ,  
and restrict the intensities of the two waves by the condition 

where and v2 are the classical Lorentz-invariant param- 
eters of the first and second waves: 

a .- 
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, Eqs. (1) and (2), assumes the following form 
(see also Ref. 8): 

where the partial probability of emission (l,s>O) or absorp- 
tion (l,s<O) of 11) photons of the first wave and Is1 photons 
of the second is specified as 

EiEj( 1 + cos 0) 
d w ? ) = 2 ( ~ e ~ ) ~  

EiEj. I4sI2 

Here q is the momentum transfer, 0 is the scattering angle, 
and Ei and Ef are the electron quasienergies in the initial and 
final states (the 4-quasimomentum components 
= (EiTf 96i,f')): 
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In Eqs. (8)-(lo), n is the unit vector specifying the direction 
of propagation of both waves, pi,J,= ( E i , f , p i , f )  is the elec- 
tron's 4-momentum, and v i  and v,, are the electron velocities 
in the initial and final states. Note that the quantity 1 - v i , ~  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 
( B i , f <  1 ). In Eq. (7) the functions I I s  determine the probabil- 
ity of emission (absorption) by an electron in the field of two 
waves of I  photons of the first wave and s photons of the 
second.' Expanded in a series of Bessel functions J r  of inte- 
gral order they have the form 

Here the functions Lv  and L, ( v = l - r '  - r  and 
p = s + r  ' - r )  describe multiphoton processes in the field of 
one 

In Eq. (1 2) the multiphoton quantum parameters ylI2 and the 
quantum parameters and aL have the following form: 

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 y , , ~  [Eq. (14)] 
have the following order of magnitude: 

where 

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

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 Y ~ , ~ ,  which first appeared in the classical paper by 
Bunkin and ~edorov.' Here we assume that the fields are 
strong: Y ; , ~ >  1 and y;',,? I, i.e., both one-photon and multi- 
photon processes are essential. In the opposite case 
( Y ; , ~ G  1 and Y','~* 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: 

Here the multiphoton quantum parameters ylT2 (14) are much 
smaller than unity for arbitrary intensities of both waves, and 
the functions I,, (Eq. (12)) transform into the functions J l s  of 
the following form (see also Ref. 8): 

where a , ,  is the Kronecker symbol. The formula simplifies 
considerably when both fields are circularly polarized: 

i.e., there is correlated emission and absorption of an equal 
number of photons of the first and second waves (s= ? I )  
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 
[Eq. (16)] and a+ [Eq. (17)l. 

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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in view of which we have 

(ej;g)=(ej,.g)=O, (26) 

and hence y, = 0 [ j =  1,2; see Eq. (1 4)]. 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: 

vf sin Of - vi sin 0; 
( I - v f) + 2 sin2( Of/2) - ( 1 - v ;) + 2 sin2( Oi/2) ' (27) 

We investigate large-angle electron scattering. This means 
excluding the case with Oi- 1 and Of- 1. Indeed, in view of 
condition (4), the electron energies before and after scatter- 
ing are equal [Ei = Ef;  see the argument in the delta function 
in Eq. (7)] and, clearly, Eq. (27) becomes cot (012) 
= cot (0;/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: O i e  1 and Of- 1 or Oi- 1 and 
Of+ 1. Let us examine the second case. For arbitrary initial 
angles Bi the electrons scatter near the direction of propaga- 
tion of both waves: 

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

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

cot ( 0,/2) 
e f=( l  -ui) e l .  

p;$-(l -v;) 

From Eqs. (28)-(30) for the intensities v7,2e 1 we obtain 
Ef= Ei (pis- 1 ), and hence the scattering angles (30) are 

and do not depend on the number of emitted and absorbed 
photons of both waves. In the opposite limit of extremely 
strong waves ( 7~ ; ,~+  1 ), Eq. (29) yields 

[ I -  
1w1+sw2 

Pis= 2bo 
E i I - v;;+1, 

and hence for the scattering angles (30) we have the approxi- 
mate relation 0,- 17;1,2(1 - ui)& 1 - u i  , and the final electron 
energies (29) are low compared to the initial electron ener- 
gies (Ef+ 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): 

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 o :  

Here 

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

We see that for 771,2> 1 the quantum parameters satisfy the 
conditions P1,2-a,ZEilw1,241, with the result that the 
partial cross sections are small compared to the Mott cross 
section. In view of this we examine the case 571,24 1 more 
thoroughly. Here Ef-Ei, the scattering angles Of and the 
quantum parameters and a,  are specified by Eqs. (31) 
and (36) with pis= 1, and the partial cross sections (34) as- 
sume the following form: 

Note that when both waves are linearly polarized 
(a1  = S2 = 0). with the angle A between the polarization vec- 
tors close to n-12, i.e., 

the interference parameters a, 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: 

When both waves are circularly polarized (6 ,  = 1 and 
627 1 ), from Eqs. (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= .f 1): 

Note that 1 and a,? 1 hold for wave intensities sat- 
isfying the corresponding conditions: 
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In the Bunkin-Fedorov region (21) the multiphoton quantum 
parameters are such that y1,2? 7,1,,~(rnI w 2 ml JG. 
Hence if 

then yI,,%- 1. We can easily showL2 that 

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 
( ~ , , ~ - 1 0 ' ~ s - ' ) ,  from Eq. (42) we obtain =e1o2- 

lo3. Hence for Eilnz- lo2 conditions (41) yield intensities 
easily achievable in modem lasers: 71,2- lo3- 
(Fl,2- 1 0 ' - 1 0 ~ ~  cm-I). 

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