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Stimulated multiquantum emission and absorption in inelastic scattering of fast electrons by light nuclei in an 
external laser field are investigated. Partial cross sections are found for 1s-2S and 1s-n transitions in a 
hydrogen-like atom. In the case of the transition 1S-m = 2 for various intensities of laser radiation we have 
analyzed the contribution of stimulated channels to the total excitation cross section. In the low-frequency 
approximation we obtain for the total photoabsorption cross section analytical results which are universal and 
are valid for arbitrary one-electron models of the target atom. At nonrelativistic energies of the incident 
electrons, conditions of stimulted emission of quanta of the laser field are possible. Beginning with energies of 
a few MeV, however, this process cannot occur in the inelastic channels for any collision parameter. 

PACS numbers: 3 4 . 8 0 . D ~  

In the problem of plasma heating by l a se r  fields and 
in study of the simultaneous action of electromagnetic 
radiation and of an electron beam on a neutral gas, a 
fundamental role is played by stimulated bremsstrah- 
lung-the emission o r  absorption of severa l  quanta in- 
duced by scattering of electrons (see Ref. 1, and also 
Refs. 2 and 3 and citations therein). Together with the 
direct  observation of satel l i tes  in the scattered-elec- 
tron energy spectrum, the question of grea tes t  prac- 
tical importance is the total photoabsorption and the 

=b +vt  (b is the impact parameter  and v is the velocity 
of the incident electron), but depend on the time in a 
more  complicated way. The physical reasons for  the 
change of R(t) have no effect on the probabilities and 
cross  sections for  stimulated transitions. In this sense  
the problems of collisions in a l a se r  field o r  a magnetic 
field in the presence of spatial periodicity of the proper- 
t ies  of the medium, under conditions of channeling in 
the crystal ,  and s o  forth, can b e  solved by a unified 
method. 

possibility of obtaining negative absorption for  aniso- 
tropic electron motion.' The corresponding theory, The retarded potential of interaction of an  electron of 

as far as we know, has been limited to discussion of ex- the target  with a Coulomb center moving in an  arbitrary 

elusively elast ic  electron-atom collisions, in which classical  trajectory i s  conveniently represented in the 

no account has been taken of excitation o r  ionization of form of a Fourier 

the target  atom. As  for  the c ros s  sections for  the 
inelastic channels, the papers which have been pub- 
lished on this subject (see for  example Refs. 4-6) do 
not contain a complete solution of the problem even for  
the hydrogen atom. 

In the present  work the stimulated photoabsorption of 
a low-frequency laser  field is investigated with inclu- 
sion of al l  inelastic channels. I t  is shown that the 
contribution of these channels is in no way smal l ,  and 
therefore inelastic processes must  be taken into ac -  
count on a par  with elast ic  scattering in calculation of 
the total photoabsorption cross  section in light atoms. 
We have also obtained analytical results  for  the cross  
sections for  impact excitation of a rb i t ra ry  levels of a 
hydrogen-like atom with simultaneous emission o r  ab- 
sorption of several  quanta of the external field. 

We shall discuss inelastic electron-atom collisions 
occurring in an external laser  field in the framework 
of the semiclassical  approach, in which the motion of 
the incident electron is  described classically and the 
states of the electrons of the target a r e  described quan- 
tum mechanics. We shall  assume also that the external 
field is moderately intense and is nonresonant s o  that 
i t s  influence on the states of the electrons in the atom 
can be neglected. In this case  the important fact turns 
out to be that the actual t rajectories of the relative mo- 
tion a r e  no longer, a s  usual, the straight  lines R(t) 

V ( t ) = - e @ ( r , t ) = - -  I dSpe'qr@ (q ,  t ) .  
.(2n) 

The Fourier  component @(Q, t )  sat isf ies the equation 

- t ,  +q2@ (q ,  t )  =4ne e x p [ - i q R ( t )  1. 
cZ d t 2  

In a nonrelativistic l a se r  field in which the variable 
velocity b = e ~ / m w  acquired by the electron is much 
less than the velocity of light c, the expression for  the 
classical trajectory R(t) is  described in the general 
ca se  in the form 

Here a,,, = eE, ,,/mw2 a r e  the amplitudes of oscillations 
in mutually perpendicular directions, d i s  the frequency, 
and cp is the phase t e rm determined by the initial con- 
ditions.  or-the trajectory (3) Eq. (2) has the following 
solution: - 

exp[iv (a-cp) - i q b - i o , t ]  
(D ((I, t)=4ne J v ( N )  

v=-w 
qL ( a  J c )  

o,=qv+ v o ,  N = [  (qa,)Z+ (qa , )Z]" ,  
cos a = q a , l N ,  sin a=qa , /N,  

where J,(N) is a Bessel  function. 

In  the f i r s t  order  of perturbation theory in c(t) the 
amplitude of excitation with transition of an atomic 
electron from a stationary state Ji) to a s ta te  If)+ 1 i )  
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has the fo rm 

The cross  sections fo r  the inelastic channels, averaged 
over 9, a r e  sums of the partial c ros s  sections corres-  
ponding to absorption (or emission) of v quanta of the 
external field: 

In the analogous problem of elast ic  scat tering the semi-  
classical approach used above is inapplicable. However, 
a nonrelativistic quantum calculation again leads to an 
expression of the type (7), in which the argument of the 
delta function contains a n  additional t e rm Eq2/2mv, and 
instead of the square  of the modulus of the form factor 
there is the usual t e rm [ z -  (i 1 eiqr li)]' ( 2  is the charge 
of the nucleus of the target  atom). 

We shall  give the expression for  the partial c ross  sec-  
tions (7) for  inelastic transitions in a hydrogen-like 
atom (with an effective nuclear charge 2,) in the limit 
V<< c :  

where n is the principal quantum number of the shell 
excited and a=ti2/.2,m8. In the case  of longitudinal 
oscillations of the incident electron in the external field 
(a ,  = a, )lv; a, =0) the function F(x)  in (8) is determined 
f rom the formula 

where we have used the notation 

z1 'h 1 fio 
B = ( i + - )  Q" , 2 ~ = 1 ( 1 - ~ - ~ ~ ) .  - RY 

h me' 
N ~ = ? I ~ I ,  E = ,  RY=---, 

mau 2h2 

and 6 is the rat io of the velocity of the atomic electron 
in the initial s ta te  to the velocity of the incident elec- 
tron. For motion along a helical trajectory (v - q,, 
=a,. a, =0,  a,. =%) 

FL(x) =I,", (No)K,vl ( N o ) - I I ~ I  (BNo)Klvi (BNo) (10) 

where Zn(Z) and Kn(z) a r e  Bessel  functions of imaginary 
argument. 

The partial c ros s  sections fo r  the transition 1s- 2S in 
the s ame  approximation have the form 

We shall  show how in inelastic scattering the appear- 
ance of satel l i tes  in the total c ross  section depends on 
the intensity of the l a se r  field. In the figure we have 
given the results  of a calculation of their  relative con- 
tribution for  the excitation channel 1s- n = 2  in the case  
of linear longitudinal polarization. The parameters 
a r e  chosen such that 5 =0.25 and E w/Z: Ry = 0.1. Curves 
1-3 correspond to values of %/a equal to 5, 10, and 15. 
The c r o s s  section for  the excitation IS-n  = 2  in the ab- 
sence of an  external field is 

Note that fo r  the channel 1 s -n  =2  the sum of the par-  
t ial  c ross  sections x,o/i is practically equal to a,, and 
therefore i t  does not make sense  to consider the ques- 
tion of any appreciable change in the transition probab- 
ility in the presence of a low-frequency l a se r  field. 
The only thing of interest  here  i s  the effective photo- 
absorption c ros s  section ohb" =xu vaii, which is ra ther  
smal l  for  the choice of parameters of curve 1 in the 
figure, but for  curves 2 and 3 it is respectively a " ~  
= -0. la, and a lb'= - 0.20,. The situation in which a-b'<< a, 
fo r  very sma l l  5 and low frequencies w is most typical 
not only for the transition 1 s - n  =2 ,  but also in general 
for any inelastic channel. It is  just this circumstance 
which permits  us to car ry  out a general  investigation 
of photoabsorption fo r  an arb i t ra ry  target ,  without 
restr ict ing outselves to the model of a hydrogen-like 
atom. 

The combined cross  section fo r  stimulated photoab- 
sorption in a l l  inelastic channels 

determines the absorption coefficient of the l a se r  field 
o,,,, . Thus, for  a linearly polarized wave with ampli- 
tudes E, with concentrations of incident electrons and 
atoms n, and n,, the inelastic part  of the absorption 
coefficient is 

In view of energy conservation, which i s  expressed 

FIG. 1. 

v 
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by the delta function in Eq. (7), the momentum trans-  
f e r  tiq and the argument of the Bessel  function N  depend 
on the emitted (or absorbed) energy vkw. The correc-  
tion to the argument of the Bessel  function due to the 
presence of vw can be assumed to be sma l l  if 

f 1  = A m  ( -  u f i ~  + )  ( T ) ~ ~ .  

where I is  the average value of the excitation energy, 
which is approximately equal to the ionization potential 
of the target atom. When the inequality (16) is sa t i s -  
fied it is sufficient to expand the function J~(N) in the 
integrals of a;, in s e r i e s  in powers of vw and to retain 
only the f i r s t  two t e r m s  of the expansion. The main 
contribution to u d:;, from zero-order t e rms  in this 
expansion is from smal l  q. Summation over v is ac-  
complished by means of the relation 

k2J2 (z) = (2/2) '. 
k-1 

For the condition 

[r = ( I -  2 / ~ ~ ) - ~ ~ ~  i s  the Lorentz factor]  after  a number 
of manipulations for  evaluation of the zero-order t e rms  
one uses the well known sum rule 

C f i ( a , - a i )  I(fIeiqrIi) IP=~fi2q2/2m. (19) 
I 

The second te rm in 0,;: turns out t o  be directly related 
to  the effective bremsstrahlung of an electron in the 
field of an atom in the absence of laser  field: 

The final result  for  the inelastic pa r t  of the c ros s  sec-  
tion for  stimulated photoabsorption in lowest order  in w 
is  written in the following form: 

e2 4 f i ~  OX 
0 ,  a  ( ) ( -  - a - - -  (2 1) 

RY 2hu2 
a,'= ( a , ~ / u ) ~ +  (a2v/u) '. (22) 

In a large region of relativistic energies of the incident 
electrons (beginning with a few MeV) over the entire in- 
terval  of collision parameters the sign of the total photo- 
absorption c ros s  section a ':: i s  positive, s ince even in 
the ultrarelativistic limit (.i>> 1) the negative te rm in 

Eq. (21) depends only weakly on y and contains i t  only in 
the argument of the logarithm, 

The main difference of photoabsorption in the nonrela- 
tivistic region is the dependence of i ts  sign on the de- 
tai ls  of the collision process. For example, in the 
ca se  of a linearly polarized l a se r  wave when the angle 
between a, and v is 6 ,  the total c ros s  section with in- 
clusion of both inelastic and elast ic  channels is 

fio 
oabs - (.ao') (g)'(G) [ ( z + z y ~ ~ * e  

-- 

- (z+ f) ( 3 w E g 0 - i ) 1 n ( T ) ] .  

A s imi lar  formula has already been discussed in study 
of photoabsorption in scat tering by ba re  ions.2 Taking 
into account the electrons of the target  leads to quali- 
tatively the s ame  conclusions. The absorption coef- 
ficient can become negative for  smal l  9, but on averag- 
ing over the directions of v / v  this effect drops out com- 
pletely. The contribution of individual channels to the 
magnitude of the negative absorption is  given by a fac- 
tor  ( 2  + 2 / 2 ) ,  f rom which i t  follows that inelastic col- 
lisions play a substantial ro le  in i t  for  Z = 1 and 2, and 
a r e  extremely important a l l  the way up to 23 10. 

I n  the calculation of stimulated photoabsorption in 
collisions with multielectron atoms, in al l  of the 
results  we must  understand Z to mean the number of 
effectively excited electrons of the target, i.e., those 
f o r  which 5 2 1. 
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