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A theory of broadening is developed which is nonlinear in the light intensity E2. It is based on the
following assumptions: a) The absorption of the light is due not to transitions in the atom, but to inelastic
transitions in the compound “atom +field” system caused by collisions with the broadening particles, i.e.,
by optical collisions (OC). b) The OC-induced light absorption is determined by the OC cross sections,

which depend on the collision parameters, as well as on the frequency detuning Aw and the external-field
strength E,. c) The total absorbable light power Q is determined by the balance equations—with allowance
for OC and inelastic {e.g., radiative) relaxation—for the level populations of the “‘compound system.” The
solution to the problem splits up into two types, a static solution and an impact solution, whose regions of
applicability depend on Aw and E, The nature of the dependence of the impact and static solutions on the

field strength E, is considered. The kinetics of light absorption in a medium is considered on the basis of
the solution to the dynamical problem determining the OC cross sections. A general formula for the
absorbable power Q is derived and has the structure of the well-known Karplus-Schwinger formula, but
contains an elastic-relaxation parameter T, that depends nonlinearly on Aw and E,. It yields the relations of
the standard broadening theory for small E, and the Karplus-Schwinger result in the impact region. The
dependence of T, on E; and Aw leads to the appearance of new nonlinear effects in the absorption of light

by a medium.

1. INTRODUCTION

The theory of spectral-line broadening "*] was de-
veloped primarily for the problems of radiation transfer
and diagnostics. Usually the light field E, in these prob-
lems can be considered weak. More precisely, it can be
assumed that: a) an atom "does not have time' in between
collisions to undergo a field-induced transition; b) the
field has no effect on a broadening-collision event.
Therefore, in the theory of broadening the effect of the
field E, on the shape (contour) of the spectral line is
neglected, and light absorption is treated as a set of
events of photon absorption by atoms broadened ''before-
hand" by collisions.

The problems connected with the interaction of power-
ful resonance radiation with matter became pressing
with the appearance of lasers. For laser fields the con-
dition (a) is usually not fulfilled. A theory free from this
limitation was constructed by Karplus and Schwinger )
(see also ™, Sec. 17). The result obtained by Karplus
and Schwinger has, in our opinion, two main limitations.
First, it does not yield in the weak-field limit all the re-
sults of the theory of broadening: It yields an expression
for the line contour that is valid only in the region close
to the center, i.e., in the impact region. Consequently, in
the case of arbitrary fields E, this result also does not
generalize the theory of broadening with sufficient com-
pleteness. Second, in the indicated theory is used the
above-stated assumption (b), according to which the
characteristics of the broadening collisions enter into
the kinetic equations in the form of terms that do not de-
pend on the field parameters (see, for example, [6],

p. 126). The possibility of the violation of this approxi-
mation is examined in Pestov and Rautian’s recent
paper (7], A similar problem concerning the scattering
of an electron by an atom in a resonance field has been
considered by Hahn and Hertel [* (for a discussion of
this work, see [*). These investigations pertain, how-
ever, to only the impact region, and thereby do not des-
cribe the entire line contour.
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In the present paper we attempt to construct a non-
linear broadening theory free from the limitations a) and
b), i.e., a theory that generalizes the results of the stan-
dard broadening theory to the case of arbitrary fields
and frequency shifts Aw. The analysis is based on a con-
sistent use of the idea that the atom and the field con-
stitute a compound system such that the transitions
occurring in it are responsible for the absorption of
light by the medium. We are able to derive for the total
dissipatable light power an expression that coincides in
form with the Karplus-Schwinger result (see Sec. 7).
However, the fundamental parameters figuring in it are,
in the general case, not relaxation constants, but com-
plicated functions of the frequency and the field strength.
In the weak-field limit the obtained expression yields the
results of the standard (linear) theory of broadening; for
the frequency region near the line center (i.e., in the
impact region), the Karplus-Schwinger result; in the
general case it describes complex nonlinear effects.

The analysis is carried out in the framework of the
scheme usually adopted in broadening theory [*™*): the
motion of the broadening particles is assumed to be
classical and rectilinear; the condition for the collisions
to be binary encounters, i.e., the condition Npgg < 1,
where N is the density of the broadening particles and
Peff 1s the effective impact parameter, which determines
the contribution to the corresponding collision cross
section, is assumed to be satisfied.

2. OPTICAL COLLISIONS. THE BASiC SYSTEM
OF EQUATIONS

Let us consider the absorption of light energy by
atomic particles X and Y colliding in the external elec-
tromagnetic field

E (t) =E, cos ot. (2.1)

The frequency w is close to the natural frequency wo of
the transition between the states 1 and 2 of the X atom
(Fig. 1), We shall henceforth call such collisions opti-
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cal collisions (OC). This term is borrowed from the
standard broadening theory, where it was introduced by
Weisskopf for collisions that destroy the phase of the
oscillations of the atom.

In the present paper we regard optical collisions as
isolated events, in the course of which the atoms interact
only with each other and with the electromagnetic field.
The other interactions that occur in the course of an OC
are assumed to be unimportant. This means, in particu-
lar, that we neglect the extraneous relaxation of the
states X(1) and X(2) during an OC, i.e., we assume that
in the absence of interactions with the atom Y and the
field (2.1) these states are strictly discrete states.

In the framework of the assumed approximations we
can speak of discrete states of some compound system
composed of the atom X and the field E. The states of
the "atom X + field E'" compound system are more con-
venient for the description, since it is precisely the
transitions induced between these states by the collisions
with the Y atoms that are responsible for light absorp-
tion in the course of an OC. :

Let the total Hamiltonian describing the states of the
colliding atoms and the field have the form

H=R et Vet Ve (2). (2.2)

Here ﬁx and ﬁE are the Hamiltonians of the free X atom
and the field E respectively, Vg is their interaction
operator; ny is the X—Y interaction operator, the mo-
tion of the X and Y nuclei being, as has already been
indicated, assumed to be classical and rectilinear:

R?= p® +vA? (where p is the impact parameter and v is
the relative velocity of the atoms). For convenience, we
shall henceforth treat the electromagnetic field (2.1) as
an ensemble of n,, quanta of frequency w; its Hamiltonian
is included in H. When, however, we go over in the
specific expressions for the matrix elements to the
classical limit n, — «, we shall use the quantity Eo.

1. Let us first consider the standard treatment of
photon absorption in the course of an OC. Since in such
a transition the number of photons before and after the
collision is assumed to be fixed, it is natural to use the
system of eigenfunctions ¢, = |X(1), n,) and ¢;
= |X(2), n,, — 1) of the Hamiltonian Ho = Hx + Hg. For
the amplitudes a, and a: of these states we have the equa-
tions
(2.3)

ia,=U,a,+Ve**a,, ia.=U.a,+Ve *"a,,

where Uk(t) = ((pkl‘?XY(t)kpk), ‘? = K(D],I‘?XE I(pz)| and
Aw = W~ Wo; in a diapole transition V = DE,, where
D= E01| (d‘ Eo):.zl-

The system (2.3) is the basic system of equations for
the standard broadening theory, which is valid for suffi-
ciently small field strengths E, (i.e., for sufficiently
small V). Indeed, for arbitrary V it is difficult to even
establish the initial conditions for (2.3), since V does
not go to zero as t — = (V = const). Therefore, V is as-
sumed to be small, so as to make the probability of a
transition occurring in the absence of the broadening
interaction (when U, (— ) = Uz(—) = 0) negligibly small
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in comparison with the transition probability in the
course of an OC. Then setting one of the amplitudes
equal to unity as t — — and the other equal to zero
(to be specific, aj(—~) =1 and az(—«) = 0), and solving
(2.3) with the aid of perturbation theory, we find

la, (o) I2=V? I fdt exp{i[ Amt—__‘: u(r)dr] } I ’ , 2.4)

where k = Uz — U, is the term shift due to the interaction.

The expression (2.4) determines the probability of
emission (absorption) in one OC of a photon with a fre-
quency shift Aw. The resulting contour arising from
many OC is, generally speaking, not equal to the sum of
the independent terms. This is due to the finiteness of
the mean free time of the atom, which leads to the
correlation of the individual events in which photons of
frequency close to the line center (i.e., for which Aw
= 0) are emitted. But this fact is important only in the
narrow frequency region Aw < Yim» Where yjp, is the
impact width of the line (see, for example, [2]), In the
region Aw > yjp, (Which may be called the ''single-
particle' region?), however, the line contour I(Aw) is
completely determined by the probability of a transition
occurring in an OC with one Y particle and is propor-
tional to the number of such OC that occur in unit time.
Notice that the region of values Aw < Yim 18, in the case

" of binary collisions, fairly narrow. It is located deep

inside the impact region of the spectrum, so that prac-
tically all the characteristics of the line contour—in
particular, the transition between the impact and static
broadening mechanisms %3] _are describable by the
single-particle approximation.

For the single-particle region it is convenient to
transform (2.4) with the aid of integration by parts®,
which corresponds to the exclusion of the nonbinary
region Aw X ¥jmy. The first term is proportional to the
delta function 6(Aw), and vanishes at Aw # 0, while the
second yields

|as (o) |2= | _[dt{—mu(t)exl’{i[Amt— ju(t)d‘r]}l . (2.5)
It can be seen from a comparison of (2.5) and (2.4) that
there has occurred in the single-particle region an ef-
effective replacement of the "transition potential" V by
Vk/Aw. This seemingly formal circumstance has a pro-
found physical meaning in connection with the investiga-
tion of the transitions in the compound system (see
below). Notice that the expression (2.5) is not quite cor-
rect. It diverges upon passage to the limit, i.e.,
lim(V/Aw) = < for Aw — 0 and Aw >> ¥, Which is a
direct indication of the limited applicability of the con-
ventional conception of strong fields.

2. Let us proceed to the case of arbitrary V. In this
case we cannot speak of the absorption of an individual
photon: to describe the dissipation of the light energy in
the course of an OC, we must consider the transitions
between the states of the Hamiltonian Hyxp = Hx + Hg
+ Vg of the compound system, states which are char-
acterized by the eigenfunctions (see 3, p. 168; Eng.
Transl., p. 135):

Yr=b1@s+b2@2,  Prr=bo1—bi Py, (2°6)

where by,> = 272(1 + Aw/R0)™? with Qo = VAw? + 4V2.
Everywhere below we shall use the capital letters (K, K')
and the Roman numerals (I, II) to denote quantities per-
taining to the compound system; the small letters (k, k')

V. S. Lisitsa and S. |. Yakovlenko 234



and the Arabic numerals (1, 2) will be used to denote
quantities characterizing the states ¢, and ¢..

For the amplitudes of the states I and II of the com-
pound system we obtain from (2.3) with allowance for
(2.6) the expressions

i, =Ua;+V; uem"au. iapy=Unan+Vu le_m"al,

where
Uy=b,"U+b,*U,;
After the substitution

U"=bz’U,+b,’U,; Vin=Vu l=bAbI(U2_

be=ax exp( i.f Ux dt)

we have

ib:=bux -g exp{ [Qot - —I ®(t)dt ]}

. 14 Ao ¢
ibn=bm—Q:exp{—i [Qnt—-g—(:-Jn(t)dt]}. (2.7)
The system (2.7) is the basic system of equations
describing the transitions connected with the dissipation

of the energy of the field in course of an OC.

The role of the potential inducing the transition in the
compound system is, as can be seen from (2.7), played
by the quantity kV/Qo, which, for Aw >> 2V, goes over
into the effective potential kV/Aw of the formula (2.5).

It is clear from this that the Spitzer transformation,
which separates out the term responsible for light ab-
sorption in the course of an OC, corresponds to a tran-
sition to the states of the compound system in the weak-
field case when V << Aw. The above-noted incorrectness
of the formula (2.5) is connected with its inapplicability
when V 2 Aw.

If we are interested in the single-particle region
Q0 > vim» then the initial conditions for the basic sys-
tem (2.7) can be formulated for t — —, Choosing them
in the form by(—«) = 1 and byj(—«) = 0 for the I — I
transition probability w, we have: w = |b11(°o)l

It is clear from (2.7) that, in contrast to the results
(2.4) and (2.5) of the standard broadening theory, the
probability w of a transition occurring in an OC is, gen-
erally speaking, not proportional to the light intensity
Ej 11 V2, This is a direct indication of the inseparability
in the general case of the two elementary events: the
broadening-collision and the light-absorption events. It
is clear from the foregoing that nonlinear effects should
appear when V 2 Aw. As will be shown below, however,
they can appear in fairly weak fields V

Let us derive an expression for the energy dissipated
in one OC event. The computation of the energy dissi-
pated in any transition (including OC) amounts to finding
the mean energy of the field in the states of the compound
system before and after the transition. If some state of
the compound system is characterized by the wave func-
tion P(t) = bI(t)z/JI + by ()¢, then the mean (the quantum-
mechanical average taken over arbitrary initial phases
of the statistical ensemble) value (Hg) of the field en-
ergy is given by the relation

CHpd=| by | }CHpd vt | bu | X Hedn, <Hedo=<K|Hz| K>. (2.8)

In the optical collision the compound system was
initially in the state by(—«) = 1, bpy(—«») = 0. After the
collision the system turned out to be in the state by(x),
bp(). For the change in the mean energy of the field
occurring in one OC we have
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A
<HE(‘°°)>—<Hn(°°)>=ﬁm(b"—bf)|bu(°°)|z=ﬁmg—mw. (2.9)
Thus, the energy dissipated in one OC event is propor-
tional to the probability w of the I — II transition in the
compound system. Therefore, to compute the energy
absorbed by the medium as a result of OC, we need
simply find the number of OC occurring per unit time.
For this purpose it is convenient to introduce the con-
cept of an "optical-collision cross section:"

(v, Eo, A®) =2nj‘ dp pw (. v, Eo, Aw). (2.10)
These cross sections are generalizations of the OC cross
sections introduced by Weisskopf in the conventional
theory of broadening (see ], as well as [*] , p. 465).

In the single-particle region o > Yim We can speak
of populations Ny and Ny of the states I and I of the
"X + E'" compound system. Then, introducing with the
aid of (2.10) the optical-collision rate I'gn defined by

Toc=Ny<ve(Aw, v, E)>, (2.11)

where N+, is the density of the broadening atoms Y and
(...) denotes averaging over the velocity, we can easily
find the light power Qg absorbed as a result of OC by
a unit volume of the medium:

Qoc=Fhw Ao Toc(Ni—Nn). (2'12)

Q
In computing the total light energy absorbed by the
medium, it is necessary to bear in mind, besides the
OC, another dissipation channel connected with the mix-
ing of the states of the atom and the field. Let us illus-
trate the role of this channel with the aid of a simple
example,

Let the interaction with the field be momentarily
switched on at the moment of time t = 0, and let all the
atoms be in the lower state X(1) at t < 0. The energy of
the field before the interaction is switched on is equal
to nyfiw = (Hgt < 0)). Att > 0the wave function of the

compound s/vstem has the form: Y (t) = bel ot/ 2zp
+bee The mean energy of the field in this
state is, accordmg to (2.8), equal to (Hg(t > 0))

= hw(n, — 2V?/Q2). Hence the change in the mean energy
of the field due to the mixing is equal to

(2.13)

Notice that the mixing of the states of the atom X and
the field occurs in a time ~3', and, if Qo > Toc then
the optical collisions can be neglected during this time
(i.e., it can be assumed that the field instantaneously
mixes the states). Then in solving the Kkinetic equations
in which the OC are allowed for, it can be assumed that
at the initial moment of time Np(0) = biN and N(0)
= biN, where N is the total X- atom concentration. In this
case we have for Nj(t) and Nyy(t) the balance equations

(He(t<0)>—<(He (£=0)>=2V?h0/Q,".

dN1/dt=TocN1—TocNy, Ni+Nu=N. (2.14)

Their solution under the indicated initial conditions with
allowance for (2.12) yields

w* N
Qor—hﬁ)? . (2.15)
The total energy WOC absorbed by the medium as a re-
sult of OC is equal to

2T0c e~*Toc!,

Aw?

. (2.16)

N N
Woe = J. ro (t)dt=ho -2—

V. S. Lisitsa and S. |. Yakovlenko 235



Thus, in the considered simple example the dissipa-
tion of the field energy occurs in two stages: first, dur-
ing a time t ~ 1/9 an amount of energy equal to
(4V*/Q5)Niiw/2 is dissipated as a result of the mixing
(2.13), and then during a time t ~ ' the energy Woc

= hwNAw?/2Q§ is dissipated owing to the OC. The total
dissipated light energy is equal simply to Nhw/2, a re-
sult which corresponds to the total equalization of the
populations of the atomic states.

3. THE NATURE OF THE FREQUENCY AND
FIELD-STRENGTH DEPENDENCES OF THE
OC CROSS SECTIONS

The nature of the solution to the basic system (2.7) is
determined by the relationship between the three quanti-
ties: Qo, the level spacing in the compound system;
kAw/Qo, the diagonal interaction matrix element; «V/Qo,
the off-diagonal matrix element. The fundamental role
in this case is played by the Weisskopf frequency Qw
=v/ pw and the Weisskopf radius pyy. The quantity py
can be found as the impact parameter for which the
change in the phase of the wave function (owing to the
matrix elements xV/Qo and « Aw/S0) during the flight is
equal to unity. F(}r the power-law interaction « = CnR—n
= Cp(p® +v¥*)~0/2 for which concrete results are given
below, we have py = (Cn/v)l/(n_l).

1. QK Qw» then we can neglect 4 in (2.7) in
comparison with the other parameters. In this case (2.7)
reduces to a differential equation with constant coeffi-
cients. The solution of this equation yields, after substi-
tuting it into (3.4), the expression

a:;—‘faw, 0w=2ﬂj:dpp[1—COS fz(r)dt]. @.1)

0

The region of values Qo <K £,,, corresponds to fast
transits. In analogy to broadening theory, we shall call
it the impact region.

Notice that the system (2.7) for Aw <K< 2V is equiva-
lent to the resonance case in atomic collisions; the re-
sult of the standard impact theory of broadening follows
from (3.1) when Aw > 2V.

2. The region 2, > Qyy, the quasi-static region,
corresponds to slow transits. Here two main cases can
be presented: a) the term crossing case, when there ex-
ists a point to at which k(to) = Q5/Aw; b) the term re-
pulsion case, when there is no point of intersection.

The case (a) corresponds to the Landau-Zener ap-
proximation [!***] which is valid under the conditions
that kAw/Qo ~ Qo > kV/Ro, Oy and kAw > 0, or

Ao>Qy V, xAw>0.

(3.2)

For the OC cross section in this case, we have
(cf. 4y

0=4nt (C./A0) A (ENEg?). (3.3)
Here E;p. = V¢, /D,
Vea=[n(Ae) "+/my/2nCY" "= Viz=DE 1z (3.4)

is the critical value of the field;

z, z<1

1 J_— -
= .— —x/ /=¥ (4 __ p=x/ 1=V s .
A=) 2;[dye (e {I_’e_x, iy

Notice that the broadening-theory result for the static

wing of the line follows from (3.3) in the weak~field limit,
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when Eo < E;.;; in the case when Eo > E¢p» the cross
section is observed to fall off exponentially.

The case b) corresponds to the situation, first con-
sidered by Stiickelberg (see [**), p. 651), when xAw/S%
¢ KV/Qo, i,e.,

VAo, Q. (3.5)
The OC cross section is then given by the relation
owsexpl— (V/Ver) =771, 3.6)
where ,
Ver = (C"w)r/in=n,
cr ( v) (3.7)

The exponential decrease of the OC cross section
with increasing E, in both the Stiickelberg and Landau-
Zener cases is due to the fact that the external field
pushes the terms of the compound system apart.

Notice that the critical field E, ~ Aw/D, Ey,z, Eg is,
by definition, much smaller than the magnitude of the
characteristic atomic field E,¢ = 0.5 x 10'° V/em. The
most interesting nonlinear effects connected with
OC-induced light absorption appear in fields E, ~ Eyw
= Qy/D, which, under normal gas-kinetic conditions,
are relatively low (~10°—10° V/cm).

The regions of applicability of the above-considered
approximations are shown in Fig. 2. The impact ap-
proximation, Qo < Qy, is valid inside a circle of radius
Qw in the plane of the variables Aw and V, and the static
approximation, 2o > Qyy, is valid outside this circle.
When V > Aw, there arise nonlinear effects in both the
impact region (the resonance case) and the static region
(the Stiickelberg case). When V < Aw, the conventional
(linear) theory of broadening is valid almost everywhere.
An exception is the Zener region, which lies above the
curve defined by Eo = E1 5, E1,7 being given by (3.4).
The right- and left-hand sides of the figure are distin-
guished by the sign of the quantity kAw (i.e., by the pres-
ence or absence of a point of intersection of the terms).
Our treatment is valid outside a circle of radius y;,
= Ny(owVv) (i.e., when Qo > y;,), which is represented
by the blackened semicircle in Fig. 2.

If we draw in Fig. 2 the straight line V = const paral-~
lel to the Aw axis, then this line will determine the line
contour for a given field strength Eo. Notice that what
we have in mind here is the contour corresponding to
only the OC-induced light absorption; to obtain the line
contour corresponding to the total energy absorption, we
must, generally speaking, take the kinetic effects into
account (see below). The principal distinctive feature of
the OC contour is, as can be seen from Fig. 3, the ap-
pearance of a "transparency window,' which is respon-~
sible for the decrease in the light-absorption probability

v
lAw|=V

Zener 2 at
5y &) 2n
rlwl(F5)

|lAw]=¥ Stiickelberg

Linear | Broadening
»xAw<l Yy ndu»ll.!?w

FIG. 2. Composite picture of the physical domains of variation of
the OC cross section.
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in the region V <V er The shape of the "'transparency
window' is determmed by the value of V. Thus, for

v< Qy (the straight line V = const passes through the
c1rcle Qo=0w) 2 "'plateau’’ is formed near the line
center (the curve 1 in Fig. 3); for V > Qy exponential
decays are observed in the region Aw < Ver. It is char-
acteristic that the dip in the central region (the ''trans-
parency window') broadens with increasing V.

The straight line Aw = const in Fig. 2 determines the
dependence of the OC cross section on the field strength
Eo. The nature of such a dependence for different values
of Aw is shown in Fig. 4. The principal distinctive fea-
ture of such a dependence is the exponential decrease of
the OC cross section in fields stronger than the critical
field. In a number of cases this decrease can be
smoothed out as a result of an additional averaging over
the angle between the vectors d;; and E¢, which can lead
to a power-law decrease for the same critical fields.

4. THE KINETICS OF LIGHT ABSORPTION IN THE
PRESENCE OF INELASTIC RELAXATION

Let us consider the problem of light absorption in a
medium composed of the atoms X and Y, when there can
occur between the states 1 and 2 of the X atom inelastic
relaxation characterized by the rates: y,: for the
X(1) — X(2) transition and vy, for the X(2) — X(1) tran-
sition. This relaxation can be due to spontaneous tran-
sitions, as well as to inelastic electron impacts. Let us
make two assumptions, on the basis of which the kinetic
model discussed below is constructed:

a) We shall assume the inelastic relaxation in the
course of an OC event to be unimportant, which amounts
to the imposition of the condition

V/pcff>2"{ir E"{l:+"{:|

(Ow>1ie): 1)

b) we shall assume that the field E, does not influence
the inelastic relaxation, i.e., that the transitions 2 — 1
and 1 — 2 occur in intervals of time much shorter than
o', For inelastic electronic collisions this implies that
the X-atom—electron collision time is short compared
to 2o'; for spontaneous decay this condition amounts to
the requirement that Qo < wo. Both conditions are usu-
ally easy to fulfill,

Generally speaking, the inelastic relaxation takes the
"X + E" compound system into new states I., IL,, I_, and
II_ differing from I and II in the number of quanta (see
Fig. 5). The states in Fig. 5a correspond to the wave
functions ¢, = |X(1), n), @2 = |X(2), n 1), pi=
= 1X(1), ng + 1), @i = K@), ny), o1 = K@), - 1),
and @z = |X(2), —2). The states in Fig. 5b correspond
to the wave functions Y1, = b1 + b2z and Y1, = = bz

- bz(p;. Notice that, owing to the very inelastic transi-
tion, the energy of the field does not change®: only the
energy of the X atom changes, and the dissipation of the
light energy occurs during the remixing of the new
atomic states.with the field, i.e., during the formation
(after the transition) of the states K, of the "X + E'"' com-
pound object. The differences in population of the states
K, K. of the compound object can be neglected in the bal-
ance equations, since in the classical-field limit of inter-
est tous here n , > 1, so that n  + 1 ~ n,. Then the
light power dissipated on account of the inelastic relaxa-
tion is given by the expression
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Qx =Ni({Hed1 1.Y1ut<He 111 L HHD
+<{Hp Y1 u.)+Nn((Hz>u Y1t wH<Hedn yrY1n 1.
HHDu YL HH2 Y ).

Here (HE)kx! = (HE)K — (HE)K is the difference be-
tween the field energies in the respective states of the
compound object (cf. Sec. 3), i.e., the energy dissipated
in the transition K — K}; the quantities ygg: are the
respective transition rates. The K — K, transition rates
YKK. are determined by the squares of the respective
inelastic -interaction matrix elements taken between the
wave functions Yy, KPKI of the compound system. To
compute them, it is sufficient to multiply the transition
rates yizand vz in the atom by the squares of the ampli-
tudes, bg and by, with which the wave functions of the
atom enter into the wave functions of the initial and final
states of the compound object.

(4.2)

Let us discuss separately the inelastic relaxation
induced by spontaneous radiative transitions. The spon-
taneous transitions produce the following three lines:
the principal line at frequency Wgp = W to which the
transitions I — I_ and II — IL contribute, as well as two
satellite lines at frequencies wgp =W + Q, produced
respectively by the transitions II —I_and I — II_ (see
Fig. 5b). Multiplying the rate of the appropriate transi-
tion by the light energy dissipated in that transition, we
obtain for the spontaneous-radiation power of the com-
ponents of the triplet the expressions:

Aw
( 1— ) Ni,  Om=0—%,
. Q

Qcr=hoYer ? N=N:+N,

(1 + -g—m) N, W=+,

Wen= O,

(4.3)

where yg, is the radiative X(2) — X(1) decay rate.

If we neglect the influence of the inelastic relaxation

2
stvaw) Y
awy L\/
Aw;
3
dw; 2
; \
Ry 7

FIG. 4

FIG. 3

FIG. 3. Dependence of the OC cross section on Aw for different V:
the curve 1 corresponds to the case when V=V, < Qyy, the curve 2, to
the case when V=V, > Qy.

FIG. 4. Dependence of the OC cross section on V for different Aw:
the curve 1 corresponds to the case Aw = Aw, < 2w, the curves 2 and
3, to the cases Aw = Aw,, Aw; > QW.

. 24 I,

FIG. 5. Energy-level diagram of the =25, FI—
“X atom + field E’* compound system: Y2 o
a) without allowance for the interaction 2 I
V between the atom and the field; dw VR s ~ 1%
b) with allowance for the interaction ')’m. 4 I
V. The arrows in the figure (b) cor- a2 _y -4
respond to spontaneous transitions. d;_ I- 1- qut'
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on the population, then Nj = Ny = N/2 (see below) and the
entire picture coincides with the corresponding results
of the theory of spontaneous emission in a strong field
(see ™3, as well as [*]),

We shall obtain the subsequent results on the basis
of the balance equations for the two-level scheme in the
stationary case:

dN; .
—=U= ('Yu l‘f’roc)hlx* (‘{1 11+F0L)va

dt
Here ’)/IH = ’}’m+ + ‘)/III_ and ')/m = ’)/HI,. + '}/m_. The
transitions K — K, are neglected here, although YKK,
are different from zero. This is connected with the ~
above-noted fact that the states K, K, are indistinguish-
able in the limit n,, — « (when the transitions K — K,
are formally taken into account, their contributions to
the population balance cancel each other out).

Nt Ny=N. (4.4)

Solving (4.4) and substituting the solution into (4.2),

we obtain
V: 2loc+yir
0 Tootayie (1+A079Q)7)
where AN = (y21 — y12)N/(v21 + 712) is the number of ac-
tive atoms in zero field and v;, = (ya1 + y12)/2 is the
inelastic-relaxation rate in the two-level system. For
the field power dissipated on account of OC we have
from (2.12) and (4.4) the expression
Aw® Toc

—hoyi AN 22 .
Qoe=hotic AN g o (T Aw7/00)

Qir=2hoyir AN (4.5)

(4.6)

Thus, the total light power Q = Q;, + Qo dissipated
in the medium is given by the expression

Toct2V2yir /Q0°
Foc+l/2'{ir (1+A(ﬂn/Qoz) ’

Q=10 AN (4.7)

5. ANALYSIS OF THE NONLINEAR EFFECTS IN
LIGHT-ABSORPTION KINETICS

Let us consider the expression (4.7). Notice, to begin
~ with, that the inelastic and OC-induced relaxations can
be characterized by the same type of quantities after in-
troducing the notation
2V¢

Fie =—Yir, Yoc==—Toc.

902 ! 2V
Then in the impact region (Qo < Qy) voC
= Yim = Ny(owV) (see (3.1)); in the static region
(R0 > Qw) Yo < Yim- With the aid of (5.1) we can re-

write the expression for the total absorbed power (4.7)
in the form

_ Toc+Tir _ YoctYir 5.2
Q=Qutf7 AFha72V) = oty (1 A@/2V7) (5-2)
Here Qgat = hw yipAN is the power absorbed in the satur-
ation regime; it is the maximum power that can be
absorbed by the medium for a given inelastic relaxation.

& (5.1)

Qsa

The relation (5.2) formally has the same form as the
Karplus-Schwinger result (5], The only difference con-
sists in the fact that (5.2) does not contain the additive
correction (yoo + ¥jp)’ to the quantity Aw®. This is
quite understandable, since in deriving (5.2) we used the
relation Qo > max(ygq, ¥jp)» Which allows us to con-
sider the balance equation for the populations and not
the kinetic equations for the density matrix. As has
already been indicated in Sec. 2, because the collisions
are binary encounters, the difference in question is im-
portant only in the narrow central part of the impact
region where Qo< ¥ir + yim <K Qw.
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In order to clearly demonstrate the connection be-
tween the result (for Q) obtained here and the known re-
sult, let us rewrite (5.2) in the notation used in the
book [6], introducing for this purpose the indicated cor-
rection to the frequency shift

7. (Ao, V) V?

Q=2 AN : .
Ao+ T, AV T I (A, V)

(5.3)

Here T1' = 2v;, and T?' = ygo + ¥j,. The relation (5.3)
formally coincides with the formula (17.71) inL®), In
contrast to the well-known result, however, the quantity
T2, which plays the role of a generalized elastic-relaxa-
tion parameter, is here a complex function of the field
characteristics Aw and V. Therefore, in actual fact, the
relation (5.3) coincides with the Karplus-Schwinger
formula only in the impact region Q, << Q> Where

YoC = Yim’ and does not depend on Aw and V. For weak
fields V — 0 (see the linear-broadening-theory region in
Fig. 2), if the inelastic-relaxation rate is negligible
compared to the OC rate (i.e., if yj, < ygc), then the
relation (5.3) yields the well-known result of the binary-
collision broadening theory *12*] which describes the
entire line contour with allowance for the transition
from impact to static broadening. Thus, the formula
(5.3) is a general result of the nonlinear broadening
theory, and is valid for arbitrary field strengths E, and
frequency detunings Aw. It is interesting that just as the
general result of the conventional broadening theory has
the structure of the (impact) Lorentz formula with a
"variable width'' [*!2!%] the result (5.3) of the nonlinear
broadening theory has the structure of (also the impact)
Karplus-Schwinger formula [*3 with a variable "elastic-
relaxation' parameter Tz(Aw, V).

Of interest is the analysis of not only the expression
for the total power Q, but also of the dependence on Aw
and V of the quantities Qj;. and Qge, since they, like Q,
can be directly measured in experiments (see Sec. 6).
Let us, therefore, consider the dependence on Aw and V
of the expression (5.2), as well as of the ratio Qoc/Q,
which illustrates the contribution of OC to light absorp-
tion. In investigating these expressions, we shall not
introduce the additive correction to Aw?, limiting our-
selves to the region Qo > y. + Yip? since it is pre-
cisely in this region that the new nonlinear effects ap-
pear. The expressions in question can be represented
in the simple forms

- 4 Qoc _, (5.4)
Q—Qsﬂtmw 7 1-R,
after introducing the dimensionless parameters
vV gt (5.5)
Aw? Yir +Yoc

By definition, R < 1. Consequently, for 2V? > Aw?
the phenomenon of saturation is observed independent of
the medium characteristics and no matter what the rela-
tion between the contributions of the OC and the inelastic
relaxation is: the absorbable power attains its maximum
value (Q = Qgat) and ceases to depend on the character-
istics of the field (let us recall that Qo >> vjy, + 7ip)-
When the contribution of the optical collisions is large,
i.e., when yoc > vj, (the pressure-induced broadening
is large), then R < 1, and the saturation sets in consid-
erably earlier when 2V? >> RAw® The behavior of the
quantity R is of the following nature. For small
QS Qw, usually, R < 1 under gas-kinetic conditions,
since Yoo ~ Yim - Yir- AS Qo increases, the quantity
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yoc decreases and, consequently, R increases. The de-
pendences R(Aw, V) and Q(Aw, V) can, in each specific
case, be comparatively simply derived on the basis of
the results obtained in Sec. 3. Here we investigate in
greater detail the qualitative form of the V dependence
of Q for the values of Aw corresponding to the static
wing (see Fig. 6). '

As follows from Sec. 3, the quantity yoc does not de-
pend on V when V < V... Let yoco > 7j, in weak fields.

Then, for V < V¢p, AwVyQC/7irs the quantity Q « V2
saturation sets in when V ~ Awvygc/vip. However, when
V > V,p, the quantity ygc decreases exponentially with
increasing V, and therefore no saturation sets in. The

absorbable power begins to exponentially decrease, the
decrease slowing down when yoc(V) ~ vjr and

Q ~ Qgat2Var/Aw® As V increases further, the quantity

Q = V? and attains saturation when V ~ Aw. Of interest
is the case yj,, ~ vjps i.€., when R ~ 1 in weak fields.
In this case saturation sets in only when V ~ Aw (see
Fig. 6). The possibility of the decrease of the absorbable
power owing to the nonlinear dependence of an OC event
on the light intensity was pointed out in[**), where this
effect is called medium "brightening' (in contrast to the
saturation effect).

6. CONCLUSION

Let us discuss some of the results of the present
paper. Notice, first of all, that the above-employed ap-
proach, which is based on the consideration of the com-
pound system, allows the formulation of a nonlinear
broadening theory in closed form. Indeed, the dynamical
part of the problem is given by the solution of the basic
system of equations (2.7), while the kinetic effects are
taken into account by the balance equations (4.4), where
the relaxation parameters are determined by the OC
cross sections computed in Sec. 3. We stress that in the
above-developed approach the most interesting region
is, in contrast to the conventional approach [Gj, analyzed
on the basis of elementary population-balance equations.
This is due to the fact that the phase relaxation, which
complicates the kinetics, is automatically taken into ac-
count at the dynamical stage in the Egs. (2.7). The solu-
tion of these latter equations is, however, a standard
problem of the theory of atomic collisions. Thus, the
consistent use of the compound-system concept allows
us to not only generalize the problem, but to simplify it
as well.

The results of the inhomogeneous broadening theory
for strong fields, which is used in quantum radiophysics
(see, for example, [°J, Sec. 17.5), do not follow from the
formula (5.3). At the same time, for weak fields, these
results, which correspond to the quasi-static theory,
are contained in (5.3). The indicated discrepancy is due
to the fact that the criterion (4.1) used in the present

a

[
" — _._,,..__
2 /
7 7\ 4 fi
2 7 \ /7
Ya| /72 \ /
Awzl s T I 1
Aok, Vo  AwVR; Aw ¥

FIG. 6. Dependence of the absorbable light power Q on V in the
static wing of the line (see Secs. 4 and 5). The curve 1 corresponds to
the case R(V = 0) =R, < Vr?/Aw? the curve 2, to the case R(V = 0)
=R,> ViAW
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paper is the converse of the assumption on which the
conventional approach is implicitly based. Indeed, the
condition (4.1) implies that we neglect any relaxation
that occurs in the course of an OC. Meanwhile, the aver-
aging that is carried out in the theory of inhomogeneous
broadening over the static shifts (see [63, Sec. 17.5)
corresponds to the assumption that the atom has in the
course of a collision "time" to relax, i.e., that the con-
verse of the condition (4.1) is fulfilled.

Notice that under gas-kinetic conditions the condition
(4.1) is usually fulfilled for spontaneous relaxation. In
this case, as can be seen from (5.3), the parameters T,
and T;' enter into the result multiplicatively. In the
general case, however, this may not be the case at suffi-
ciently large values of Ti! (e.g., at high electron densi-
ties): T» may be nonlinearly related to T, (cf., for ex-
ample, 1739,

Let us make some remarks about the experimental
aspects of the problem. Here it is, in principle, possible
to independently measure the three quantities relating
the field characteristics to the parameters of the collid-
ing atoms: 1) the total absorbable power Q from the
attenuation of the light intensity; 2) the spontaneous-
radiation intensity (4.3), by, for example, carrying out
observations in the direction perpendicular to the initial
direction of the beam (in the absence of electronic re-
laxation this corresponds to the measurement of Q;;);

3) the heating of the heavy particles of the gas and,
consequently, the scattering of the atoms in OC.

It is possible in all the three cases to observe non-
linear effects as the light intensity is increased. The ex-
perimental observation of these effects is of interest
both in itself and in connection with the possibility of
the measurement of the characteristics of the interaction
of the atoms, as well as from the point of view of the
direct experimental verification of the approximations
used in the theory of atomic collisions.

DBelow we shall, for brevity, call the atomic particles X and Y simply
atoms.

INn the case of broadening by electrons this region is called the “single-
electron’ region [2].

IThis transformation was first carried out by Spitzer [°]. Its connection
with other approaches is considered in [!'].

DWe distinguish between the quanta produced as a result of spontaneous
transitions and those of the field (2.1) (by, for example, their polariza-
tion.
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