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The spectrum of an atom located in a strong resonant electromagnetic field and experiencing
elastic collisions with the buffer gas is considered. In contrast to most previous work, in the
present investigation the direct effect of the field on the dynamics of elastic collision between the
working atom and buffer gas atom is taken into account. A general system of equations is obtained
for the density matrix of the composite system “‘atom + electromagnetic field” (atom *‘dressed”
by the electromagnetic field). The equation system takes into account spontaneous transitions and
elastic collisions between the working atom and the buffer gas atoms. Equations for the relaxation
characteristics are obtained by considering the dynamics of the collision between the composite
system and the buffer-gas atoms. Expressions for the shapes of the triplet resonance fluorescence
lines and of the doublet due to transitions to a third nonresonant level, are derived from the
transport equations. The shape of the absorption lines of a weak test signal is also considered.
Relaxation characteristics which depend on the intensity and frequency of the electromagnetic
field in a nontrivial manner enter in the expressions obtained for the spectral lines. In particular,
the effect of the strong field on the collision act leads, in principle, to a narrowing of the resonance
fluorescence lines down to the collisionless limit. The customarily used phenomenological elastic-
collision characteristics (which do not depend on the properties of the electromagnetic field) are
valid only in the impact limit corresponding to weak frequency detuning and electromagnetic

field intensities.
PACS numbers: 34.40. + n, 32.50. +d, 51.70. +f

1. INTRODUCTION

The properties of the atom as a radiator are significantly
altered when it is placed in a strong resonant field; in particu-
lar, the spontaneous-emission spectrum of the ‘“‘atom + e-
lectromagnetic field”” system differs from the spectrum of
the atom (for the literature see the books'* and the review?).
In the Seventies it was theoretically predicted** that a strong
electromagnetic field can influence directly also the atomic
collisions, changing thereby the optical properties of the me-
dium (for details see the reviews®’). This leads to an optical-
collisional nonlinearity that manifests itself, for example, in
a decrease of the power absorbed per unit volume with in-
creasing intensity (/2 10’-10° W/cm?) of the external elec-
tromagnetic field.>~” This fact was relatively recently ob-
served in experiments by Szoke and co-workers® and by
Bonch-Bruevich and co-workers® (see also Ref. 7). The re-
port of experiments®® that demonstrate directly the influ-
ence of the electromagnetic field on the atomic-collision acts
makes it urgent to consider also other manifestations of such
an influence.

This paper deals with the effects of the change in the line
shape in the spectrum of a compound ‘“‘atom + electromag-
netic field” system (atom ‘‘dressed” by the field) on account
of the influence of the electromagnetic field on the frequency
of the collisions compound system with the broadening
structureless particles (inert buffer gas). Usually the influ-
ence of collisions on the spectra of resonant fluorescence and
on the absorption of a weak test signal are considered phe-
nomenologically by introducing the corresponding collision
widths!%!? (see also Refs. 1-3). Such an analysis does not
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take into account the influence of the electromagnetic field
on the course of the broadening collision. More consistent is
an approach®’ in which the relaxation characteristics of the
medium are obtained on the basis of an analysis of the dy-
namics of the collisions between the compound “‘atom + e-
lectromagnetic field”” system and the broadening particle.
This approach, however, was previously used to find only
“rough’ optical characteristics of the medium: the power (of
the strong electromagnetic field) absorbed per unit volume
and the integrated (over the spectrum) intensities of the lines
of spontaneous transitions in the compound system. To find
these rough characteristics it was sufficient to consider only
the populations of the levels of the compound atom + elec-
tromagnetic field system.>’ The line-shape analysis present-
ed here, on the other hand, calls for allowance for the corre-
lation of the collisions, and consequently makes it necessary
to resort to the density-matrix formalism."

Roughly speaking, in this paper we attempt to con-
struct a theory of spectral-line broadening not for an atom
but for a compound system. This theory has certain peculiar-
ities. First, in contrast to the ‘““usual” broadening theory, the
properties of the investigated object depend on the param-
eters of the external electromagnetic field, and it is the de-
pendence on just these parameters which is of primary inter-
est. Second, it is impossible in principle to confine oneself
here to an adiabatic model, i.e., to exclude the influence of
inelastic collisions on the line shape. The point is that light
absorption on account of elastic collisions between the atom
and the broadening particles corresponds to inelastic transi-
tions in the compound atom + electromagnetic field system
(so-called optical collisions or OC transitions®’). Therefore,
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even if the atom considered has nondegenerate levels, there
will correspond to it doubly degenerate or more accurately
doublet states of the compound system, and it is precisely
transitions between these states which determine mainly the
shapes of the lines investigated here (see below).

Let us dwell in greater detail on the formulation of the
problem. Let the atom 4 be located in a strong monochroma-
tic field of intensity & = &, cos(w, ¢ ), where the frequency
o, is close to the frequency w, = (E, — E,)/#i of the atomic
transition a<b(E, and E, are the energies of the atomic
levels). The atom A collides with the structureless particles
B. The interaction of the atom 4, of the electromagnetic field
&, and of the particle B will be described by the Hamiltonian

H=H +‘7,43, HO=HA+Hg+I7Ag,

where H and . 24 » are the Hamiltonians of the free atom and
the field, and VA g and V,,l,f are the interaction operators. Let

= |4 (a),n) and @, = |4 (b ), n — 1) be the wave functions
of the free atom and the field (the eigenfunctions of the Ha-
miltonian H .+ H « ), and let 7 be the number of photons in
the laser field &(n>1). We neglect the degeneracy of the
atomic levels. The determination of the stationary states of
the compound atom + electromagnetic field system®’
(“dressed states™?) reduces to consideration of a two-level
problem. The wave functions of the compound_ system,
which are the eigenfunctions of the Hamiltonian H,, are of
the form

11)15]1, 1 =b,q+b,¢,, '¢‘z'=—i2, n>=b,p;—b:¢,. (1.1)

Here b,, =27 "1 + Aw/02)"'? are the coefficients of the
expansion of the wave functions ¢, and ¢, of the compound
system in terms of the wave functions ¢, and @, of the basis,
which does not take interaction into account;

2 = (Ao® + V?)"?is the Rabi frequency (V = (b | Vw la)/
#=D,, &,/#, D,, is the matrix element of the transition of
the atom) and Aw = w; — w,. The Rabi frequency charac-
terizes, in particular, the time £ of establishment of the
quasistationary states ¥, and ¢,. Corresponding to the states
¥, and ¢, of the compound system are the energies

Ei=ho.(n—1) +E,+iAo/2— (—1)'hQ[2, j=1, 2. (1.2)

We consider the scattering of a strong resonant radi-
ation by a two-level and by a three-level system (see the fig-
ure). For a two-level system, the spectral distribution of scat-
tered radiation has, as is well known, three maxima (triplet).
The central maximum corresponds to a frequency w equal to
the frequency w, of the strong field (Rayleigh scattering).
The two remaining maxima are shifted + (2, from the cen-
tral maximum so that their frequencies are  , =, + 2
(three-photon scattering and fluorescence). In the language
of the states of the compound system, this process is directly
described as spontaneous transitions of the type |1, n)—|1,
n—1), 2, n)—|2,n — 1) (Rayleigh scatteringw = w, ), |1,
ny—|2, n—1) (w=w,) and |2, n)-|l,
n — 1)@ = w_).>"" For scattering with transitions to the
third nonresonant level ¢, the spectral distribution of the
radiation has two maxima (doublet). The appearance of these
maxima correspond to the transitions |1, n)—|4 (¢}, n — 1)
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FIG. 1. Level scheme of compound atom + electromagnetic field system.

and |2, n)—|4 (c),n — 1) (Ref. 14). The absorption of a weak
test signal by an atom situated in a strong resonant field is
described similarly.

In the next section we construct a general system of
transport equations for the density matrix of the compound
system. This system of equations includes the relaxation
characteristics obtained on the basis of an analysis of the
dynamic problem—the collisions of the compound system
with the broadening particles. Analysis of the dynamics of
the broadening collisions (OC transitions) is given in Sec. 3
with account taken of effects of optical-collisional nonlin-
earity.” These effects arise when the matrix element of the
transition in the atom becomes comparable under the influ-
ence of the field V with reciprocal collision time (the Weiss-
kopf frequency) 2, = v/b,,, where v is the relative velocity
of the particles and b, is the Weisskopf radius. The corre-
sponding Weisskopf field &, ~#v/D,, b, has at b, =10
au., v=~10"* au, and D=1 au. a value &, ~10"°
a.u. =~ 10° V/cm, corresponding to an intensity 7, ~ 10" W/
cm?. In Sec. 4 we consider the kinetic problem and obtain the
spectra for the resonant triplet and also for the doublet cor-
responding to the transition to the nonresonant level. The
final expressions contain the relaxation characteristics de-
termined from the analysis of the dynamic problem and, gen-
erally speaking, dependent on the characteristics of the field
(adependence on Aw and & jappears at{2 R 2,;,). The analy-
sis is summarized in Sec. 5.

2. EQUATION FOR THE DENSITY MATRIX

We write the kinetic equation for the density matrix p of
the compound atom + electromagnetic field system in the

form
ap
(32
P« (0t col

where ﬁo is the Hamiltonian of the compound system and
includes the interaction of the atom with the external mon-
ochromatic field; its eigenfunctions are of the form (1.1);
(Gp/dt),, is the change of the density matrix on account of
spontaneous transitions (see Ref. 14) and (do/dt).,, is the
corresponding change due to other collisions with the buff-

% __ ' (Bo—plo)+ ( i‘3)s 2.1)
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er-gas atoms. The change of the density-matrix elements on
account of the elastic collisions is represented in the form

9
(-~(i,n!ij, n'> ) =-I,7 " nlplj’, n'>, (2.2)
21 col

col

where the indices /, /', j, andj' run through the values 1 and 2.
The matrix elements of the operator p are taken over the
state of the compound system, i.e., in the basis of functions of
the type (1.1); the indices #» and n’ describe the number of
photons in the functions (1.1), i.e., specify the considered
doublet (see the figure). Summation over repeated indices is
implied.

We call attention to the fact that elastic collisions of an
atom with a broadening particle lead to inelastic transitions
in the compound system, i.e., to OC transitions.>’ We shall
therefore call hereafter the matrix (operator) I" the matrix
(operator) of the rates of the OC transitions. The OC-transi-
tion rate matrix is expressed in terms of the scattering S
matrix just as the collisional relaxation matrix is expressed
in the theory of the broadening of atomic lines (see Ref. 15, p.
267). The only difference is that here we are dealing with
broadening of not atomic levels but of levels of a compound
system, so that the S matrix has a different form. Thus, for
the matrix of the rates of the OC transitions we have

i =N < o Zﬁbdb(6,~.-v6,,'—S.-,-vS,',;')> , (2.3)

0
where N is the density of the buffer-gas atoms; b is the impact
parameter; the angle brackets denote averaging over the rel-
ative velocities v. From expression (2.3) and from the unitar-
ity relations for the S matrix of a two-level system (see Ref.
16, p. 341 of Russ. transl.) it follows that

l‘iij'j'= (FJJI‘ ) ’y Fm“:thzg,
(2.4)

‘n“= ptt==TW ' ==T"*.

T 2=—T..12

In the derivation of (2.4) we used also the fact that the
average Kinetic energy of the relative motion (T') is much
larger than the distance between the levels of the compound
system (T>#if2 ).

Of course, the elements of both the S matrix and the
matrix of the rates of the OC transitions have in the general
case a complicated dependence on the intensity &, and on
the frequency w, of the electromagnetic field. The quantity
I'oe=r,,"" = I',,”* was introduced earlier,’ and character-
izes the frequency of the OC transitions 1«<>2 in the com-
pound system under the influence of elastic collisions
between the working atoms and the buffer-gas atoms, inas-
much as the quantity

IV0c=l"|S|1|2=1_|Si'zlz

gives the probability of the OC transition in one collision. It
is convenient here to separate the “trivial” part of the depen-
dence of relaxation characteristics on the parameters &, and
Ao of the field and represent I in the form>”’

Toc=(V*/29Q%)Yoc. (2.5)

The quantity yoc characterizes the frequency of the elastic
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collisions that dephase the atom; ¥ enters in the modified
Lorentz formula that describes the line contour in broaden-
ing theory, and also the modified Karplus-Schwinger for-
mula for the absorbed specific power.” In the general case
Yoc has a nontrivial dependence on 4dw and V. This depen-
dence is lost only in the impact limit 2«42, (Refs. 5and 7,
and below). Knowing the value of ¥, we can describe the
integrated characteristics of the scattered light, for example
the intensities of the components of the triplet (see the fig-
ure). To construct a theory describing the line shape, how-
ever, it is necessary to know also other elements of the matrix
of the rates of the OC transitions.

To find the density matrix p, with the aid of which we
determine all the local characteristics of the medium, we
must do the following: a) solve the dynamic problem and find
the S matrix for the OC transitions; b) average over the im-
pact parameter and over the relative velocities, and find the
I’ matrix of the OC transitions; c) solve the transport equa-
tion (2.1) with allowance for (2.2) and (2.3). Such a procedure
is possible only under various simplifying assumptions. In
Secs. 4 and 5 below we use the assumption that the doublet
levels of the compound system can be separated (see the fig-
ure), i.e., it is assumed that the Rabi frequency {2 is large
compared with a spontaneous width y,, and with the colli-
sion widths:

Qv Q>ITH I (2.6)

In addition, in order not to take into account the inhomogen-
eous broadening, we put £2>y,, where ¥, is the Doppler
width.

We note that the situation under which the conditions
(2.6) are violated is of no interest for the problems considered
below. The point is that the nontrivial dependence of the
elements of the S matrix of the OC transitions dw and V
arises only at 22 2, (Refs. 5 and 7). At the same time, by
virtue of the binary character of the collisions we have |I"}/"
S Nvb,,><2, ~v/by. This enables us to construct a theory
that takes, in principle, full account of the nonlinear optical-
collisional effects.

3. LIMITING EXPRESSIONS FOR THE OC-TRANSITION
MATRIX

Equation for the S matrix. In the basis of the functions
of the compound system (1.1), the equations for the S matrix
take the form>”:

it
,dS=( U, Ue® )

e Ry )As, S (=) =1.
Here U, = [U, + U, + (— 1Y4wAU /2 ]/2 are the level
shifts of the compound system,j = 1,2; U=4UV /202is the
matrix element of the transition in the compound system,
due to the elastic interaction with the broadening particle B;
U, = (m|V, gz|m)/#, m = a, b are the shifts of the atomic
level by the particle B; AU = U, — U,;itis assumed that the
particle B causes no transitions between the atomic states:
(a|V,45|b) =0 (the adiabatic approximation for the atom
but not for the compound system). Equations (3.1) are valid
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for binary collisions £2,,>|I"{/’| and for not too large spon-
taneous widths 2,,>7,,.

For the nonresonant (third) state |c) of the atom the
adiabatic approximation is valid, so that

S,,=exp( —i ]’ U, dt) , (3.2)

where U, = (cl/lz, gle) is the shift of the state |¢) by the
broadening particle.

Impact approximation. Equation (3.1) admits of a gen-
eral solution in the impact limit 2«2, (Refs. 5 and 7). In
this case it is necessary to neglect the nonlinear quantity £2¢
in the arguments of the exponentials and make the change of
variable

t— jAUdt',

after which (3.1) reduces to a second-order equation with
constant coefficients. As a result we have

s ( cos O_+isin O_(Aw/Q) —isin ©-(V/Q) )
—isin ®_(V/Q) cos O_—isin O-(Aw/Q)/’
(3.3)

S=

0, = j At (U, +U.) /2.

For a power-law interaction U,, = C,,r " (m =a, b;
C,, are the interaction constants of the power-law potential;
r = (v’t? + b?%"? is the distance between the nuclei) we ob-
tain _
O.=(by/b) "' (Co=C.) [ (Co—Ca),

by=[(Co—Ca) /v]"**Y,  aq,=VaT (3-2?1) / r(g—) ~1,

where I" (x) is the gamma function. From the form of the
matrix (3.3) we have in addition to relations (2.4)

[yt=—Tyy ==y, Tpy?=T, =Ty =T, 2= (Iy")".
(3.4)

All the relaxation characteristics are then expressed in terms
of the quantities

Ty =(V%/2Q%) Yimp -

Pm“: (VIZQ) (’Y|mpAﬁ)/9+iA imp)g” (3'5)
o =Yimp(1+A0%/ Q%) /2+iAimpAw/Q.
Here
Yimp=N < vJ‘ 2ntbdb (1 — cos 20 ) > ~nby*No,
° (3.6)

Aimp=N < vj‘ 2nbdb sin 2<I)_> Yimp
[

determine the width and the shift of the line in the contour of
the absorption of the field energy &, by the atoms. In parti-
cular, the quantities (3.6) enter in the Karplus-Schwinger
formula for the absorbed power.” In this case Vimp = Yoc at
2«41 y,. The analysis that follows (in Secs. 4 and 5) shows
that in the impact limit, when the I" matrix of the OC transi-
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tions is determined by Egs. (3.4)—(3.6), the results of the pres-
ent paper go over into the results of Ref. 11, which are based
on a phenomenological account of the collisions.

The relaxation characteristics that describe the transi-
tions to the third level take for a power-law potential, in the
impact approximation, the form

[39=|Ce/Cra| ¥ " [1+(—1)'A0/Q]
[Yimp_i Sigll (CCbea) A-m,p]/z
+|Ceo/ Coa | 1 [1= (—1) A0/ Q[ Yimp—1 51gN(C caCha) Aimp] /2,
(3.7a)
[y¥=(V/2Q) {|Cea/ Cra| ™ [Yimp—i 5igN (CeaCra) Aimp]
—|Cap/Cra|¥ " [Yimp—isign (CerCra) Aimpl}, 17,
(3.7b)
whereC,,,. =C,, —C,.. (m=a,b,c;i,j=1,2).
Weak-field approximation. If the field is assumed to be
sufficiently weak (¥ is small), we can obtain the S matrix by
perturbation-theory methods from the matrix element of the
transition U= AUV /2£2. With allowance for terms of first
order in ¥, we have
H )

% (— iV /200) SthUein

—0

{ e—i(l)a

S =
oo

& (— iV j200) \diAUe €

—00

o,

~—

(3.8)
where

D,= ]?U,,.dt, m=a,b

is the phase that accumulates in the state of the atom m on
account of the interaction with the buffer gas

1
n=Awt— [AUdt'

—c0

(3.9)

is the phase advance in the compound system.
For the elements of the matrix of the rates of the OC
transitions, which we shall need below, we have

= (V*/280%) 00 (A0), T*=YimpHiA iy =Y V*/240%

(3.10)
where

Yoc(Am)=N<uj2nbdb; | aeav oy >
- (3.11)
1’=N< o[ 2nbdber>- [ dtaven | v ave-mo > .

To calculate ¥’ we shall need terms of second order in ¥ in
the S matrix. In the impact limit |Aw| <2, we can neglect
the first term in the phase shift (3.9), in which case Yoc
= ¥imp and (3.10) coincides with (3.5) for V'<|4w|. We note
especially that the quantities (3.11) depend on the frequency
detuning of the electromagnetic field. In other words, even
in the weak-field limit we cannot introduce phenomenologi-
cal constants that characterize only the interaction of the

Bakaev et al. 746




atoms 4 and B and are independent of the properties of the
electromagnetic field.

Quasistatic region. In the quasistatic limit 2>42,, the
situation is not as simple as in the impact limit. In particular,
the results depend strongly on whether or not there exists a
point of intersection of the terms 7,, of the compound sys-
tem, specified by the condition AU (7,4, )dw/2 = 2. The be-
havior of the quantity y,c as a function of Adw and V was
investigated earlier.>” We shall dwell here only on cases in
which the S-matrix element are small. This takes place, in
particular, for sufficiently strong fields V42, (for more de-
tails see Refs. 5 and 7). If we neglect the 1—2 transitions in
the course of the collision, then

Si=08;;exp (-i J. U,-dt) , j=1,2

and one characteristic

I‘,z‘2=N< | 2nbdb[1 —exp (iAmQ"‘ { AUdt)]>
0 ~

=(A0/Q)¥ " [YimpTiAimp sig;(Am)'J, (3.12)

turns out to be different from zero. The last equation is valid
for a power-law interaction (see above). Thus, in sufficiently
strong fields, V>Aw and V> 2,,, a decrease takes place not
only in the frequency of the OC transitions 1<>2’, but also in
the other characteristics of the collisional widths.

In the same limit (V> 4w, £2,), the collision widths Iy, ¥
of the doublet for the transition to the third level |c) tend to
finite limits, and the constant C, of the resonant level is re-
placed by another quantity C;:

[s=]Cei/ Coa|” ™ [Yimp—1A imp SigN (CeCoa) 1,

3.13
Ci=[CatCot+ (—1)CralAw/RQ]/2, (3.13)

j=1, 2.

4. RESONANT FLUORESCENCE AND ABSORPTION OF TEST
SIGNAL

We first obtain expressions for the spectrum of the
spontaneous transitions between the states of the compound
system (the spectrum of the triplet) and for spontaneous
transitions from states of the compound system into a third
nonresonant state |c) (the spectrum of the doublet). For the
sake of argument we shall assume that |a) is the ground state
of the atom and |b ) the excited one.

Spectrum of triplet. The spectral distribution of the scat-
tered radiation is given by the Fourier component of the
correlation function (see, e.g., Ref. 14).

W(w)=a""'Re g(w), (4.1)
glo)=Fk Idt’ j di{D* (t) D= (¢') Yexpl—iw (t—t') 10 (t—t'),

(4.2)

D *(t)and D ~(t') are the operators of the dipole moment of
the atom in the Heisenberg representation, having respec-
tively positive and negative frequency terms, 6 (¢ — ¢ ') is the
Heaviside (““step”) function, and T is the time of irradiation
by the strong field, while the factor k is defined below [see
(4.9)]. We represent the dipole moment operator D * in the
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form

D:=ZD,FZED,J_tIi,nM]‘,n;H, i.j=1,2, (4.3)
where

Di#=<i, n|D|j, nFD. (4.4)

The correlation function (13,.]. *e )13 ~(t7)) satisfies at £> ¢’
the same equations as the mean value (D, *(z)) (Ref. 17).
According to (4.3) we have

<Dyt ()>=Sppb,* =Z Dy <G, n—1lpli,n>=D* (p,;* ()",

(4.5)

p.~,-+=z<i,n|p|j, n—1>. (4.6)

The sum of the density matrix elements that are diagonal in n
will be designated p;;:

pij=2 <i, nlplj, nd.

Thus, the quantities (13,,- *(¢))/D;* and (13,] *(e )ﬁ ()
D, * satisfy atz > ¢’ the same equations as the elements of the
matrix (p; *)*.

When the inequalities (2.6) are satisfied, the system of
equations for the matrix elements p;* is separable. The
equations for the matrix elements p; take according to
(2.1), (2.2), and (14) the form

J0i;"
Jt

(4.7)

=—[i(0.Fw;) +(yty;)/2+ED:i Dy +Ty"7 ] py™,
(4.8)

where the matrix element D; * are defined by relation (4.4)
and k is the proportionality factor between the square of the
modulus of the dipole-moment matrix element D;; * and the
probability of the spontaneous transition y; between the
states | j, n) and | j, n — 1):

Ys=k| Dy~ |*=k|Dy*|?,

i#j,

(4.9)

2
Y-'_—‘Z Yiio wuy=(E:—E;)/h, @,=Q.

j=1
The matrix elements p;} and p,} satisfy the system of equa-

tions

Opu* , >
20 (log ) pa™ + Z (15—=T") ps™.

- (4.10)

j=1

' We represent the function g(w) (4.2) in accordance with
(4.3) in the form

g(0)=gn(n)tg, (o) tg(w), (4.11;

gu(0)=k [dt' [ di<D* (1)D~(t') Yexpl—in (1=1') 18 (t—1"),
C i (4.12)

The functions g,,(w) and g,,(w) describe the outer lines of the
triplet, and the function

g:(0)=gu(0)+g=(w) (4.13)
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describe the central peak. From (4.5) and (4.9), extending the
integration with respect to ¢ in (4.12) to infinity, we obtain

T
2(0) =i(Qi—0) 'k j dt'<Dt (') D-(¢')>
()

T
=i(Qu—0) "'k | at’ Z Di*Dyous, (4.14)
[] 13

Qu=o,toyti(1ty) 2+ .

The Egs. (4.7) for the matrix elements p; have accord-
ing to (2.1), (2.2), and Ref. 14 the same form as the corre-
sponding equations for p}¥, (4.8) and (4.10), if we omit from
the latter i, p; *. On the basis of inequalities (2.6), we can
neglect in (4.14) the contribution of the off-diagonal ele-
ments p,;,. Assuming that the main contribution to the inte-

gral (4.14) is made by stationary solutions, we obtain
gi=i(Qy—0) ' T;iPs. (4.15)

We obtain in an analogous manner the function g, (@):

gc(m) =T [md (0—awz) Y11 (pu—pzz) 2
+'Yu (i(OJL_(l)) _712“721—21—‘:1“)-‘ 1- (p“~§zz)’)] R

where the relations (2.4) were used. The stationary values of
P11 and py, are
pu=('Yiz"'r‘u“)/('Y:z+’Yz:+2Fu“), Pae=1—Du. 4.17)

Expressing the matrix elements taken over the wave
functions of the compound system (1.1), in terms of the ma-
trix elements of the transitions in the atom, we get

Ye=(1+A0/Q)*\/4, Yu=(1—A0/Q)*\/4, y=YitY,, (4.18)
'fu='Yzz=kDu_Dzz+ =szz_D“+=’YV2/4QZ, (4 19)

(4.16)

where y is the total spontaneous-radiation probability in the

transition |b }—|a) in the atom 4. From (4.17) and (4.18) it

follows that

P1=[(1+Aw/Q)*/4+T "]/ [(1+A0¥/Q?) y/2+2T,"].
(4.20)

Theexpression for the function W () of the spectral distribu-

tion takes, according to (4.1), (4.2), (4.11), (4.13), (4.15), and
(4.16), the form

FRYH(iﬂj‘“_DZZ)Z)
(0—w.)*+Ts

Y1202

(0—0,+Q)2+TI? ]} -(4.21)

T
W(w)= ——{ (P11—P22) Y16 (0—0,) +
i

Y2101
(0—0,—Q)2+T?

+r[
where the widths of the triplet lines are determined by the
expressions (see also Ref. 13)

n=(1+A0Y/Q?) y/2+2T
I'=(1+V/2Q?) y/2+Re Ty,

(4.22)
(4.23)

Using expressions (4.18)—(4.21), write down in explicit
form the intensities of the triplet lines. The intensities of the
coherent and incoherent components of the Rayleigh scat-
tering Q. and Q ; are respectively
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Qcz="11 (P1y—P22) *=A 0’ VA [Q2+Aw®+4T, 'y 1Q2] 2,
' (4.24)
Vz

Qa="ul1— (0u—D2)%]= 4—3;
X [(Q+Aw)* 4D "y~'Q*] [ (Q—Aw) 2+4T,, 1y1Q?]

[Q*+Aw®+H4T,, Y10 ]2

The total intensity of the Rayleigh scattering Q (Refs. 5 and
7)

Qr=0QcrtQr'=YV?/4Q% (4.25)
does not depend on the collisional relaxation characteristics.
The intensities Q, and Q_ of the outer components of the
triplet are’

YVAQ-2+H4T (M (Q+Aw)?

Qe =P = gt A AT,

(4.26)
YVEQ-2+H4T M (R—Aw)?

Q-=121p“ = aToz 2 12y —1
8[Q*+Aw*+4T,11Q2y—]

If the collisions are neglected (I","' = I'},'? = 0), the

spectral distribution (4.21) becomes symmetrical and coin-
cides with known results.'®!® In the impact limit 2<£2,,,
using (3.5), we arrive at the results of Ref. 10. At 2«2, itis
necessary to use for I";,"' and I'},'? the other expressions
from Sec. 3 and from Refs. 5 and 7.

Spectrum of doublet. We find the line shape of the emis-
sion connected with the transition of the atom to the third
level |c) (see the figure, state |3, n — 1)), unperturbed by the
strong field (spontaneous Raman scattering). In this case, as
is well known, instead of the triplet of the resonance fluores-
cence a doublet will be observed whose central frequencies
are respectively

0;=0=(Ej—E.—(n—1)ho.) /A

=mp.— (—1)1(Q—(—1)'Aw)/2. (4.27)

Here and below j = 1, 2. The stationary intensities of these
lines, just as for the levels of the triplet (4.21), are determined
by the relations

Qi=1s:0i=P:ii(1+ (=1)'A0/Q) Ya/2, (4.28)
where 75, and y5,, ., are the probabilities of spontaneous
emission for the transitions |1, n)—|3, n — 1) and |2,
n)—|3,n — 1), |b )—|c), but in contrast to (4.20), to calcu-
latep,, and p,, in the stationary state for a three-level system
it is necessary to introduce the probability .7~ of the inelastic
transition from the state |c) into the ground state |a). We
then obtain from the equations for p,,(t), p,,(¢ ), and p_.(¢)

pi=[(1— (1) Aw/Q)*y/4+T ] [2T

+ (1+A0/Q) 1/2+ 1, T~ (T, VE/4Q2) 11, (4.29)

where 7, is the probability of the spontaneous transition
b—a, Y =%V + Vas-

The line widths I", and I, are obtained in analogy with
(4.23) from the equations for the matrix elements

6pai+

T =—i[m,j+"{,/2+rafjlpaj+7

(4.30)

where w;; are defined by relations (4.23). We obtain accord-
ingly
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T)=(1+(=1)"A0/Q) v/ 4+Re T (4.31)

In the impact limit 2<2,, using for I'y;” expressions (3.7),
we arrive at the results of Ref. 20, and in strong fields
Vs, Aw it is necessary to use (3.13). The characteristics
I';V are symmetric here with respect to the states |a) and
|b).

Line contour of test-signal absorption. Assume that a
classical test field with amplitude ' and frequency o', also
close to the frequency w, of the resonant transition, is ap-
plied to the system in addition to the strong resonant field & .
We shall assume that the test field has a low enough intensity
and does not perturb the levels of the compound system
(dressed states). We obtain the absorption spectrum W '(w’) of
this test signal. It is determined in analogy with (4.1) and
(4.2) by the Fourier component of the correlation function'’:

<D= (t)D*(t')—D*(t)D~(t')>. (4.32)
It follows directly from this expression that the components
have the same central frequencies o' = w,; + {2 and the
same widths as the fluorescence spectrum (4.21). The ab-

sorbed specific powers @, at the frequencies 0’ = v, + 2
will be

Q:=0Q (0L +Q) =Yk~ (&) *(P2—011).,
Q-=0 (0:—9Q) zYﬁlk_i (&* (@n".ﬁz:) s

where the level populations p,, and p,, are given by expres-
sions (4.20) and (4.17), while the spontaneous-transition pro-
babilities y;; are given by expressions (4.18) and the factor k is
defined in (4.9). After substituting (4.20), (4.18), and (4.33) we
obtain

Q.= (&) (2k)~

(4.33)

Ao (AoxQ)*
Q@A AL,y )

(4.34)

The quantities Q . and Q _ have opposite signs, that one
component is enhanced while the other, symmetrical to it, is
absorbed. The intensity of the central component at the fre-
quency w = w, is equal to zero in this approximation, i.e.,
accurate to terms of order |I";”|/£2, since the level popula-
tions of the compound system, which have different values of
the quantum number n, coincide at n>1. The widths of the
lines corresponding to the intensities (4.34) are given as be-
fore by relation (4.23), i.e., are determined by the relaxation
characteristic I',,'%. At resonance (dw<¥) the populations
P11 and p,, are equal and the avlues of Q , tend to zero. A
nonzero result is obtained with the problem is solved at a
higher accuracy with respect to the smallness parameter
(2.6) (see Ref. 10 in this connection).

A similar procedure is used to calculate the absorption
line contour of the test signal on the transition to the third
nonresonant level (the Autler-Townes doublet). If this third
level lies above the level b, spontaneous transitions to it are
impossible, and it is populated only because of the action of
the weak field &’ at the frequency o’ close to the transition
frequency w,, (see the figure). The frequencies correspond-
ing to the maxima of the doublet components are determined
as before by relations (4.27), but they must be taken with the
opposite sign, if the level ¢ lies higher than b. The intensities
of the components are determined by a relation of the type
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(4.33) in which, however, but now the transition is between
level 1 (or 2) and the nonresonant level ¢. The widths of the
components I, , will be given by relations (4.31), to which it
is necessary to add the spontaneous width ¥, of the nonre-
sonant level c:

= (14 (—1)A0/Q) 1o/ 4+1/2+Re Ty, (4.35)

In the impact limit 2«2, these expressions go over
into the result of Ref. 20, while in a strong field 2> 2, it is
necessary to use (3.13).

5. DISCUSSION OF RESULTS

We have obtained in this paper the fluorescence line
shape [the spectrum of the triplet (4.21)~(4.26) and of the
doublet (4.28), (4.29), (4.31)], and also considered by absorp-
tion of a weak test signal [for the triplet (4.33), (4.34) and for
the doublet (4.33), (4.35)]. The quantities contained in the
results are determined in various limiting cases by expres-
sions obtained by analysis of the dynamic problem of OC
transitions (Sec. 3).

The main general conclusion of the paper is that the use
of phenomenological characteristics of elastic collisions
(Refs. 1-3, 10-12, 20) is restricted by the limits of the impact
region of the Rabi frequencies, 2«<2,,. At 22, there-
laxation characteristics begin to depend on the properties of
the electromagnetic field even in the weak field limit V'<£2,.
In the strong-field limit ¥>{2,,, Aw the quantities I',,'" and
I',,'?, which determine the line widths of the resonant flu-
orescence (4.22) and (4.23), begin to decrease, so that the
lines can narrow down, in principle, to the collisionless limit.
This effect was discussed in general form in Ref. 21. The
change of the integrated intensities of the sideband lines of
the triplet on account of the influence of the field on the
collision act (the dependence of I'},'' = ', on 4w and V)
was predicted in Refs. 5 and 7.

The relaxation characteristics I'5,*' and I'5,?, which
determine the widths of the lines of the transition to the third
nonresonant level [c) of the working atom, also depend on
the field characteristics ¥ and Aw. In the strong-field limit
V>(,, Ao, the quantities I';,*>' and I';,*? turn out to be
symmetrical with respect to the parameters of the states |a)
and |b ) of the working atom 4.

We note in conclusion that in the experiments per-
formed to date®® they investigated not the spectral charac-
teristics but the line intensities of the compound atom + e-
lectromagnetic field system. It appears that observation of
the spectrum of the compound system can yield in principle
more extensive information on the interaction of atomic par-
ticles, since the spectral characteristics contain then not one
quantity I',,'!, but two of them, I'",,'" and I',,'*. Experi-
ments are also possible in which the transitions between
weakly polarized states |b ) and |c) are investigated when
state |b ) is mixed by the strong field with the highly polariz-
able (C,>C,, C.) state |a). It is possible that in experiments
of this kind it will be useful to employ methods of optical
spectroscopy that single out the collisional widths of the
lines against the background of the Doppler contour.?
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