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Bremsstrahlung in electron-electron collisions in the field of a weak electromagnetic wave is considered in the 
resonant region corresponding to a transition of a virtual electron to the mass shell. The cross section of the 
process is obtained and its value is estimated relative to ordinary bremsstrahlung in the free case. It is shown 
that the considered mechanism can ensure amplification of the bremsstrahlung in the resonant region with 
simultaneous registration of an electron scattered through a large angle. 

PACS numbers: 41.70. + t 

1. INTRODUCTION 

A characteristic feature of electrodynamic processes 
of higher order in the fine-structure constant a in ex- 
ternal fields is the possibility of their resonant behavior. 
This is due to the fact that processes of lower order, 
such as spontaneous emission or  single-photon produc- 
tion and annihilation of electron-positron.pairs a r e  al- 
lowed for a bound electron. Therefore in a certain re- 
gion of energy and momentum values the particle in the 
intermediate state can go off to the mass shell, and the 
considered higher-order process reduces effectively to 
two successive lower-order processes. This is mani- 
fest in the resonant divergence of the c ross  section of 
the process calculated by perturbation theory. This di- 
vergence is eliminated by introducing radiative correc- 
tions to the corresponding Green's functions of the par- 
ticles in an external field.' 

The resonant effects connected with the interaction of 
an electron with plane-wave-field protons of two differ- 
ent frequencies without emission of an additional photon 
was investigated by ~ e d o r o v . ~  ~ e b e d e v ~  considered in 
the nonrelativistic approximation the bremsstrahlung of 
an electron on a nucleus in the field of an electromag- 
netic wave, particularly also in the resonance region. 
The bremsstrahlung produced when a relativistic elec- 
tron moving in a plane-wave field collides with a nucle- 
us was investigated earlier4 by the present authors. It 
was shown that the cross  section of the process has a 
resonant character, but the resonance region was not 
investigated in detail in Ref. 4. 

In the present paper we consider bremsstrahlung in 
electron-electron collisions at high energies in the field 
of a weak electromagnetic wave in the resonance region. 

2. FACTORIZATION OF THE SQUARE OF THE 
AMPLITUDE OF THE PROCESS 

Assume that the diagram of a certain process can be 
represented in the form of two parts, A and B, joined 
by a single line of a virtual electron with four-momen- 
tum f (Fig. 1). In the presence of an external field, f is 
taken to mean the quasimomentum, i.e., a set of four 
quantum numbers that for a real  particle the 
condition f 2  =m*2 (m* is the effective mass of the parti- 
cle in the external field). 

We express the amplitude of the process in the form'' 

where A, and B, are  the amplitudes of the processes 
corresponding to the blocks A and B of Fig. 1 (i and k 
a r e  the spinor indices), p = m* - ir;  the imaginary part 
of the effective part of the electron in an external field 
r =Imp is connected with the probability W of emission 
of a photon by an electron by the relation 

(.P i s  the particle energy in the intermediate state). 

We shall assume henceforth that the external field is 
a plane-wave field of low intensity. The characteristic 
parameter of the wave intensity, according to Nikishov 
and R ~ ~ u s ~ ' ~  (see also Ref. 7, p. 463 and Ref. 8, p. 326) 
is 

where .d is the amplitude of the four-potential of the 
wave field. In the case of a weak field, the necessary 
condition for the possibility of expanding the cross sec- 
tion in terms of the wave intensity, corresponding to the 
condition of applicability of perturbation theory, is the 
inequality t2 << 1. This condition is usually satisfied for 
the emission of modern lasers. 

Let t2 << 1; then, neglecting the inessential shifts of 
the real  part of the electron mass, we can put m*=m 
and retain in the denominator of (1) only the imaginary 
part of p ,  putting p = m - ir . We calculate now the 
square of the matrix element (1) I M  l 2  in the resonant 
approximation, assuming everywhere except in the de- 
nominator that the intermediate electron is real, i.e., 
f2 =m2. 

We use the expansion 

where s =*I is the helicity of the electron, with fu* 
= mus. For electrodynamic processes in which elec- 

FIG. 1. 
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trons and photons take part, the squares of the arnpli- 
tudes A and B can be s e t  respectively equal to 

AA=a,I+aZpy,, BB=b,I+b,py,. (5) 

the momentum value f =pi + k -kt: 

Here I is the unit matrix and y" a re  Dirac matrices ( p  
=0,1,2,3). There a r e  no terms proportional to the ma- 
trices g"", y5 and y"$, since by definition the spinor 
satisfies the f ree  e q u a t i o n p  =mu8 without an external 
field (i.e., d",, =0), while free interactions a r e  not 
considered. We emphasize that the role of the external 
field in our approximation (5' << 1) reduces to the onset 
of an imaginary part of the electron mass,  which elim- 
inates the resonant divergence of the amplitude (1) on 
the mass shell f2  = m2. 

Here w =kO, E, =pf, W' =k'O. We note that the possibil- 
ity of considering of the processes a and b separately 
without allowance for their interference is based on the 
assumption that the colliding electrons have high ener- 
gies: c1 >> m, E Z  >> m (and also f '>> m), that the elec- 
tron scattering angle is relatively large 0 = &(p,, pi) - 1, 
and that the photon emission angle is small, O r < <  1, rel- 
ative to pi, which is characteristic of the Compton pro- 
cess  on relativistic electrons. The conditions of appli- 
cability of this approximation will be derived more rig- 
orously below. Taking into account the equations 

In the phase-volume element d3k' = wr2dw' sinO1dO'dcpl 
we change from the variables w' and 0' to the variables 

u=kk'ikfxwf/(e , -o') ,  6=Bfe1lnt. (12) 

For  the resonant denominator in (11) we obtain in terms 
of these variables 

ii'(p)uw' ( p )  = 2 m ~ ,  i i y p )  ypu'(p) =2pV6"" (6) 

we obtain for the square of the matrix elements, in 
which the corresponding averaging and summation over 
the polarization states is carried out, 

m'u ' 
If-pzlz= (-) {(a-6z)z+bz) .  

u+ 1 Introducing for the processes A and B the squared ma- 
trix elements IM, 1 ' and IM, 1 2 ,  summed and averaged 
over the spints, 

IMAIz=4(n,m+(aj)) ,  lhfB12=2(mb,+(fbt)) ,  (8) 

where 

we write down the square of the amplitude (7) in an ex- 
plicitly factorized form: 

the invariant parameter x is equal to 

x=2(kp l ) /mZ.  (15) 

Introducing now the Compton- effect probability 

3. CROSS SECTION OF THE PROCESS IN  THE 
RESONANCE APPROXIMATION where 

We consider the diagrams of processes with Compton 
scattering of a photon of a plane-wave field by the initial 
and final electron, a s  shown in Figs. 2a and 2b, respec- 
tively. Denoting by Mc(pl, k) the amplitude of the Comp- 
ton scattering of the photon with momentum k by an ini- 
tial electron pi,  and by M,O(f,p,) the amplitude of the 
principal process of collision of the electrons f and p2 
without Compton scattering, we write down in accord- 
ance with (9), in the resonance approximation, the 
square of the amplitude of process a in Fig. 2: 

we write down, after integrating with respect to the 
angle cp', Eq. (11) in the form 

We consider the process in the c.m.s. (or opposing 
beams), when 

IM.12= 
IM.(p,,k) l2lMa0(f,pz) I "  

l f = - p z I '  (10) 
Taking into account this equation, the probability of Changing now to cross sections and taking into account 

the value of the damping constant in the case of the ab- 
sorption of a single photon, 

the process a becomes factorized, and one of the factors 
is the probability dw: of the principal process, taken a t  

where, H, = 2(kf)/m2 =n/(u + I ) ,  and uC(nf) is the total 
cross  section of the Compton effect on the intermediate 
electron f ,  we obtain ultimately 

In this formula, the function 

constitutes a smoothed step function, which assumes in 
regions far  from the resonance point, Ix - u I>> 2(u + 1) 
r /m,  and a t  resonance, H =u,  the limiting values FIG. 2. 
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We consider similarly the process described by the 
diagrams on Fig. 2b in the resonance approximation (P, 
+ k t -  k)2 =m2. In this case the resonant denominator is 
of the form 

If-P'I'=m'u'[ (a1-8")'+b"], (23) 

where 

kk' o' -- r " 
v= -- - 6'=0'ed at= 31f-i-- 

rn kps fO-o' ' u rn2u ' 

The angle 8' of the emission of the photon k' is reckoned 
from the direction of the momentum p3 and is small 
compared with the electron scattering angle 8 = &(pi, R). 
In the c.m.s., pi +p2=0,  the cross  section of the pro- 
cess in the resonant approximation turns out to be 

where the function q(nf,  v )  is determined by formulas 
(21) and (22) in which we make the substitutions a- a' 
and b- b'. 

4. CONDITIONS OF APPLICABILITY OF THE 
METHOD AND DISCUSSION OF THE RESULTS 

The applicability of the results is based on the possi- 
bility of considering separately the processes described 
by diagrams a and b of Fig. 2. Obviously, diagram a 
will predominate if 

I (p,+k-k')'-p21'": I (po+kl-k)*-p21 ?. (26) 
Considering large-angle scattering (sin2(8/2) >> w/w', 

W/G) and assuming the frequency w to be small (w << w', 
w << E', w << - w'), we can rewrite (26) in the form 

( t ( p & ' ) 2 ~  I ( p , + k - k f ) 2 - p Z ~ Z  (27) 
or,  using (13), 

From this i t  follows, in particular, that far from reso- 
nance, i.e., a t  

the scattering angle 8 should satisfy the condition 

At resonance, i.e., a t  n/u =1 + 6 ', we get in place of 
(30) 

Diagrams b of Fig. 2 predominate in the case when the 
inequality inverse to (26) is satisfied, i.e., 

4(p,k1)'> 1 (p,+k'-k)'-w21', (32) 

from which i t  follows in accordance with (23) that 

Therefore far from resonance a t  

FIG. 3. 

we obtain the condition 

whereas at the resonance xf/z' = 1 + tit2 we obtain the 
condition 

If the conditions (28) and (33) a r e  not satisfied, for 
example when the cones of the scattering angles 8 and of 
the emission angles 8' intersect, i t  is no longer possi- 
ble to neglect the interference of Ma and M,, and the 
factorized formulas for the cross  section, (20) and (25), 
no longer hold. 

The process considered by us, which proceeds with 
absorption of the incident photon w, is of higher order 
with respect to the fine-structure constant than the or- 
dinary bremsstrahlung process in the collision of elec- 
trons, described by diagrams a and b in Fig. 3. In the 
same kinematic region of large scattering angles and 
relativistic matrix of the colliding electrons ( c , ,  C2, C 

- w'>> m )  the last process was considered by Baier, 
Fadin, and ~ h o z e , '  and i t  was shown by them that the 
amplitudes of the processes a and b in Fig. 3 have poles 
in different regions of emission angles, and consequent- 
ly do not interfere. The cross  section here also factor- 
izes': 

d~.'=dH~~,(k')do~(~~~,-,., 

dn~=dW,,+,.  (k ')dad" (3 7) 

where WP(k1) is the probability of emission of a photon 
k' by an electron with momentum P. 

We obtain now the ratios of the cross  sections (37) of 
Ref. 9 to the cross  sections (20) and (25) obtained by us: 

do.' o C ( x , ) d W p 8  ( k ' )  -= 
do. T , ( % , [ L ) ~ O ~ G ~ ? ~ ~ ) '  

We assume as an estimate that the parameter x is small 
(u << I), and then o' <<E and the electron energy is high, 
so that in the logarithmic approximation (ln(&/m) >> 1) 
we have for dWp, 

The cross  section o,, on the other hand, is determined 
by the Thomson 

Substituting (39) and (40) in (38) we obtain a t  resonance 
do.' 8 a  do: 8 a = - - I n  - -=-- 
da., 3 ,  (3' dab 3 7 1  
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As to the conditions for the applicability of (31)  and 
(36) ,  the value of r in them should be taken to be 

where t2 from ( 3 )  replaces the quantity 4 n c ~ / ( w ~ m ~ )  in 
Eq. ( I S ) ,  taking into account by the same token the den- 
sity of the number of photons of the incident-wave field. 
At x<< 1  , with (40)  taken into account, the condition (31)  
reduces then to the inequality 

sin7(O/Z) B t 2 ~ w / w '  . (43)  

which is certainly satisfied by virtue of the conditions 
sin2(8/2) >> w/o '  and t2 << 1.  The same inequality (43)  is 
obtained for diagrams b of Fig. 2 i f  x<< 1 .  

We estimate now the ratios (38)  in the case of collision 
of laser photons of energy w = l  eV with transverse- 
beam electrons of energy & = 5 GeV. In the case of 
head-on collision of the photons with one of the electron 
beams, the parameter H = 4&w/m2 =0.08 << 1 .  For elas- 
tic scattering &=cf and formulas (41)  yield the same 
number 0.1, i.e., ordinary bremsstrahlung amounts to 
approximately 10% of the resonant process considered 
by us. 

Thus, the irradiation of colliding opposing beams by 
laser light can increase the cross section of emission 

of a bremsstrahlung quantum in the resonance region, 
with simultaneous registration of an electron scattered 
through a large angle. 

"We use a system of units in which c=fi=l, and the fine-struc- 
ture constant (Y = 2 = 1/137. The employed metric has a sig- 
nature +---, so  that au&=ab=aObO-ab. 

'A. I. Akhiezer and V. B. Berestetskii, Kvantovaya electro- 
dinamika (Quantum ~ l e  ctr odynamics) , Moscow, Nauka, 1969 
[Inter science]. 

'M. V. Fedorov, Zh. Eksp. Teor. Fiz. 68, 1209 (1975) [Sov. 
Phys. JETP 41, 601 (1975)l. 

3 ~ .  V. Lebedev, Opt. Spektrosk. 32, 120 (1972). 
4 ~ .  V. BOP~SOV andV. Ch. Zhukovskii, Zh. Eksp. Teor. Fiz. 
70, 477 (1976) [Sov. Phys. JETP 43, 247 (1976)l. 

5 ~ .  I. Nikishov and V. I. Ritus, Zh. Eksp. Teor. Fiz. 46, 
776, 1768 (1964); 47, 1130 (1964); 52, 1707 (1967) [SOV. Phys. 
JETP 19, 529, 1191 (1964); 20, 757 (1965); 25, 1135 (1968)l. 

6 ~ .  B. ~ a r o z h n G ,  A. I. Nikishov, and V. I. Ritus, Zh. Eksp. 
Teor. Fiz. 47, 93yO (1964) [SOV. Phys. JETP 20, 622 (19v$4)1. 

'v. B. Berestetskii, E. M. Litshitz, and L. P. Pitaevskii, 
Relyativistskaya kvantovaya teoriya (Relativistic Quantum 
Theory), Vol. 1, Moscow, Nauka, 1968   ergy yon]. 

8 ~ .  A. Sokolov and I. M. Ternov, Relyativistskii 6lektron (The 
Relativistic Electron), Moscow, Nauka, 1974. 
'v. V. Baier,  V. S. Fadin, and V. A. Khoze, Nucl. Phys. B 
65, 381 (1973). 

Translated by J. G. Adashko 

SOV. Phys. JETP 51(2), Feb. 1980 


