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Equations for the density matrix are derived, which describe spontaneous emission by atoms located
in an external field, with collisions taken into account in the impact approximation. It is shown that
the spontaneous emission probability cannot be expressed in terms of the density matrix derived under

some definite initial conditions. Expressions for the
atomic transitions are derived within the framework

spontaneous emission spectrum for various
of the model of three relaxation constants. A

general analysis as well as an investigation of a concrete collision model show that changes in the
spontaneous emission spectrum are due to 1) changes in the atom velocity distribution, 2) the charac-
teristics of the collision processes, and 3) interference effects due to the presence of an external

field that intermixes the stationary states of isolated

I nt%1 we considered the question of spontaneous emis-
sion of atoms situated in an external electromagnetic
field. In the case of immobile atoms, the external mono-
chromatic field leads to line splitting if the energy of
interaction between the atom and the field exceeds the
level width. When account is taken of the motion of the
atoms and of the corresponding Doppler broadening, a
relatively sharp line structure also appears (with radia-
tion width), not masked by the thermal motion of the
atoms.

Recent papers'*®! reported experimental observation
of these effects in gas systems. It turns out that the line
structure due to the external field changes appreciably
with the gas pressure, i.e., it is very sensitive to atom-
atom collisions. Thus, nonlinear phenomena in the
spontaneous emission may turn out to be a new and
interesting method of investigating different processes
occurring in atomic collisions.

It was assumed in'"’ that the only relaxation proces-
ses are spontaneous transitions from combining levels,
and collisions were not taken into account. In this con-
nection, naturally, a need arises for a suitable gener-
alization of the theory of!'*1, which indeed is the sub-
ject of the present paper. To this end we develop first
a theory based on the density-matrix formalism; we
then introduce into the equation for the density matrix
a collision integral, thus completing the general part.

In Secs. 2 and 3 we consider certain concrete collision
models and the resultant line-contour deformations.

5]

1. GENERAL RELATIONS

Let an atom with nondegenerate levels E,, E,, ..., Ep,
..., Em, ... be situated in an external electromagnetic
field, whose spectrum is concentrated near the fre-
quency wmp of one of the transitions (m — n). Accord-
ing to®®!, in the resonance approximation (distance be-
tween levels much larger than the level widths and the
energy of interaction between the atom and the field),
the contours of the lines corresponding to transitions in
which the levels m and n take part,i.e., I —m, j —n,
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atoms.

m — n, etc., will depend on the external field, and in
different manners for different transitions. Let us con-
sider first the m — n transition, i.e., the one in which
the external field ‘‘acts.”” The spectral and angular
densities of the spontaneous-emission probability W(Q“)
are given by the expression®’

o t
w(Qy) :Y'% sp{ Re § av § ar § disexp {— 1(Qu— k) (¢ — 1)}

2 to to

X (S (t, t0) BS (t, t0) S~ (11, ) B*S (11, to) po>},
- 1 gm 0 )
T Omt Qa0 g/’

), Q= ou—om, Q=1 gdv.

0o

B:<1O§

Here 2y, is the Einstein coefficient for the m — n
transition, w m and k“ are the frequency and wave vector

of the spontaneous emission, and qj is the number of

acts of excitation of the level j per unit time and in a
unit interval of the velocity v. The matrix S(t, to) is the
fundamental matrix of the equation

) ) . (1.2)

where H is the operator of the interaction energy of the
atom with the external field, 1/2y,, and 1/2y,, are the
lifetimes of the atoms at the levels m and n, and E is a
unit matrix. We designate the matrices by boldface
letters, and there should be no confusion with vectors.

Formula (1.1) expresses the probability of spontane-
ous emission in terms of the probability amplitude, and
this formalism is sufficiently convenient if there are no
collisions. On the other hand, if collisions are taken
into account, then the matrices ¥ and H become random
functions of the time, and the procedure of averaging
over the collisions on the basis of (1.1) and (1.2) is far
from simple. It is more convenient to change over to a
description of the system by means of the density ma-
trix, and to take the collisions into account in the kinetic
equation with the aid of the collision integral.

Thus, our first problem is to express w(2;) in terms

(1.1)

ym 0
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of the elements of the density matrix. We shall use the
well known relations

o (ts, to) = S(t1,20)poSt(ty, f0);  S(£ £1) = S(£,10)S74(ts, 20) (1.3)

and expand the matrix products in (1.1). Then
o t
w(QM)z‘;':["z § e §driexp {— i(Qu—kuv) (t— 1)}

to to

X{Sun (£, 11) Smm (2, 11) prm (11, £0) -+ Srm (£, 1) Sum (£, 1) prmn (B4, 10) ). (1.4)

The products S, S}, (k = m, n) in (1.4) are the off-
diagonal elements of the density matrix pyp, and corre-
spond to the initial conditions ppk (ti, t;) = 1. Thus,
w(§2,) cannot be expressed in terms of a density matrix
obtained under certain definite initial conditions. There-
fore, from the formal point of view, it is natural to go
over from a two-row matrix p to a four-row matrix
Oijs in which

01; = Pmm, O2j = Pnn,

03j = Pnm, Osj = Pmn,

(1.5)

and the second index corresponds to different initial
conditions:

i=1, i=2, pnnltote) =1;

=4,

Pmm(tOy tO) = 1;
(1.6)

It is easy to verify that o obeys the following equation
and initial conditions:

j= 31 pnm(tm tD) =1 Omn (tO’ to) =1

(a+iv) r
-aT —_ = —I10,

h
2ym O 0 0
r— 0 2y, O 0
0 0 wyuty. O '
0 0 0 Y + Y
0 0 Hmn “H:nn
_ 0 0 _Hmn H:rm .
Hmp —Hpy 0 o |
— Hopn Hopn 0 0 /
o (to, t) = E. 1.m

In this notation, formula (1.4) takes the form

m_ 1 . .
w(Q) = %;zmae < (at §dt, oxp {— i(Qu— kyv) (t — 1)}
to o

X{[amo11 (t1, t0) + qno12(t1, t0) ] 033 (2, 1)

~+ [gmou (4, to) + gnosz (¢, to)] 022 (2, ti)}> . (1.8)
Formulas (1.7), (1.8) and (1.1), (1.2) are obtained from
one another by identical transformations, and are there-
fore equivalent. Introduction of collisions in (1.8) and
(1.7), naturally, violates this equivalence. Before we
proceed to such a generalization, let us discuss certain
features of (1.8).

The first term of the integrand in (1.8) is ‘‘usual’’:
it is proportional to the probability of finding the atom
at the upper level m (see (1.4)); this probability, in turn,
consists of the terms qy01: and qp012, which are connec-
ted with the excitation of the atoms at the levels m and
n, respectively. The factor o3; is also quite ‘‘usual,”’
being the off-diagonal element of p;yy,, determined under
the initial condition ppypm(ts, ti) = 1 (see (1.5) and (1.6)).
Thus, the first term in (1.8) coincides qualitatively with
what we are used to seeing in the analysis of the spon-
taneous-emission spectrum, and the external field can
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change some concrete characteristics of this term (the
form of the dependence on t, t;, etc.), but not its intrin-
sic meaning.

The second term in (1.8) is ‘‘unusual,’”’ and is pro-
portional not to the probability of finding the atom at
the level m, but to the off-diagonal elements @mp(t:, to)
and 0Osq(t, t1) = Ppm(t, t1) under the condition ppy(ti, ti)
= 1. Further, if the external field tends to zero, then
these two factors vanish. Finally, this term does not
make any contribution whatever to the integral emission
probability. Indeed, integration of (1.8) with respect to
Qp yields 270 (t — t,); according to (17), on the other
hand, we have 03,(ty, t;) = 0, 0a3(t:, t1) = 1, and

We= S w(Qu)dQu

=" Re {dtgnou (t1, o) + guore(ts, 1),

"~ 2a(Qm+ Qn) (1.9)

to

i.e., the integrated probability (with respect to fre-
quency) of the spontaneous emission W, is determined
only by the first ‘‘usual’’ term in (1.8), and is propor-
tional to the real population of the level m established
in the given field. Thus, the second term in (1.8) has an
interference character. In other words, it is due to
interference between the states of the atom, occurring
in an external field. Many effects predicted in''*’®! are
due just to this interference.

It is appropriate to note that Bennett et al.'*! and
Gordover et al.™ interpreted the experimental data on
the basis of concepts in which no allowance is made for
interference phenomena of the type considered here.
The possibility of such phenomena was ignored also by
Burshtein!™.

We now turn to the question of the changes that must
be introduced into expression (1.8) to take the collisions
into account. We omit the corresponding derivation, and
present only the final result, the physical meaning of
which is perfectly clear. Namely, the element of the
fundamental matrix ojj(t, t’) which enter in (1.8) must
be replaced by elements (with the same indices) of the
Green’s matrix G(v, t|v’, t'), which are obtained by
solving the equation

F] ~
m{ﬁu — VG —S(G) }:Eﬁ(v—v’)ﬁ(t—t’), (1.10)

where V retains the form (1.7), and the term S(G) de-
notes a collision integral that includes also the spon-
taneous decay, i.e., the term I -0 from (1.7). The ex-
pression for the spectral probability density of the
spontaneous emission is
Ymn

:mReS dVS dvy S avo

w(Rp)

0 t
X S dt S dtyexp {— iQu(t —t1)}

to to
X{Gas (v, t[vi, 14)[Gas (vs, 21| Vo 20) @m (Vo) + G12(V1, L1 | Vobo) g (Vo) ]
+ Gaz (v, t] vy, 8)[Gar (v, t1| Vo, t0) m (Vo) + Guz (Vi, La] Vo, L0) g (Vo) ]}

(1.11)

The integration with respect to v and v,, connected with
the possible change of the atom velocity following the
collision, is the main and essentially the only difference
between (1.11) and (1.8). If for some reason we can
neglect the change of the velocity, then G ~ 6(v — v')
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and formula (1.11) has the same structure as (1.8).
However, the collision integral in (1.10) may differ from
that of (1.7). Such a situation will be considered by us
in Sec. 2 below.

We present, likewise without proof, expressions for
the probability of spontaneous emission in transitions
adjacent to the m — n transition (see the figure). Unlike
the m — n transition, which is resonant with the external
field, two Green’s matrices are of importance for the
neighboring transitions m — 7 and n — j. One coincides
with (1.10), and the other, the two-row matrix G’, satis-
fies the equation

) i .
i {E & —§(G6)+ 7: VG }: E5 (v — vo)§(t — o),

vV — (0 Hpn >

Hpu 0 (1.12)

where §' is the collision integral. The part of this
integral connected with the spontaneous damping is
equal, in the cases m — / and n — j respectively, to

( Yo TV 0 )G, (Ym+Yj 0

0 Yatw/ 0 vt
In the general case, the form of §(G’) is the same as
for the off-diagonal elements of the density matrix
Pim> Pin OF Pjm; Pjn-

If the solutions of (1.12) and (1.10) are known, then
the spontaneous emission in the transitions m — [ and
n — j can be calculated from the formulas

)G'. (1.13)

o« t
w(Qy) = ;% Re § dvavidvo § at§ dtiexp (— iQu(t—10)}
to to

X {G11” (v, t| V4, 1) [G11 (s, 11| Vo, t6) @m (Vo) + G2 (V, £1| Vo, t0) @n (Vo) ]
4+ G’ (v, 1] vy, 1) [Gas (i, 24| Vo, to) @m (Vo) + Gz (V1, 81| Vo to) @n (Vo) 1},
(1.14)

ot
Ynj .
w(Qu) = 3" Re § avav vy § dt St dtyexp {— iQu(t — t1)}
X {Gx' (v, t| V1, 11) [Gay (V1, t1] Vo, L0) @m (Vo) + Gz (V1, 11| Vo, o) @n (V0)]
+ Goy (v, ]V, 1) [Gas (V4, 21| Vo, o) gm (Vo) + G (V4, 21| Vo, T0) @n (Vo) I} -
(1.15)

The general structure of expressions (1.14) and (1.15)
does not differ greatly from (1.11): one term is propor-
tional to the probability of finding the atom at the upper
level (the second lines), and the other is the interference
term (the third lines of (1.14) and (1.15). The main
difference lies in the appearance of G'(v, t|vi, t;) in lieu
of G(v, t|vy, t;), which is perfectly understandable, since
it is precisely Gi; and Gj, which determine the line
shape in the transitions m — 7 and n — j in the absence
of nonlinear effects.

For the transitions f — m, g — n, where the upper
levels are not perturbed by the external field, the situa-
tion is much simpler. First, the populations of the levels
f and g do not depend on the field and are determined
only by the processes exciting these states. To find
these populations it is sufficient, obviously, to solve the
equation

ih {%G,—é(G,—)}

=E8(t—t)d(v—vo), i="g, (1.16)
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and to specify the excitation rates q¢(vo) and qg(vo). If
we know also the solution of Eq. (1.12) with collision
integrals characteristic of pyf, Ppf and Pmg, Png, then
the probability of spontaneous emission for the transi-
tions f — m and g — n can be obtained from the formulas

[ t
w(gu)z—;%m §avaviave [fae (jat, exp{—iQu(t— 1)}

to to

X Gy’ (v, | vy, 1) G (1, 81| Vo, to) g5 (Vo), (1.17)

© i

w(Qu) =Y23—;2Res dvdv,dvost dt%t dtiexp {— iQu(t — ta)}

X G’ (vit| v, t1) Gg (V1 11| Vo, £6) 44 (Vo) - (1.18)
Besides the singularity already noted above, attention
must be called to the absence of ‘‘interference’’ terms
in (1.17) and (1.18). This circumstance is obviously due
to the fact that the upper level is not perturbed by the
external field.

In concluding this section, let us dwell on some
methodological questions. We used above the quasi-
classical approximation for the description of the ex-
ternal field. This is not a fundamental limitation, for in
analogy with the previously developed method!®?, it is
possible to construct a theory also for a quantized field.
Since, however, nonlinear effects are noticeable at rela-
tively large numbers of photons, the quasiclassical
description is sufficient in practice.

In the derivation of (1.11) we started from formula
(1.1), employed under the condition ¥y pp < ym + ¥n™’.
In the density-matrix formalism it is easy to take into
account phenomena occurring when this condition is
violated. It can be shown that in order to attain this pur-
pose it is sufficient to introduce the arrival term
2Y mnPmm in the equation for the population p,,, of the
lower level n.

The kinetic equations are usually written in the
laboratory frame, and the left-hand side contains then
the convective term vvG. However, in the physical ap-
plications of interest to us, the collision integral does
not contain operations on the atom coordinates r. There-
fore the change of variable r’ = r — vt leads to the equa-
tions employed above, where r’ enters as a parameter
in Gand V.

2. COLLISION MODEL

We shall analyze the simplest model (‘‘the model of
three relaxation constants’’), when the collision integral
in the kinetic equation (1.10) is of the form
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S(G)=—TG

)

I —iA (2.1)

Unlike the purely spontaneous decay (formula (1.7)), the
relaxation constants I‘j and I in (2.1) are connected only
by the inequality

9T = Ty + T (2.2)

The inequality in (2.2) becomes more strongly manifest
in the case of the Weisskopf broadening mechanism
(phase shift of the atomic oscillator). Here I'yy, and T’y
are determined only by the rates of spontaneous damping
¥m and yp, and the line width contains also the impact
term

Tm=2¥m Tn=2yn, T =7vm+Vn-+ Vimp. (2.3)
In many cases even the strong inequality
Yimp>>Vm + Yn, 20 >Tm+ Ty (2.4)

may also be realized.

The collision integral (2.1) occurs in broadening by
electrons, when the change of the velocity of the atom
upon collision can be neglected. However, in the case of
atom-atom collisions, which lead to diffusion of the
atoms in velocity space, it is possible to use under cer-
tain limitations §(G) in the form (2.1). For example, in
the strong-collision model*®*® we have

8(6) = —vG + Wi (v) [Gav,

1 v2
Wu(v)=— exp{-——,
T sy 7
vy 000 V.0 0 0
0 v, 00 - 0 %, 00
Y“1lo owvol Y“lo o%o0 |
0 00 v 0 00 v* (2.5)

An analysis of nonlinear effects with a collision
integral (2.5) has shown!®**? that the arrival term in
(25), W [ Gdv’, can be discarded if the following condi-
tion is satisfied

‘;j F+w
T4 v; —~’Vj kv
where kv is the Doppler line width. I T + v < kv (as is
frequently the case), then the inequality in (2.6) takes
place even at relatively large pressures, when
- k7 -~ -
(T4 vi—v;) Tty >v;>Ti+vi—v;
In this case, consequently, we also arrive at the model
of ‘‘three relaxation constants,”” where, with allowance
for spontaneous damping, we get

Tm=2m+Vm Tn=2yn+vs, IF=ymt+yntv. (2.8)

If the departure frequencies Y and v satisfy the equation

<‘1: j=m,n, (2'6)

(2.7

2v = vy, + Vp, then relation (2.2) is an equality also for
the constants I'; and T".

Thus, the collision integral (2.1) can describe a great
variety of physical situations. We shall consider below
spontaneous emission in precisely such a collision
model.

Within the framework of the assumed model, the
collision integral in (1.12) is given by
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T+ iAm 0 Tmj + iAmj 0 )
G’ G’
( 0 Tu + iAnl) ’ ( 0 Fnj + iAnj ’
( Tim + iAfm 0 ) o (I‘g,,. + iAgm 0 ) ,
0 T+ iAsn/ ' 0 Tgn + iAgn

(2.9)

respectively for the transitions m — 1/, n—j, j — m,
and g — n (see the figure). The introduced constants
I‘pq and Apq are the shock widths and the line shifts in

the transition p — q. In (1.16), the collision integral is
(2.10)

where I'; is the damping constant of the level i. All the
remarks made above in connection with (2.1) remain in
force also with respect to (2.9) and (2.10).

We note that in the model (2.1) the Green’s matrices
are proportional to 6 (v — v'), inasmuch as a constant
velocity has been posulated. Therefore only one of the
three integrations with respect to the velocities remains
in the formulas for w(2,). In particular, expression
(1.11) for w( ) assumes for the m — n transition form-
ally the same form as in (1.8).

_I“iqu i=f1 f)

3. LINE CONTOUR IN NEIGHBORING TRANSITIONS

In this section we shall pay attention to the so-called
neighboring transitions (m -7, n—j,f—m, g —n,
see the figure), which include only one of the two levels
that are perturbed by the external field. The choice of
these transitions is due to two causes. First, neighbor-
ing transitions will apparently be more convenient for
the experimental study, since they will make it possible
to avoid relatively simply the parasitic scattering of the
external radiation. Second, the perturbation of only one
of the combining levels greatly simplifies the line con-
tour and makes the interpretation of the phenomena
more lucid.

We assume further that the external field is a plane
traveling monochromatic wave with frequency w and -
wave vector k. Then the matrix element Hyyp equals

mn = AG exp {—i(Q — kv)t};

G = dmnE | 24, (3.1)

where E is the field amplitude, diy,,, is the matrix ele-

ment for the dipole moment in the transition m — n.
We assume, finally, that the atoms have an equili-

brium velocity distribution at the instant of excitation,

i.e.,

Q=0 — Omn,

gm(v) = QmWu(v), (V) = QuWu(v). (3.2)

In the case (3.1) it is natural to introduce the func-
tions
Gyiexp {—i(Q —kv)t},

Gaiexp {—i(Q —kv)t}, G’ exp {—i(Q—kv)},

after which (1.10) reduces to an equation with constant
coefficients, which can be readily solved by standard
methods. The same pertains also to Egs. (1.12) and
(1.16). We therefore leave out all the intermediate steps
and present the final result of the calculation of w(S2).
We consider first the simpler case, when the levels
perturbed by the external field are the lower levels.
For the g — n transition (see the figure) we can obtain
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Wen
() =~ Re<[I‘g,.—i(Q,.—Agn — k)

G -t
+ r!m_i[QM_Agm_Q‘I‘Amn—‘v(ku—k)]] > ! (3-3)

The angle brackets denote here averaging over the
velocities with a Maxwellian weight, and the quantity
Wgn is the integral probability of the spontaneous emis-
sion:

T 1 vVen

Wen=§ w(Qu)d0u = 5"

. (3.4)

The formula for w(§2;,) in the f — m transition is ob-
tained from (3.3) and (3.4) by interchanging the indices
g — f and m — n, and in addition by replacing & — Amp
—k-vby—[Q —ap,—k-v].

Expression (3.3) differs from that obtained in®' for
the case of purely spontaneous relaxation in two
respects: the radiative widths yg + vy and yg + vy are
replaced by the impact widths Pgm and I‘g.n, and the line
shifts Agn and Agm appear. Therefore there are no
qualitatively new phenomena in (3.3). Inasmuch as a de-
tailed analysis of a similar formula was made in®!, we
confine ourselves to the foregoing statement and proceed
to investigate the transitions m — 1 and m — j.

The formula for w(®2,) in the m — [ transition is

w(@)= 2 g puu+ ik — K)v
w0 NPt V][ + £k — K) V] + G

NG 2r Pmn” + ikv
XN |
{ Ipmn~ikv|2+l‘2n[l‘m + Ptn+i(ku_k)"]}> - (3.5)
Here
Pmn = T+ i(Q _A)’
Pnl = Fﬂl— i(gp, —Anl - Q),

Pmi = Ty — i(gu - Aml),

Om .
T’

— Yml
(3.6)
The quantity Wy, 7, which is analogous to Wgn in (3.3),
determines the integral probability of the spontaneous
emission for the isolated atom. The factor N is none
other than the relative population difference of the levels
m and n in the absence of an external field. The factor
NG? 2r

[Pmn — k|2 4 T2 Ty
specifies the relative change of the population® of the
upper level m, due to the induced transitions:

§ w(Qudeu =W <1 — NG: or >

|[Pran — kv |2+ T2 Ty
The second term in the square brackets in (3.5) makes
no contribution at all to the integral emission probabil-
ity, i.e., in the terminology of Sec. 1, it is an interfer-
ence term (see the discussion of (1.14) and (1.15)).
Nonetheless, it may greatly influence the line shape.
To clarify this question, let us consider in greater

detail the case of large Doppler broadening and rela-
tively small amplitudes of the external field:

(3.7)

DMore accurately, we are speaking of the number of atoms at the
level m in a unit velocity interval.
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kup, k5 >T, Loy, Tniy x<< 1. (3.8)

It is seen from (3.5) that the result of the averaging
over the velocities depends on the mutual orientation of
the vectors k;, and k, i.e., on the angle between the
directions of observation and the direction of propaga-
tion of the wave of the external field. The most interest-
ing interference effects arise when ku/k“ =+k/k, and
we shall consider precisely these directions.

When k < 1 we can disregard the terms G? and 'k
in the resonant denominators of (3.5). Approximate
integration with respect to v yields then

—_ 2
W exp {— /&#Aml> { 1 —2 My
Vrkuo kuo k
1

Ton F FenT/ %+ §(Qn — knQ/k — 017)
(g 1 )}
I'm T+ AET/k 4 i(Qu — kuQ/k — 82)
Ot = Am == kpA/k, 8y = A — AKA/E,
kk>0, k,>k

w - mi 2 k.
w(Qu) = —. ™ exp{~(91w A ‘)} 1—2" NG2
Vo kuo kyo k

w(Qu)=

xRe[

(3.9)

Ak = ky—k,

1/Tm
Lot + kul/k + 0(Qu + kuQ/k — 617)

]} (kuk < O()é.lo)

The integral probability is the same in both cases:

@ _ _ Y=2 NG
{ w(Qu)da, = W,,,,{1 e V1?c}'

—c0

Formulas (3.9) and (3.10) determine the contours of
a line with a total width klﬁ and with a relatively sharp
“‘dip,”’” which is described by the term with 2NG?® in the
curly brackets®). The center of the dip is obviously
located near the frequencies @ = £k, /kQ, and its width
(in view of (3.8)) is much smaller than the total line
width kv.

In observations along the direction opposite to k, the
interference term turns out to be insignificant under the
conditions (3.8) and does not affect the line shape. Ac-
cordingly, the dip has a simple dispersion form, and its
width is made up of the line width I'y, ; of the m —
transition and the width of the ‘‘Bennett hole’’ (the dip
in the velocity distribution), recalculated for the Doppler
shift near the frequency wyy; (the term k,T'/k).

If the observation is in the direction of k, then the
shape of the dip is made more complicated by the inter-
ference term. We emphasize, first, that in this case the
dip is always deeper, as can be readily verified by
putting 6, = 6, =0 and Q =+k;/kQ. At these points
the expressions in the curly brackets of (3.9) and (3.10)
are equal to

__ NG (1 1 >
T+ 5,L/k\ Tm ' Tm+AKT/k/’

XRe[

(3.11)

2NG*? 1
T+ kul/k Ty |
(3.12)
We recall that the change of the integral probability does
not depend on the direction of observation (see (3.11)).
This means that the areas of the dips are the same in

2)The decrease of the intensity due to this term occurs when N > O.
On the other hand, if the population of the upper level is smaller (N < O),
then the line has nota “dip” but a “peak”.
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the compared cases. But then it follows from (3.12) that
in observation along k the width of the dip is always
smaller than in observation along —k. The relative nar-
rowing of the dip is determined obviously by the ratio

(a7 2),

(3.13)

which, other conditions being equal, is the largest at
k,—k <L k.

The form of the dip in the case of (3.9) depends on
certain singularities of the broadening processes. If, for
example,

Ak k
rm+1‘m+—kr=rm+-kir, 81 =6y, (3.14)
then the dip, as can be readily seen from (3.9), will have
a simple dispersion form and the width I'j; + AKT /k.

On the other hand, the condition imposed on the widths
in (3.14) is equivalent to the following condition:

[Tmi— (Tn4T1) /2] — [T — (Tm+ Tn) /2] — [T — (Tm+Tv) /2]==0.

(3.15)

For purely spontaneous relaxation, all three differences
in the square brackets vanish identically, i.e., (3.15) is
satisfied. This case was considered in®’. In the strong-
collision model, as was emphasized in Sec. 2, condition
(3.15) can also be satisfied. On the other hand, as a
rule, condition (3.15) is not satisfied in the Lorentz-
Weisskopf broadening mechanism. Indeed, according to
the well known formula for the impact widths and for the
shift (7,

Top + iAap = {1 — exp {—i(8a — 867)});

Tao =Ta; a, p =m, n,l, (3.16)
where 8, and 6g are the complex phase shifts of the
atomic oscillator in collisions, and the double angle
brackets denote averaging over all the collision param-
eters. Using (3.16), we can show that condition (3.15)
denotes

C(em — e=i0) (e — €107)) = 0. (3.17)

Thus, to satisfy (3.15) it suffices to have the phase shift
at the level m coincide with the phase shift at the level /
or n. Of course, such cases are possible but are appar-
ently quite rare.

Assume now that the condition (3.15) is not satisfied.
Then, obviously, the dip will not have a simple disper-
sion form, and in particular, if ku =kand I'p,; +T
=T,7~ 'y, then the shape of the dip in (3.9) is des-
cribed by the square of the dispersion function.

The line contour in the n — j transition can be ob-
tained from (3.5) by replacing I'yy — Ty, 'y — I'ny
and € — kv ——-Q +k-v. Therefore all the physical
conclusions drawn above remain in force also for the
n — j transition. Here, however, observations along k
and —k change places, namely, the interference effects
are observed when k, /k = —k/k.

4. CONCLUSION

Both the general analysis (Sec. 1) and the investiga-
tion of the concrete collision model (Secs. 2 and 3)
demonstrate the noticeable role played by nonlinear
interference phenomena in spontaneous emission. In the
case when the Doppler broadening is large kv >> T', the
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change of the velocity distribution of the atoms, due to
the induced transitions, is very important. If the ex-
ternal field does not disturb the velocity distribution at
the upper level (N = 0, transitions f — m and g — n),
then noticeable deformations of the line contour occur
only when kkv/T" ~ 1. In the opposite case, the nonlinear
effects are determined only by the value of the param-
eter k.

On the other hand, the change of the velocity distribu-
tion does not determine the change of the line contour
uniquely. The interference effects lead to an angular
dependence of the emission spectrum, and the charac-
teristic parameters of the line (depth, width of the
‘‘dip’’) may change by a factor of several times.

The physical cause of these effects is analogous to a
certain degree to that which leads to the known singu-
larities of resonance fluorescence. In both cases, the
external field ‘‘mixes up’’ the states of the isolated atom
and produced coherence of radiation in two coupled tran-
sitions. In resonance fluorescence we are dealing with
transitions from the ground state to the excited one and
vice versa. In our case, on the other hand, the coupling
is between the induced m — n transition and the spon-
taneous emission in the neighboring transition. The
distinction from fluorescence, which limits the analogy,
consists in the fact that the initial and the final states
do not coincide and have a finite level width. Nonethe-
less, both phenomena have obviously a common physical

basis.
The sensitivity of the spontaneous-emission spec-

trum in the collisions gives grounds for hoping that the
phenomena under consideration may become an interest-
ing method for studying the processes of elastic and
inelastic scattering of the atoms. Worthy of particular
attention is the possibility of determining the relaxation
characteristics for optically forbidden transitions (for
example, the constant I';,; in the case n — I). We must
bear in mind, however, the relative complexity- of the
phenomenon. The situation becomes even worse if it is
necessary not only to determine the numerical values of
the parameters from the experimental data, but also to
choose the collision model. One might think that an ef-
fective way out of the situation is to combine investiga-
tions of the spontaneous emission with those of other
nonlinear phenomena (for example, the competition of
two types of oscillations, the lamb ““dip’’ etc.).
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