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L E m R  TO THE EDITOR 

Stimulated bremsstrahlung in the presence of an intense 
electromagnetic wave 

M V Fedorov and R V Karapetyan 
P N Lebedev Physical Institute, Academy of Sciences, Leninsky Prospect 53, Moscow 
117924, USSR 

Received 26 May 1976 

Abstmct. The influence of the strong wave Eo sin o0t on the stimulated bremsstrahlung at 
some frequency o is considered. The asymptotics Eo+ 03 is investigated in two cases: when 
the electron velocity U is parallel to Eo and then the electron distribution is isotropic. The 
absorption coefficient a(o)  is found to be proportional to E;'. Resonances in the stimu- 
lated bremsstrahlung, which occur near the points w =nu,,, n = 1,2, . . . , are investigated. 
The conditions for negative absorption are discussed. 

The nonlinear absorption of an intense electromagnetic (EM) wave due to the multipho- 
ton inverse bremsstrahlung has been widely investigated both classically and quantum 
mechanically (Silin 1964, Rand 1964, Bunkin and Fedorov 1965, Pert 1972, Bunkin et 
a1 1972). According to these (and many subsequent) papers the absorption coefficient 
a. of a strong EM wave may be obtained qualitatively if we replace the electron velocity 
U in the classical expression for a. (Spitzer 1964) by the electron oscillation velocity 
uE = eEo/mwo where Eo and wo are the field strength and the frequency of intense EM 
wave. Hence in the case oE >> U, a. decreases as EO3 with an increase of the field strength 
EO. 

We shall investigate the influence of an intense EM wave E(''(t) =Eo sin oot on the 
stimulated one-photon bremsstrahlung at some frequency W .  The corresponding classi- 
cal calculations have been carried out earlier (Fedorov 1971) using the plasma kinetic 
equation method (Silin 1964). Here we shall give a quantum mechanical solution of the 
problem. 

We consider an electron scattered by the Coulomb potential V(r) = Z e 2 / r  in the 
presence of two EM waves E'"(t) and E(t)=Esinot ,  one of which (E(t))  will be 
considered as a small perturbation. The one-photon emission (ae) and absorption (a,) 
cross sections may be derived from the first-order Schrodinger equation in E ( t )  and in 
the first Born approximation of the scattering potential V. The strong field E(') should 
be taken into account exactly in the zero-order wavefunctions of Bunkin and Fedorov 
(1965). The result of these calculations is given by the sum over the number n of 
absorbed or emitted photons bo: 

where J,(x) is the Bessel function, n = 0, *l ,  *2, . . . . 
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The total emission cross section (TT = a, - aa is simply related to the weak-field 
absorption coefficient, a = -8.rr(u/c)nin,(hoaT/EZ) where ni and ne are the ion and 
electron number densities (if aT> 0 negative absorption is possible with amplification 
coefficient ai = -a). 

Further calculations will be carried out for the most interesting case uE >> v with the 
help of the large-argument expansion of the Bessel functions J:(x) averaged over the 
fast oscillations: 

This representation is valid everywhere except in a small range e lEokl /mwis  v = 

At first we let the electron velocity U be parallel to the field strength Eo. The 
max (1, In[) which can be taken into account by the cut-off in the integral over k. 

integration in equation (2 )  over the solid angle in k-space is readily carried out to give 

h204mv2Eo ue,a = 9 

noo-w hk W i Y  
x ( k )  = -T-, 1 3  IX(k)l>-  

uk 2mv eEok (3) 

where 8 is the angle between the field strengths Eo and E.  The second inequality for 
x ( k )  in equation ( 3 )  is connected with the cut-off procedure mentioned above. 
According to the large-argument expansion already used we should retain in only 
those terms which are proportional to the large logarithm of the form In (vE/v). In this 
approximation equation (3) yields 

Z 2 5  e woE 2 2 +OD 1 ( 2 e E o ~ n w ; - w ~ )  
h w muEo n o o - w  In mvwov 

oT= sin2@ ~ (4) 

The most interesting feature of this result is the resonance dependence of the cross 
section aT from the emitted photon’s frequency w near the points w =nuo, 
n = 1,2, . . . . In the neighbourhood of resonances the energy of an intense EM wave can 
be transformed most effectively into the energy of a weak wave or vice versa. The 
negative absorption is possible if (n -$)wo<w <noo. The maximum value of the 
weak-wave amplification coefficient which can be achieved in the vicinity of resonances 
is readily estimated if we remember that the argument of the logarithm in equation (4) 
should be large, lnwo-wl 2 muw;n/eEo. Substituting this minimum deviation from 
resonance in equation (4) and replacing the logarithm by unity we obtain &,,,= 
8.rrZ2e6nine/nfio3m2uc which differs by the large factor of the order of mv2/nhw >> 1 
from the usual stimulated bremsstrahlung amplification coefficient (Marcuse 1962). 

The quantum mechanical origin of the results obtained should be emphasized (the 
weak-wave absorption coefficient a is proportional to h-’).  A more general investiga- 
tion which will be published elsewhere shows that these peculiarities are specific to the 
case ullEo we consider and disappear if the angle x between the vectors U and Eo, or the 
angular divergence of the electron beam, exceeds a small value of the order of 
J& = (2hw0/mv2)”2 << 1. This deduction will be illustrated now by considering the case 
of a totally isotropic electron distribution. 
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The average values of the cross sections (over directions of the electron velocity 
v )  according to equation (2) in the case vE >> v are given by 

Carrying out the integrations and retaining only the logarithmically large terms we 
find 

where S = (w/wo)  - [O/wO], [ x  J denotes the largest integer not exceeding x.  

expansion over a small parameter: 
The first two sums in equation (6) may be calculated with the help of the following 

As for the last two sums in equation (6), their calculation, allowing for the smallness of 5, 
is readily carried out using simple expansion over s and 1 - s. The final result is 

The dependence eT(w) is described in this case by a ‘saw’-similar curve. A negative 
absorption is possible again in the region $ < s  < 1, i.e. if (n -$)wo<w <nuo, 
n = 1,2, . . . . The cross section tFT changes its sign abruptly at the points w = nwo: The 
transition region width may be estimated as in the previous case to be 

Thus, in both cases considered (equations (4) and (8)) the weak-wave absorption 
coefficient a decreases asymptotically as E,’ when ( v E / v ) + a ,  in contrast to an 
absorption of the strong wave itself (ao - EO3). This result cannot be obtained by a 
simple substitution v + v E  in the corresponding field-free formulae and is probably 
connected with the difference between uniform and oscillatory motions. 

The other important difference from the usual stimulated bremsstrahlung (Marcuse 
1962, Bunkin e? af 1972) is the possibility of amplification in the case of an isotropic 
electron distribution if v E > > v .  Because of this a comparatively large value of the 
weak-wave amplification coefficient a’ may be obtained in principle if we use a plasma 
with large ion and electron number densities. Using equation (8) we can write, in this 
case, 

hw = wo(v/ve)  c 00. 
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where ro = e2/mcz is the classical electron dimension, up is the plasma frequency, 
A. = 27rc/w0, A = 27rc/o. If we take, for example, Z =  1, 8 = 7r/2, w =3wp, w =wo= 
3 X 1015 s-l, U = 3 X 10' cm s-l, uE = 3 X lo9 cm s-l, with the help of equation (9) we 
estimate that 6 = 1 cm-'. 

References 
Bunkin F V and Fedorov M V 1965 Zh. Eksp. Teor. Fiz. 49 1215-21 (1966 Sou. Phys.-JETP 22 844-7) 
Bunkin F V, Kazakov A E and Fedorov M V 1972 Usp. Fiz. Nauk 107 559-93 
Marcuse D 1962 Bell Syst. Tech. J.  1557-71 
Pert G J 1972 J. Phys. A :  Gen. Phys. 5 506-15 
Rand S 1964 Phys. Rev. B 136 231-7 
Silin V P 1964 Zh. Eksp. Teor. Fiz. 47 2255-65 (1965 Sou. Phys.-JETP 20 1510-6) 
Spitzer L Jr 1956 Physics of Fully Ionized Gases (New York: Interscience) 


