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Various elementary processes that involve imparting a large momentum to an electron, and which occur in
an external laser field, stimulate effects of absorption and emission of quanta of this field. As a rule, the
first stage of this process (e.g., perhaps the scattering of the electron, its motion in an inhomogeneous
medium, emission or absorption of a light quantum by the electron, the Compton effect, radioactive
decay, the photoelectric effect, etc.) occurs in times T much shorter than the period 2ir/a> of the low-
frequency motion of the electron caused by the external field. In this case, the second stage (stimulated
emission-absorption) does not depend on the physical nature of the first stage, and it is universal for all
processes. The problem of stimulated effects of the stated type can be solved for once and for all as a
problem of the "jarring" of the electron in the presence of the external field. In non-relativistic fields
(v / c< l ) , the probability of the stimulated processes is determined by the parameter JV~|(v/c)c8p/fia>|,
which denotes the rms number of quanta emitted or abosrbed. In the limiting cases JV> 1 and JVS 1, the
problem of "jarring" is solved classically or quantum-mechanically, respectively. In the Compton effect,
where Sp =H(kl — k2), or in "jarring" due to emission (or absorption) of a hard photon, when Sp =Hk,
the parameter N does not contain the Planck quantum. Hence one can explain the effect of satellites
appearing in the emission spectrum from a purely classical standpoint for any N. In addition to the
Compton effect, the article treats also stimulated processes in /3-decay and in the photoelectric effect
occurring in an external laser field.

PACS numbers: O3.50.De, 41.70.+t
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1. INTRODUCTION

As laser technology has progressed, problems are be-
ing posed in a number of studies of the effect of strong
electromagnetic fields on various elementary atomic
processes. a~S]

In spite of the seeming diversity of the studied prob-
lems, they contain much in common. This generality is
manifested in the fact that problems that are quite dif-
ferent in their formulation, such as bremsstrahlung in
the presence of an ac field1-1'4-1 and modulation of an elec-
tron beam as it passes through a dielectric plate in the
presence of a laser field/83 contain answers that differ
from one another actually only by change of nomencla-
ture. As we see it, this coincidence has deep physical
causes, and it involves the fact that an essential feature
of the studied phenomena proves to be a change in the
motion of an electron in times much shorter than the
period of the low-frequency movements in the external
field. This common feature permits us to describe phe-
nomena of this kind from a unified standpoint as being
the "jarring" of the electron in the presence of the elec-
tromagnetic field.

We shall show with a number of concrete examples
that the studied phenomena can be pictured as occurring
in two stages. A certain change in the motion of the
charged particle occurs in the first stage (collision with
another particle or with a wall, absorption or scattering
of an x-ray quantum by it, creation by /3-decay, or the
photoelectric effect, etc.). All of the physical specifics
of the problem is manifested in this first stage. The
amplitude of the probability a1 for the first stage is cal-
culated for each concrete process by its own rules.
However, since we assume that this stage is executed
in a time T much shorter than the period 2ir/« of the
low-frequency motions, the moderately strong field can-
not substantially affect the motion of the charged par-
ticle within this time. This means that the amplitude a1

can be calculated in the same way as in the absence of
the external field. The second stage consists in stimu-
lated absorption or emission of a certain number of pho-
tons of the external field. Although this second stage
would not arise by itself in the absence of the first stage,
the amplitude a" that corresponds to it does not depend
on the physical nature of the first stage. In this sense,
the second stage is universal for all processes of the
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studied type. In line with what we have said, the ampli-
tude of the probability of any process involving absorp-
tion or emission of η quanta of the external field is writ-
ten as the product An = aj$l

I.

We shall treat moderately strong fields that are at-
tainable at the present level of development of laser
technology, in which the ac velocity ν = βΕ/τηω acquired
by the electron is much smaller than the velocity of light
c. We note that even in these (nonrelativistic) fields,
the contribution of stimulated multiphoton processes to
the studied processes can become decisive.

In Chap. 2, we calculate the amplitude of the probabil-
ity a " of the second stage, and as we have mentioned,
we don't need to concretize the process corresponding
to the amplitude a\ in order to solve this problem. In
Chap. 3, we give a brief review of certain effects that
had been treated previously by various authors for phys-
ically differing processes. We wish to show that they
all are of one common nature, and they result from the
jarring of the electron in the external field.

In Chap. 4, we treat the purely classical effect of ap-
pearance of satellites in the spectrum of scattered hard
quanta in the Compton effect involving an electron lying
in an external laser field. Finally, we study in Chap. 5
the spectrum of photoelectrons and ^-particles that arise
in the presence of a laser field.

2. STIMULATED EMISSION OR ABSORPTION UPON
"JARRING" OF AN ELECTRON

A. Classical treatment

Let us first treat the classical problem of the jarring
of a nonrelativistic electron that is moving in an ac elec-
tric field: (l/c)A(t). For the sake of argument we shall
assume that the field A(f) is turned off adiabatically as

The momentum of the electron in the field is

p(i) = p.--ί-Λ(ί) where t<t0,

ρ (i) = Pt — -7- A (<) where t > i0;

Here ta is the instant of time at which any process hap-
pens to the electron that leads to a fast (as compared
with the period of the electric field) change in its mo-
tion (jarring), p± is the value of the momentum of the
electron as t-~±°°. The resultant change in the momen-
tum of the electron is

(1)

where

o —0)-ί>2('ο—0

are the momentum and the energy imparted to the elec-
tron in the fast stage of the process. Their values co-
incide with the corresponding values in the absence of
the electric field.

The quantity Δ in Eq. (1) is the field contribution to
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the energy imparted to the electron. Since this contri-
bution depends on the instant <0 of jarring, the electrons
in the final state will have an energy spread. In order
to calculate the averages, we must average over the
phase of the field φο=ω1ο at which the jarring happened,
while assuming all phases to be equally probable. Since
•A~cos$0, we get (Δ) = 0 for the mean energy, and the
following for the scatter in energy:

(2)
]/ Ί

Here Eo is the amplitude of the electric field having the
vector potential A. We can also easily derive the ener-
gy distribution of the electrons in the final state:

(3)

Here Am is the maximum value of the energy imparted
to the field or taken from it, which is connected with the
rms energy scatter by the relationship ΔΜ = 2/Δ^.

In order that the presented classical calculation be ap-
plicable, the characteristic number of quanta of the elec-
tric field emitted or absorbed in the jarring process

(4)

must be much larger than unity. But this is just the
case where the stimulated effects are large. The intro-
duced parameter Ν is of the order of magnitude of the
ratio of the amplitude of the oscillations of the electron
in the external field a^eEjmuP to the de Broglie wave-
length of the electron as calculated from the transferred
momentum, Ke

In line with what we have said above, the derived prob-
ability distribution for the second stage is universal,
and it is given in the classical limit by Eq. (3). As for
the first stage, it can be (and most often is) doubly of
quantum type. We note that the total probability of the
process does not depend on the existence of the field,
since

f d\W(\) = 1.

B. Quantum treatment

A quantum treatment of the second stage of the pro-
cess is needed in the case in which NS. 1. As before,
just as in the classical variant, the electron can be
jarred at an arbitrary instant of time, which corre-
sponds to an arbitrary phase of the field. However,
now we must sum the amplitudes that describe the dif-
ferent pathways of evolution of the electron, and this
leads to quantum interference effects.

For example, let an electron of momentum p0 lie with-
in the field A(t) at some instant of time t0. The state of
electron subsequently evolves. The field is adiabatical-
ly turned off as £~°°. Consequently the electron energy
pl/2m does not have a definite value, but is character-
ized by the probability amplitude a11. Upon using the
well-known expression for the wave function of the elec-
tron in the field A(t),
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we get the amplitude of the above-described process

(5) Therefore, even in the case of relativistic jarring, the
amplitude (atT) in the studied fields is written by analogy
with (8) as

<«"> = Σ «" (Ν) 6 (P+-P,-nk0). (10)

Upon integrating it over the instant of jarring, <0, we
find

(alI)~ dioexp — tfu-i(, + -5— I at P i A) . (7)

In a field of the form A. = (cE0/<j))e~rt cosut, with Γ - + 0,
if we assume for simplicity that pt»(e/c)A, we have

^_i l l \ 2m

(8)

where Jn is a Bessel function. Thus the energy spec-
trum of the electron as f — °° amounts to a set of satel-
lites that differ from pj2m by a multiple of the quanta
Κω that are absorbed or emitted in the external field.
The appearance of these new channels is characterized
by the weight J%(N), and it is determined by the value
of N.

Owing to the properties of the Bessel functions Jn(N),
the only amplitudes a " that are important at large val-
ues of the argument Ν are those whose index In I ZN.
This corresponds to the classical result of the preceding
section, and it actually means that the effective broaden-
ing of the energy spectrum of the electron at infinity is
of the order of NKu>=£i.m.

In a number of cases, e.g., /3-decay or the photo-
electric effect with absorption of a hard quantum, the
emerging electron can possess a relativistic velocity.
In order to study stimulated emission or absorption
under such conditions, let us treat the problem of in-
cidence of a relativistic electron having the 4-momentum
p0 into the field of a plane electromagnetic wave Αμ

=Α"(φ), with φ = kox (we are using 4-dimensional nota-
tion, and kox = ko· r - ω ί ) .

If the field A(<) is of moderate intensity, i . e . , v/c
« 1 (we recall that we mean by ν the nonrelativistic in-
crement of the generally relativistic velocity of the elec-
tron that it acquires in the external field), then Vol-
kov's1-73 solution for the wave function of the electron is
considerably simplified:

j (9)

All of the spinor expressions here are represented by
the single coefficient up, which is the bispinor amplitude
of the free plane wave. Yet the spin properties of the
electron with respect to its motion in the electromag-
netic field are not manifested in any way. This sim-
plification does not require other spinor transforma-
tions in calculating the cross-sections, apart from those
that are also needed in the absence of the external field.

The functions a*1 and the parameter Ν in (10) have the
same meanings as before. For example, for the field

A = e" r i (at cos φ + o2 sin φ), ^ α , = α^0 = ajca = 0,

their form as Γ - + 0 is as follows:

Since each of the channels of index η corresponds to
its own law of conservation of 4-momentum pt=P0 + nkts,
the probability of the fast stage Ι «ή I2 also proves to de-
pend on n. Yet if we can neglect this dependence for all
Irtl Sjv, as often happens, then the following sum rule
holds for the total contribution of all channels:

(11)

C. Applicability of the "jarring" concept

In order that the "jarring" approximation be applicable
to the problem of stimulated emission or absorption,
the first stage of the process must occur in times τ that
are short in comparison with the period of the low-fre-
quency motion in the external field: ω τ « 1. We note that
this inequality is easily satisfied. Moreover, in the case
of reversed inequality in which the "jarring" approxima-
tion does not hold, the effects of stimulated emission or
absorption will be extremely small. Therefore the "jar-
ring" approximation is actually always applicable for
studying stimulated effects of the stated type.

One can easily estimate the times τ in each concrete
process. Thus, for example, when the hard quantum
Ml is emitted, absorbed, or scattered by an electron,
the inequality ω τ « 1 amounts to the following condition
for the frequencies: Ω » ω . In collision processes in-
volving atoms, the quantity τ is determined by the time
of flight of the electron through the characteristic atomic
dimensions. For example, in the case of electron scat-
tering and in the photoelectric effect, we have, respec-
tively:

where the fiat are the characteristic atomic frequencies.

The inequality ωτ« 1 is a necessary but generally not
a sufficient condition for application of the "jarring" con-
cept. Evidently, an intense enough field can substantial-
ly affect the collision processes, even in the short time
τ. Hence we must also specify a limitation on its inten-
sity. The amplitude of the vector potential A(f) deter-
mines the size of the parameter N, and by using the lat-
ter, we can therefore formulate this limitation.

In order to seek a sufficient condition, we must re-
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quire that the phase shift caused by the field Φ ~ jdtp · A
within the times τ is not significant. Without going into
the details of calculating I a 1 1 1 2 , this directly allows us
to write the criterion

(ΛΓ+1)ωτ«1, (12)

such that the "jarring" approximation is known to be ap-
plicable when it is satisfied.

Yet actually, we can relax the condition (12) to a con-
siderable extent when Ν » 1. There are two different
kinds of jarring: alternation δρ of the momentum of the
electron in a short time, or alteration δΑ of the field in
such a time (e.g., when the electron passes through the
phase boundary of two media). In both cases, the time-
dependence of the integrand in Φ is: f((t- ίο)/ω) sinut.
The function / varies sharply in the time interval from
t0 to to+ τ, and the field is adiabatically turned off as t
— ± °°. The condition ωτ « 1 allows us to express the
phase that we are interested in:

Φ = Νω [ dtf I ̂ ~).sin at

Detailed study of the stimulated Bremsstrahlung ef-
fect has arisen recently from the growing interest in the
problem of heating of a plasma by laser fields. c e~1 0 :

Naturally, a compact expression for the probability of
the second stage of the SBE, \al1\z = j\(N), can be ob-
tained only in the very simple case of the Born approxi-
mation (in which the energy of the electron is much larg-
er than the ionization potential of the atom).

Going outside the framework of the Born approxima-
tion1 1 1"1 4 1 considerably complicates the final expression
for the SBE cross-sections, but it remains as before in
essence. The results of the Born approximation1-t] are
reproduced in an elegant method that used a transforma-
tion to an oscillating coordinate system bound to the
electron.C 1 5"1 6 1

There is an entire set of phenomena in which the "jar-
ring" of the electron arises from its emission or ab-
sorption of a photon. If the energy of the emitted (ab-
sorbed) quantum (k,fl) is large, so that the frequency
Ω » ω , then the parameter

(14)

in terms of the moments of the derivative/' of the func-
tion (if they exist):

Φ ΛίΝ (1 —s-(Λ2) cosVoio — Ναωτsinuito,

I X — Xg \

{ ωτ ι

Consequently, owing to the finite duration of the first
stage, the following new argument appears in the corre-
sponding expansion of βχρ(ίΦ) in the Bessel functions

By hypothesis, this must be close to the quantity N.
Thus, when N»l, the sufficient condition (12) is re-
placed by the weaker inequality

1. (13)

3. SOME EFFECTS THAT CAN BE DESCRIBED AS
THE "JARRING" OF AN ELECTRON

Among these effects, we first recall the well-studied
stimulated bremsstrahlung effect113 (SBE—emission or
absorption of several quanta of an external laser field
induced by scattering of an electron). The stimulated
processes become important when

Λ/ηω2

In the studied nonrelativistic fields, this requires fast
electrons, while the scattering event itself can be con-
sidered to be a "jarring" as compared with the effect of
the external field. Interestingly, the electron does not
change in energy here in the first stage of the process,
and the entire jarring consists only in changing the di-
rection of the momentum.

that determines the role of the stimulated processes can
become large enough, even in nonrelativistic fields. The
condition Ω » ω means that the first stage (emission or
absorption of the high-frequency quantum) amounts to
the "jarring" of the electron in the external field.

Attention is called to the fact that Planck's constant
Κ did not enter into the expression for the parameter in
(14), and Ν is simply the ratio of the amplitude of oscil-
lation of the electron in the field a0 = eEjrmJ· to the
wavelength of the emitted (or absorbed) photon, N~aJ\.
Under the condition Ω » ω , the amplitude a0 can become
of the order of λ, even in a nonrelativistic external
field, when eEjmuc « 1. This requires a field inten-
sity such that v/c becomes of the order of ω/Ω. Evi-
dently, in this case the motion of the electron in the ex-
ternal field can substantially change the pattern of the
emission (or absorption).

The absence of la in Eq. (14) leads to the idea that the
studied effect allows a classical interpretation, even in
the case when Ν is not large. We shall show how one

a " I2 bycan find the probability of the second stage
starting with a purely classical treatment.

An electron moving along an arbitrary trajectory r(t)
emits a spectrum of frequencies in the range — °° < Ω
< +°°. The Fourier component of the vector potential of
the emission field is found from the following expres-

sion tin.

.-c """'" Γ (15)

Ro is the distance from the charge to the point of obser-
vation at the instant t of time. Now let us assume that
the overall trajectory v(t) differs from some assigned
trajectory ro(i) by an ac additive term:

r (ί) = r0 (t) -r a0 sin ωί.
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The physical reasons for the appearance of this additive
term can differ, e.g., an external laser or magnetic
field, a spatial periodicity of the properties of the me-
dium, etc. We shall assume henceforth that the follow-
ing inequality holds: v0 = I r01 » αοω. If the emission field
is determined by the vector potential Aao, then Eq. (15)
implies for a trajectory r(i) of the above-cited type that

A Q = (16)

Thus an entire set of frequencies Ω0 + ηω appears in the
emission spectrum instead of the single frequency Ω 0 )

with the relative contributions J$(N) to the intensity.

The very simple examples of jarring of an electron
owing to emission include bremsstrahlung at a nucleus
in the presence of an external laser field. Among the
less common jarring effects, we must list transition
radiation and Vavilov-Cerenkov radiation occurring on
a background of slow variations of trajectory in an ex-
ternal field. In transition radiation, the role of jarring
is played by the change in the electric field as the elec-
tron crosses the phase boundary of the media.

The modulation of an electron beam while passing
through a plate along which an electromagnetic wave is
being propagated"3 is of the same nature as the effects
of stimulated transition emission or absorption. Two
jarring events occur as it passes through the plate: in
entering and in emerging from it. The scatter in the
final energy of the electrons gives rise to their spatial
grouping, while the current density becomes modulated
at the frequency of the field and its harmonics.

A number of studies"'2 0 3 have investigated the effect
of external fields on the Vavilov-Cerenkov effect. This
phenomenon can also be studied as resulting from jar-
ring of the electrons of the medium by the passage of
the charged particle. Since this jarring stimulates the
emission of satellites, the phase conditions are altered,
and the Cerenkov cone is split into a system of cones,
each of which corresponds to emission of a Cerenkov
quantum and is accompanied by absorption (stimulated
emission) of several quanta of the external field.

Let us examine this problem in greater detail. The
laws of conservation of 4-momentum in the process of
Cerenkov emission with simultaneous emission of η
quanta of the external field (k0, ω)

P!= Pi + hk + nhk0, η = 0, ± 1 , ±2, . . .

(Px and pz are the d-momenta of the electron before and
after emission) imply the following frequency-angular
relationship for the satellites:

(17)

Here θη is the angle between the directions of emission
and of the velocity of the particle, vvb is the phase veloc-
ity of the light in the medium, and a is the angle between
the direction of propagation of the laser wave and the
velocity of the particle.

Thus, when α = θ0, when the laser field propagates along
a generator of the fundamental Cerenkov cone, all the
satellites of (17) coincide, since θη = θ0 for any n. The
satellite cones, e.g., those with positive n, can lie
either inside or outside the Cerenkov cone, depending on
the relationship between the quantities cosa and v^/v,
i . e . , on the direction of propagation of the laser wave.

The effect of an ac external field on Vavilov-Cerenkov
radiation can involve two mechanisms. The first
amounts to a change in the law of motion of the charged
particle when acted on by the ac field (a dc magnetic
field that gives rise to cyclotron rotation of the charged
particle also plays an analogous role). The second
mechanism involves the direct effect of the laser field
on the motion of the charges of the medium. The rela-
tive contribution of these two mechanisms can differ. In
the case in which the Cerenkov radiation arises from
the passage of a heavy charged particle (e.g., a proton),
the second mechanism proves to predominate.

The first of these mechanisms is simple, since it is
caused by a change in the motion of a single particle.
The second one is considerably more complicated, since
it involves the nonlinear characteristics of the medium.
This problem lies outside the scope of this article, and
we shall spend no more time on it.

The emission intensity in each of the Cerenkov cones
in the first mechanism is proportional simply to /„
~ J%(N), where JV~ Ik • a l , and a is the amplitude of the
low-frequency motion of the fast particle in the exter-
nal field. As we see from this formula, the emission
pattern does not possess axial symmetry in any of the
cones but the fundamental cone (n = 0). The inhomo-
geneity in the intensity distribution over the cross sec-
tion of a cone becomes larger as its index number in-
creases.

It is interesting to note that the effect of an external
laser field of frequency ω<ωρ (where ωρ is the plasma
frequency) in semiconductors having a small effective
mass m* of free electrons increases greatly. The pa-
rameter Ν can increase thereby by two orders of mag-
nitude. Therefore, intensities of laser radiation smaller
by a factor of 10* will suffice for observing the same
stimulated effects (we shall not treat here the problem
of breakdown and absorption in semiconductors, which,
of course, remain open).

4. THE EFFECT OF A LASER FIELD ON SCATTERING
OF HARD RADIATION BY ELECTRONS

The Compton effect occurring in an external laser
field is very convenient for illustrating all the features
of the stimulated processes that we are discussing. Let
us study the scattering of a high-frequency quantum
(k1; Ut) by an electron lying in an ac field of frequency
ω. It is evident from general considerations, just as in
the emission case, that the parameter Ν that character-
izes the contribution of the satellites to the Compton
spectrum should not contain Planck's constant K. Hence,
even when Ν Ζ 1, the effect of appearance of satellites is
purely classical.

Equation (17) has a numberof interesting consequences. Hence the posed problem can be solved as the prob-
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lem of the emission from an electron lying in the field of
two electromagnetic waves of differing intensities. The
classical solution neglects the Compton recoil, as is
valid in the frequency range KSl«mcz. This allows us
to assume that flt = ilj = fi. Moreover, the interaction
of the electron with the laser field is accounted for in the
dipole approximation.

Solution of the equation of motion

mi = eE0 sin ω< + eE] exp ( i^r — ΐΏ<)

in the first order with respect to Ex (E1«E0, r = r o + r 1 ;

) gives

! «s eEt exp (ik,^ — iQt — ip sin ωί), ρ = - (18)

One integrates this equation after expanding the last
exponential in series in Bessel functions /n(p). It suf-
fices to consider the coefficients [ΐ + η(ω/Ω)] that arise
in the corresponding terms of the expansion to be equal
to unity, since the only substantial ones are those with
I n I < N, and even with Ν(ω/ύ) ~ v/c « 1. In this sense,
we can say that the last exponential in (18) varies slowly
as compared with the others, so that we get

! " ' exp (ik,r, — iQt — ip sin ωί). (19)

This gives an expression for the vector potential of the
field of the high-frequency radiation from the electron:

A, = -

(20)

Here Ro is the radius vector drawn from the electron to
the point of observation of the field, the velocity τ is
substituted in with account taken of retardation, n2

= ckt/tl, and the quantity A2(n) differs from the corre-
sponding value in the absence of the low-frequency field
by the substitution β— Ω + ηω.

If we calculate in the usual wayci7] the energy flux of
the radiation of each of the satellites in (20), we find the
partial scattering cross sections with radiation of the
frequency Ω + ηω:

dan ctq Thomps
1T-—Z • (21)

Since the condition Ω » ω is required for observing
satellites in nonrelativistic fields, the first stage can be
treated as a "jarring" with respect to the interaction of
the electron with the low-frequency field. In order to get
the required answer in this case to the problem treated
in Sec. 2a, we must replace the notation 6/»-»S(kl-kg),
which reflects the conservation of momentum in the scat-
tering process.

We note that the Compton frequency shift 5Ω = Ω 1 - Ω 2 ,
which is obtained only in the quantum-mechanical ap-
proach, is comparable with the spacing between the
satellites, even at energies W,~ VHume*. Hence one
must use the quantum treatment at high frequencies Ω

and in studying satellites with large indices n. Natural-
ly, this does not alter the essence of the effect, and in
the region of the peak of (23), it leads only to a general
shift in all the frequencies by the amount 5Ω.

The results of the quantum-mechanical calculation
can be written most simply in the first order in HQ/mc2.
The frequency of the scattered quantum Ω2(η) is found
from the laws of conservation of 4-momentum

Pi ~ kt = p, + k. + nk0 = 0, ±1, ±2,

The corresponding scattering cross section

d(Jn da Thomps I

~dOl~ dOT~ I
(22)

in the peak region differs from (21) in the replacement
of the Thompson by the Klein-Nishina cross section, in
which the terms of the first order in Ml/mcz have been
kept. The expression for the parameter Ν in a linearly
polarized field is the same as in (20), while in a cir-
cularly polarized field,

Here the a l l 2 are the amplitudes of the vector potential
of the two linearly polarized waves.

The effect of appearance of satellites in the spectrum
of the scattered high-frequency wave is characterized by
the size of the single parameter N, and is plays an ap-
preciable role only under the condition N~ 1. If we even
do not distinguish the partial cross section for different
n, one can easily measure under the condition N»l the
effective "broadening" of the spectrum of scattered fre-
quencies. Its characteristic half-width is

(23)

This recalls the broadening of a Compton line in scat-
tering by a bound electron

but it has a different nature (a is the fine-structure con-
stant, Ζ is the effective charge, and θ is the scattering
angle of the photon). We note that ΔΩ can be comparble
with ΔΩ,,0111ιά even in relatively weak fields, when Eo

«Eit, if only ω « Ω Μ (for example, ΔΩ~ΔΩ,,011Ι1(, in a
field EQ/Eit~ ω/Ω,,,), where Eit is the characteristic
atomic field.

It is interesting to compare the discussed effects with
the analogous scattering by conduction electrons in semi-
conductors. Here the parameter Ν is fundamentally
changed in two respects. Since we generally need fre-
quencies Ω that exceed the plasma frequency, the elec-
trons behave with respect to the high-frequency field
practically as free electrons. If here ω< ωρ, then, first,
the effective mass m* of the electrons moving in the low-
frequency field is considerably reduced, and hence, the
parameter Ν is increased. Second, the expression for
Ν should manifest the anisotropic nature of the effective
mass. As we have noted, laser fields of intensities
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smaller by a factor of 104 suffice for observing the same
effects, under the condition m*~m/lOO.

5. THE PHOTOELECTRIC EFFECT AND β-DECAY IN
AN EXTERNAL LASER FIELD

The problem of the photoelectric effect occurring in
an external laser field amounts to the above-studied
problem of occurrence of an electron in an ac field (see
Sec. 2b), if the condition n»u) 2 / i i a t i s satisfied. Thus,
in a laser field of the following form (Γ - + 0):

'(a1cos<ot + a,a2 =

if we neglect the interaction of the photoelectron with the
atomic core, and assume for simplicity that p »(e/c)A,
we get the following expression for the partial cross
sections of the photoelectric effect:

•ton _ da" ( p n )
dOe — dOe (24)

Here da°/dOe is the cross section of the photoelectric
effect in the absence of the field A, for which we have
substituted the following value in Eq. (24):

The satellites in the spectrum of the scattered radia-
tion in the Compton effect correspond inthe photoelectric
effect to satellites in the energy spectrum of the photo-
electrons. At the same frequencies Ω and ω, the param
eter Ν for the photoelectric effect in the nonrelativistic
region of quantum energies considerably exceeds the
parameter that is characteristic of scattering. In fact,
5/>photo~Vra#n, while 5£ a c a t t ~ ΗΏ/c, and therefore,

a*.

All of the difficulties that arise in formulating the cor-
responding experiments involve the relatively small
cross sections of the Compton effect and the photoelec-
tric effect. Here it is far easier to achieve them in the
photoelectric effect, since the methodology of recording
and monochromatizing electrons is especially well devel-
oped (see, e .g . , c l 8 ] ) . However, the stated difficulties
involving the small cross sections disappear in other
cases, e.g., in /3-decay of nuclei or of free neutrons in
an external laser field.

For a relativistic calculation of the processes of the
photoelectric effect of /3-decay occurring in a nonrela-
tivistic laser field, the final state of the electron should
be described by a wave function of the type of (9). In
line with (24), this leads to the following expression for
the partial cross sections:

(25)

For example, this implies that the energy spectrum of
particles having momenta p ~ me is effectively broadened
by the amount ΔΕ~βΕ^/ω, which does not depend on the
mass m, and is thus determined by the parameters of
the laser field alone. For example, the limiting energy
of the /S-spectrum in the decay of the free neutronc i 9 ]

Em = 782 470 ± 50 eV is shifted upward by this broaden-
ing. Thus, in the radiation field of a CO2 laser, E^^ is
increased by ~50 eV, even at intensities /~ 10e W/cm2.
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