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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 1§—2S and 1S—n transitions in a
hydrogen-like atom. In the case of the transition 1S—n = 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: 34.80.Dp

In the problem of plasma heating by laser 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 or absorption of several 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 satellites in the scattered-elec-
tron energy spectrum, the question of greatest prac-
tical importance is the total photoabsorption and the
possibility of obtaining negative absorption for aniso-
tropic electron motion.? The corresponding theory,
as far as we know, has been limited to discussion of ex-
clusively elastic electron-atom collisions, in which
no account has been taken of excitation or ionization of
the target atom. As for the cross 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 all inelastic channels. It is shown that the
contribution of these channels is in no way small, and
therefore inelastic processes must be taken into ac-
count on a par with elastic 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 arbitrary levels of a
hydrogen-like atom with simultaneous emission or 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 are described quan-
tum mechanics. We shall assume also that the external
field is moderately intense and is nonresonant so that
its 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 trajectories of the relative mo-
tion are no longer, as usual, the straight lines R(¢)

1061 Sov. Phys. JETP 54(6), Dec. 1981

0038-5646/81/121061-03$02.40

=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(¢) have no effect on the probabilities and
cross sections for stimulated transitions. In this sense
the problems of collisions in a laser field or a magnetic
field in the presence of spatial periodicity of the proper-
ties of the medium, under conditions of channeling in
the crystal, and so forth, canbe solved by a unified
method.

The retarded potential of interaction of an electron of
the target with a Coulomb center moving in an arbitrary
classical trajectory is conveniently represented in the
form of a Fourier integral:

V() =—ed (r, t)=—(2—en)J e (q, ¢). (1)

The Fourier component &(q, ¢) satisfies the equation

1 9*0(q,t)
T
In a nonrelativistic laser field in which the variable
velocity 7 =¢E/mw acquired by the electron is much
less than the velocity of light ¢, the expression for the
classical trajectory R(¢) is described in the general
case in the form

+¢*® (q,t) =4me exp[ —iqR(z) ]. (2)

R(t) =b+vi+a, sin(wt+¢)—a. cos(ot+q). 3)

Here a, , =¢E, ,/mu® are the amplitudes of oscillations
in mutually perpendicular directions, w is the frequency,
and ¢ is the phase term determined by the initial con-
ditions. For the trajectory (3) Eq. (2) has the following
solution:

expliv(a—gq) —igh—iw.t]
pomr AT : (4)

N=[ (qﬂx) *+ (qaz)’]"‘,
cos a=qa,/N, sin a=qa,/N,

@ (q, t) =4ne 2 I,(N)

v=—oo

0y=qvtvo,

where J, (N) is a Bessel function.

In the first order of perturbation theory in V(¢) the
amplitude of excitation with transition of an atomic
electron from a stationary state [i) to a state [f)#]i)
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has the form

Wi (b) =— J;‘- (_ﬂ%z) I d*qe~ " fle'rr|i>.
(5)

v ©—0;—y \ exp[iv(a—g)]
Zb JV(N)G( v ) ¢—(oJ/c)?

The cross sections for the inelastic channels, averaged
over ¢, are sums of the partial cross sections corres-
ponding to absorption (or emission) of v quanta of the
external field:

Gri= —21“ j dp [@bim )= Yo, - (6)
a*ql*(N) ( @

°"‘=4.(%)ZI [f—(o/o) ]

In the analogous problem of elastic scattering 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 an additional term 7%qg®/2muv, and
instead of the square of the modulus of the form factor
there is the usual term [Z - (i |e'%" |i)]2 (Z is the charge
of the nucleus of the target atom).

Wi~y iqr 7y |2
- )I(fle“lz)l. ()

We shall give the expression for the partial cross sec-
tions (7) for inelastic transitions in a hydrogen-like
atom (with an effective nuclear charge Z,) in the limit

v<ec:
B TS
- 8
A7)

(n—1) (n—2) [n-3 a F(z)
* 3n* (k+5) ( k ) (z_a:c)] P
where » is the principal quantum number of the shell
excited and a=#2/Z,me*. In the case of longitudinal
oscillations of the incident electron in the external field
(@a,=a,|v;a,=0) the function F(x) in (8) is determined
from the formula

Fy(z)=Jiy(No)In B, (9)

where we have used the notation

)
x=1+1/n

22 ' 1 ﬁ(l)
= (%) o=z (1)
() e (gt
a, h me*
N=2 L .
¢ alolY mav Ry 2h?

and £ is the ratio of the velocity of the atomic electron
in the initial state to the velocity of the incident elec-
tron. For motion along a helical trajectory (v-a, ,

=a1. az :O, a1.2 =a0)
Fy(2)=I1(No) K1y (No) =L (BNo) Kiwi (BNo), (10)

where I,(Z) and K,(2) are Bessel functions of imaginary
argument.

The partial cross sections for the transition 1S—2S in
the same approximation have the form

e () 2 (€T V)
or'= (na’) (ﬁv) @+’ (11)
o _ (ma®) (e \? d \8 Gy Y
=5 () (o) (e 5) (2 9) | 402
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We shall show how in inelastic scattering the appear-
ance of satellites in the total cross section depends on
the intensity of the laser field. In the figure we have
given the results of a calculation of their relative con-
tribution for the excitation channel 1S—#% =2 in the case
of linear longitudinal polarization. The parameters
are chosen such that £=0.25 and #w/Z2 Ry=0.1. Curves
1-3 correspond to values of a,/a equal to 5, 10, and 15,
The cross section for the excitation 1S-# =2 in the ab-
sence of an external field is

19 2 2

coz(ua’)%(—;—v) ln(—:—g) . (13)
Note that for the channel 1S—# =2 the sum of the par-
tial cross sections 37, of is practically equal to o,, and
therefore it 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 laser field.
The only thing of interest here is the effective photo-
absorption cross section o=}, voj, which is rather
small for the choice of parameters of curve 1 in the
figure, but for curves 2 and 3 it is respectively obs
= =0.10, and 6"~ - 0.20,. The situation in which 0"« g,
for very small £ and low frequencies w is most typical
not only for the transition 1S—-# =2, but also in general
for any inelastic channel. It is just this circumstance
which permits us to carry out a general investigation
of photoabsorption for an arbitrary target, without
restricting outselves to the model of a hydrogen-like
atom.

The combined cross section for stimulated photoab-
sorption in all inelastic channels

abs = -V
Oinel — Z Z v (Gliv—ﬁii )

fomi vt
determines the absorption coefficient of the laser field
@, . 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

(14)

8nn.n. v hog™
—— W0 inel.
Ez? ¢

(15)

Qinel =

In view of energy conservation, which is expressed

v
Grlswmz /64
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by the delta function in Eq. (7), the momentum trans-
fer 7g and the argument of the Bessel function N depend
on the emitted (or absorbed) energy viiw. The correc-
tion to the argument of the Bessel function due to the
presence of vw can be assumed to be small if

(.5_1_

) ()< a0

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 satis-
fied it is sufficient to expand the function J%(N) in the
integrals of of; in series in powers of vw and to retain
only the first two terms of the expansion. The main
contribution to a;‘\’;‘ from zero-order terms in this
expansion is from small q. Summation over v is ac-
complished by means of the relation

Z 5212 (z)=(2/2)*. 1m)
For the condition
Y (ho/I) <1 (18)

[y =(1= 2#/c®) ™" is the Lorentz factor] after a number
of manipulations for evaluation of the zero-order terms
one uses the well known sum rule

Y o) iKflewlivi2=zaeg/2m. (19)
1

The second term in 0 ** turns out to be directly related
to the effective bremsstrahlung of an electron in the
field of an atom in the absence of laser field:

x= Y h(o~0)o.
e

The final result for the inelastic part of the cross sec-
tion for stimulated photoabsorption in lowest order in w
is written in the following form:

(20)

S 2\ 4 1k
o =2t (55) (o) - Bat-at—ed g, @1
a*=(a,v/v)*+ (a:v/v)> (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 cross section ¢* is positive, since even in
the ultrarelativistic limit (y > 1) the negative term in
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Eq. (21) depends only weakly on ¥ and contains it only in
the argument of the logarithm,

2”8‘ mzcs .
" ~Tc71n( = 1)-
The main difference of photoabsorption in the nonrela-
tivistic region is the dependence of its sign on the de-
tails of the collision process. For example, in the
case of a linearly polarized laser wave when the angle

between a; and v is #, the total cross section with in-
clusion of both inelastic and elastic channels is

(23)

025 = (11a,2) (ﬁi:. )‘( %) [ (Z+Z*)cos*

- (Z+§) (3 cos? 9—-1)1n( "’1”2 )]

A similar formula has already been discussed in study
of photoabsorption in scattering by bare ions.? Taking
into account the electrons of the target leads to quali-
tatively the same conclusions. The absorption coef-
ficient can become negative for small 4, 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 (Z +2%/2), from which it follows that inelastic col-
lisions play a substantial role in it for Z=1 and 2, and
are extremely important all the way up to Z=x10.

(24)

In the calculation of stimulated photoabsorption in
collisions with multielectron atoms, in all of the
results we must understand Z to mean the number of
effectively excited electrons of the target, i.e., those
for which £ <1.

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

2F. V. Bunkin, A. E. Kazakov, and M. V. Fedorov, Usp. Fiz.
Nauk 107, 559 (1972) [Sov. Phys. Uspekhi 15, 416 (1973)].

A. M. Dykhne and G. L. Yudin, Usp. Fiz. Nauk 121, 157 (1977)
[Sov. Phys. Uspekhi 20, 80 (1977)1.

“B. S. Bhakar and B. J. Choudhury, J. Phys. B7, 1866 (1974).

SB. J. Choudhury, J. Phys. B8, 1420 (1975).

SH. S. Brandt, B. Koiller, and H. G. P. Lins de Barros, Phys.
Rev. A19, 1058 (1979).

Translated by Clark S. Robinson

M. V. Fedorov and G. L. Yudin 1063



