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The interaction between intense two-frequency laser radiation and three-level atoms in the vapor
phase is considered. The effect of coherent population trapping (CPT) is studied, and the
intensities of the components of the fluorescence and absorption spectra of a probe signal are
calculated for A and ¥ configurations of the levels. It is shown that the change in the atomic
collision dynamics in a strong field gives rise to an exponential decrease in the collisional
relaxation properties as a function of field strength, and consequently to extinction of the lines of
the fluorescence and absorption spectra. The width of the CPT dip in the profile (the “black

line”) is calculated.

INTRODUCTION

The interaction between atoms with a three-level exci-
tation scheme and two monochromatic fields when the co-
herent population trapping (CPT) effect arises has been ac-
tively investigated in recent years both theoretically '"® and
experimentally.””'° The considerable attention devoted to
this problem stems both from the fundamental nature of the
phenomenon and from physical applications in high-resolu-
tion spectroscopy,'' frequency stabilization,'*'*'* optically
bistable systems,'*'* for atomic cooling, '*'® etc.

In this paper we consider the CPT effect and calculate
the components of the fluorescence and absorption spectra
of a probe signal when intense two-frequency laser radiation
acts on a gaseous medium. Coherent population trapping
arises when two aligned laser fields with frequencies w, and
®, interact with a three-level system having levels in a A
configuration, provided the two-photon resonance condi-
tion w, — w, = w,. holds, where w,,. is the difference in the
energies of the two lower atomic levels (see Fig. 1a; here
# = 1). When this happens the atom is transformed by the
field into a coherent superposition state made up of the two
lower levels, while the upper level b is not excited. Under
these conditions the incident radiation is not absorbed. This
is responsible for the narrow sharp dip in the fluorescence
signal, which is known as the *“‘black line”. The medium be-
comes transparent with respect to the incident radiation.®

But the CPT effect occurs only if the coherence of the
lower levels relaxes substantially more slowly than the radia-
tive relaxation rate of the uppermost level. In gaseous media
the coherence relaxation rate is determined primarily by
elastic collisions between the active atoms and atoms of the
buffer gas. Here we assume that the lower levels a and ¢ are
not components of a hyperfine structure of the same elec-
tronic state. In previous studies, collisions were taken into
account by introducing appropriate phenomenological con-
stants. But if the laser radiation is sufficiently intense, it af-
fects the dynamics of the atomic collisions (the optical-colli-
sional nonlinearity).'?* This makes the collisional
relaxation characteristics depend strongly on the field
strength and the departure from resonance. As the field
strength increases, in particular, the collisional relaxation
rate of the coherence must decrease, tending to zero in the
limit 2> Q, , where Q is the Rabi frequency and Q, is the
Weisskopf frequency. Consequently, if the CPT effect is ab-
sent at moderate field strengths due to collisions, it must
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reappear in sufficiently strong fields Q R Q,,, corresponding
to incident radiation with intensity 72 10’ W cm ~ 2. It fol-
lows that, as noted by Vdovin and Traven’,® the CPT effect
can be a useful tool for experimentally verifying theoretical
predictions regarding changes in the dynamics of atomic
collisions in strong fields. Reference 24 discusses some close-
ly related ideas. As will be shown below, the study of the
corresponding coherent effect for F-shaped configurations
of the levels also opens up interesting possibilities.

The theoretical aspects of the CPT effect in strong laser
fields are of interest in their own right, since they offer a way
to calculate the width of the dip, the strengths and widths of
the fluorescence spectrum, the absorption lineshape of the
probe radiation, and the properties of the ‘““window of trans-
parency”’ that occurs when strong two-frequency laser light
propagates in such a medium under these conditions.

1. ATOMIC BASIS AND THE “DRESSED-STATE” BASIS

We will assume that the structure of the atomic levels
has a A or ¥V shape (Fig. 1). The field at frequency w, with
amplitude E| induces transitions between the a and b atomic
states, and the field at frequency w, with amplitude E, in-
duces transitions between the b and c states. The deviations
from resonance are written as A, and A,, where

Av=|0w|—0;, Ar=0,—|0w], O=AtA,.

(1.1)

In what follows we will omit the index from A, and write
A =A.

Since two strong resonant fields are acting on the three-
level system, it is convenient to go over to the dressed-state
basis.?> The wave functions of the dressed states, |u,n,,1,),
u = a,B,y, are the eigenfunctions of the Hamiltonian

H=H0+VA14

Here we have written H, = H, + H, where H, andH, are
the Hamiltonians of the free atom and the field, and V, is

the operator of the interaction between the atom and the
field:

“‘Lynnn2>=2 Ti"|i>,

=0

(1.2)

(1.3)

yhere |i), i =0,1,2, are the eigenfunctions of the operator
H,, and n, and n, are the numbers of photons of the laser

© 1990 American Institute of Physics 872



_Az

field at the frequencies w, and w,. For the A configuration
(Fig. 1a) we have

|0>=la’1nhnz), |1>=|b,n1~1, nz>,

(1.4)
|2>=]¢, ni—1, n,+1>.

For the V configuration (Fig. 1b) we have

|0>=]a,n,—1,n>, [D=|bny,no, |2>=]|c,n,n,—1>.

(1.5)

The dressed-state energy levels are determined by the
equation for the eigenvalues*?
0,’— (A+6) 0,>— (G*—Ab) w,+G,26=0, (1.6)

where

ol — (10_ X)s 0 Wi
T* =s|[x(1 —2)/2]') (A + x)/2]
v|[x(1 +2)2] —[(1 —2)2]"

withx = A/Qand x = G,%/G 2. If (1.7) does not hold but we
have 8 € G, then as will be seen, it suffices to apply a correc-
tion to just one element of the matrix T

Tia=(T*)0s=—[%(1—%) 1"6/G. (1.10)

Note, however, that when we go over the dressed-state
basis it makes sense to consider the structure of the states
when they are well separated, i.e., for > I, where T is the
spectral width of the corresponding line. Moreover, we as-
sume that the frequencies w, and w, are sufficiently separat-
ed:

|@i—w.| >Q. (1.11)

The probabilities of the radiative transitions v — u in the
dressed basis are

1 oo <ty my—1, ma| |V, s 1 |2,

(2)

Yuv (1.12)

wl <“‘1 ny, nz_1 I dlv’ Ry, nz) Izv

_m
Ywv="Twv

(2)

+'Yuv ’

where d is the operator of the atomic dipole moment. Taking
into account that in the atomic basis only the matrix ele-
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FIG. 1. Level diagram in the atomic basis: a) A configura-
tion b) ¥V configuration.

[ ks
A, T

Gi'_"ldabEll/zy Gz=|dbcEz|/2, G2=G,2+G22,

When the two-photon resonance condition

8=0, (L7
is satisfied, i.e., when w, — v, = + w,, holds, where the up-
per and lower signs refer to the A and V configurations, re-
spectively, we have

0s=(A+Q)/2,  ©,=(A—Q)/2, (1.8)

wa=0,
where Q = (A% + 4G ?)'"? is the Rabi frequency. For the V
configuration it is necessary to make the replacement
A- —Ain (1.8).

When the condition (1.7) holds, the transition matrix
takes the form

(1.9)

I

ments d,, and d,. are nonzero (the a—c transition is forbid-
den) and making use of the expansion (1.3), we find for the
A configuration

T =TolTuly, 4 =Ta T, (1.13)
and for the V configuration
T =TTy, AW = T0 Ty, (1.14)

where 7, and ¥, are the radiative transition probabilities cor-
responding to the a-b and b—c transitions. The positions of
the levels of the dressed atom and the transitions between
them are shown in Fig. 2. When the condition (1.17) for
two-photon resonance in the A-system of levels is fulfilled,
the |@,n,,n,) state does not relax radiatively, i.e., ¥,, =0,
u = a,B,y. Thisis true because for § = 0 it is a superposition
of states corresponding to the lower states a and ¢ alone. For
the V-configuration of levels, in contrast, for § = 0 there are
no transitions to the states |@,n,,n,), and we have 7, = 0.

2.COLLISIONS: THE OPTICAL-COLLISIONAL TRANSITION
MATRIX

We consider the collisions between active three-level
atoms and structureless buffer gas atoms. In order to ac-
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FIG. 2. Level diagram in the dressed basis.

count-for collisional relaxation in a strong field, Bakaev et
al.*® showed that the dressed states of the atom are the most
appropriate choice of basis. Now elastic collisions between
the atoms and those of the inert gas give rise to inelastic
transitions between states of the dressed atom. In the
dressed-state basis the collision integral in the equation for
the density matrix takes the form

~

{0
<“1nhn2|(a_§)) I“,vnl,1n2/>

col

w' ~ ’ ’ ,
=—-Z,I‘,,,.'<v,n,,nz|p]v Jnd,n’),

v,V

(2.1)
where I is the optical-collisional transition matrix:

Il.=N <v jz;w db (smts,,v,—sws;lv,) > , (2.2)

N is the number density of the buffer gas, b is the impact
parameter, (...), denotes an average over the relative veloc-
ity v, and S,,, are the elements of the scattering matrix in the
dressed-state basis, obtained by solving the equations

iSw(t)= Z, Vi Sy () exp (ioyet) ,
Sp(—0) =8, Sw(t®o)=S8., ow=0,—a,.

Here V'is the operator that describes the interaction between
a dressed atom and an atom of the buffer gas, with

]
Vuu' =2 TiuTiu' Vh’, (2'4)
1=0

where the T, are the elements of the transition matrix (1.9),

V“=C,-/R", (2-5)

where the C; are constants specific to the interactions with
atoms in the states / = 0,1,2, and 7 is an integer. The value
n = 6 corresponds to the Van der Waals interaction.

In weak fields, for which the approximation
0 <Q, ~7holds, where 7 is the collision time, the system of
dynamical equations (2.3) can be solved immediately. Fur-
thermore, the elements of the matrix I can easily be ob-
tained from the corresponding elements in the atomic basis
using the transformation (1.3) (cf., e.g., Berman and Salo-
maa®):
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(2.6)

When (1.7) is satisfied, we have in particular using (1.9)

quBB=FﬂﬂwI=—%(1—%) (1—.2') Re I‘Mac, (27)

where Re I ,.““ is the rate at which the coherence of the low-
er levels relaxes collisionally:

Re T, 2=Nu (Clu)¥ ™=, (2.8)

where C = C, — C,, u = (kT /M)'’* is the thermal speed,
M is the reduced mass of the colliding atoms, and I",,**
differs from Iz, “* through the replacement x — — x.

In the strong-field limit

Q>>.QW~1:—’, 2.9)

the collision dynamics is affected by the field and in the
atomic basis the collision integral assumes a complicated
form. Going over to the dressed basis simplifies matters.
Now it is necessary to solve Egs. (2.3) and use (2.2) to
express the elements of I'.

Equations (2.3) can be solved analytically only if we
make some further simplifying assumptions. We are inter-
ested in the strong-field limit, when the energy levels of the
dressed states spread apart to a considerable degree and
transitions between them become unlikely. Then we can ne-
glect transitions between the 8 and ¥ levels, the ones which
are farthest apart, leaving only transitions between the
neighboring levels, S and @ and a and y. Now Egs. (2.3) go
over to two systems of the same form, each of which contains
only two equations. This type of system has been solved ap-
proximately for the case of a power-law interaction poten-
tial.?” Using these results we obtain value of T',,,,*" for v = u:

—(n+1)In

(n—=1)/n
uallll=1"lmaa — Re Fucaca'nfuﬁu

exp (—2a.f,B, )5

(2.10)
where

b=l 0w|/Qw, Quw=(u"/C)V"",

a,=2""sin(n/2n), fo=[n(1—x) (1Fz)/2]/*".
Expression (2.10) is valid in the strong-field limit, when the
distance between the levels of the dressed atom satisfies
©,q ~ 2>y . In this case we have B, > 1 and the charac-
teristics I, **, as seen from (2.10), are exponentially small
in comparison with (2.7). From the unitarity of the scatter-
ing matrix .S it follows that

Y =0, Z,rww=o.

®

(2.11)

Since we need no matrix elements other than those of the
form (2.7) and (2.10), we do not exhibit them here.

3.LEVEL POPULATIONS

The kinetic equation for the dressed atom can be writ-
ten down in the form

A,

% Liaa(Z) %

a 9t/ e \ot/.) (3.1

where the last two terms describe relaxation due to radiative
transitions and to elastic collisions with buffer-gas atoms
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[see Eq. (2.1)]. We assume that the secularity condition
holds:

Q> [Tl (3.2)

In this limit we can neglect the off-diagonal elements of the
density matrix, which are of order |I'|/€2, and pass to a sys-
tem of equations for the level populations only (balance
equations):

~YuPru +Z ('Yuv_ ) Povs (3.3)

where

qu, ny, n2|P|H7 ny, nz » and Yn Z'Yvu

ny,ng

is the radiative width of the level. The condition that the
system be closed takes the form

Z Pu=1.
»

We look for a stationary solution of Eqs (3.3). The effects
we are interested in appear for |[I'| S y. Using expressions
(1.13) and (1.14) for y,,, and assuming <G, |'| <€¥,, 7,,
and G, ~ G,, we find for the A-configuration of levels

(3.4)

Pes=—Tpay ™[ (1+2) ~*+Cy/2] —Tyay~'Cy/2+Ex (1—x) y 32,

(3.5)
where
I‘uv=ruuw1 Y= (11+Yz) /2, 5=6/G,
=G, +1.G.*)/ (1:1G*+71.G?),
_ 1—z
Ve

p,, differs from pg; through the replacements Sy, y— 8,
x— —x,and y—1/y, and

Pea=1—pss—P11-

If an elastic transition takes place between the atomic
levels @ and ¢ (a=c) with probability 7 (J «<¥), then
changes dp;s and 8p,, occur in the populations of the 5-
and y-levels:

Bpes= (2x—1)* (L +1) yT /2y, (3.6)

where 8pg; and 8p,, differ through the replacements
xX— —x,p-1/y.

Utilizing the relations (3.5) and (3.6), we can find the
populations p;; of the atomic levels:

Pit =2 Tolpun:
1

Hence if we take into account (1.9) and (1.10), the popula-
tion of the upper atomic level |b ) is found to be

pss=—(TsatT'a) (1+5) /2y +x (1—x) (1+5) &2

(3.7)

(3.8)

We generalize these expressions for the level popula-
tions of the dressed and atomic levels, taking into account

875 Sov. Phys. JETP 70 (5), May 1990

the motion of the atoms and the spread in their velocities.
For an atom moving with velocity v and interacting with
laser fields having wave vectors k, and k, and frequencies o,
and w,, we must modify the expressions obtained above by
writing

w,-»0, — KV, 0,50, — K,*v

and make the corresponding changes in the deviations from
resonance A, A,, and 6 defined in (1.1). In particular,

6-6 + (k;, —k,)-v.

Averaging over velocities causes 5? to be replaced in
Eqgs. (3.5) and (3.8) by 8%;, where
Scﬂ‘z =SZ+ADZ,

=[(k,—k.)u]?*/G*. (3.9)

In strong unidirectional external fields we have A2 <1. The
quantity p,, attains its minimum value as a function of w,
and w, at § = 0, and the width of §, of the resonance, i.e., the
width of the black line for which the population has twice the
minimum value, is

60~(|F9a+r1a|7_‘+ADZ)VZG. (310)

From (3.10) we see that when (2.7) holds, the field makes
the dip in the population wider. For strong fields, however,
when the expressions for I';, and I',, are given by relations
(2.10), the dip becomes narrower with increasing field
strength.

If the inelastic transition a—=c occurs, then using (3.6)
we find the correction dpgs to the population (3.8):

8pps=(2x—1)*(1+85) T /2y. (3.11)

The form of the expressions (3.5), (3.8), and (3.11) found
for the populations implies that for § = 0 in the strong-field
limit the populations pg,; and Pyys IN VieW of (2.10), tend
exponentially to a small value determined by the back-
ground Doppler broadening and inelastic collisions, where-
as p,, — 1, i.e., practically speaking only the state |a,n,n,)
is populated. From (1.3) and (1.9), this means that only the
atomic states a and c are populated (pgz —0), i.e., the atom
is in a coherent-superposition state combining the lower
states @ and ¢ (CPT effect). The values of the populations
Pps» Pyysandp,, differ from the minimum values because of
collisional-relaxation and inelastic processes.

Now let us consider a V-configuration of levels (Fig.
1b). In this case collisions are responsible for populating the
a level:

A - | ()
Pea % FBG'Y PR YT (1+§)__ 12y 142 (1+C)
1 z -,
- — 3.12
5 *(1 %)§1+,5en, (3.12)
8paa=T 77" (2x—1)*(1+8) (1—2*) /4 (1+2?), (3.13)

where 'z, and I',,, are defined as before by Eqgs. (2.7) and
(2.10). For 6 = 0 the value of p,,,, attains a minimum. Note
also that the populations (3.6) and (3.13) resulting from
inelastic collisions vanish for G, = G,, i.e., x = 1/2.

4.STRENGTH OF THE FLUORESCENCE SIGNAL

As is well known, the transition to the dressed states
permits us to determine the frequencies of the fluorescence
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signal immediately. Thus, in our case (see Fig. 2), the flu-
orescence is  associated with  the transitions
|v,n,n,) = |u,n, — L,n,) (u,v=a,B,y) at the frequencies
®, + w,, and the transitions |v,n,,n,) - |u,n, — 1,) at fre-
quencies w, + ®,,,, i.e., for every transition with the central
frequencies w,, @, the spectrum will have seven components.
The intensity of each component is determined by the rela-
tion

Iuv((!)i+(0vu)05 'Yi? [ (i=11 2) ) (4 1)

where p,, are the level populations of the dressed states and
7. are the probabilities of the spontaneous radiative transi-
tions (1.13) and (1.14). -

For A level configurations, using relations (3.5),
(1.13) and the notation /,,, (&, + @,,,) = I}, we have (we

omit the proportionality coefficient #iw,)
It = % (1—%) 8 (1—2) 1/2,

19 = (1—x) (1/2y) [~Toa— (1—2) (TpatTa) (£/2)

+x (1—x) (1—x) 58], (4.2)

where /) and I} differ from 1) and I}, respectively,
through the replacements I'y, -T",, and T',, - T,, and
X—o —X,

I“) 1 = I(n ) 1 %
81 = o5 1 lar ® =57 das
21— 2 1—%

(4.3)

IO=I,, +1p +15 = % (ys/4Y) [=Tsa (1—2) —T'ya (1+2)

— (TpatTa) T (1+2%) +2x (1—x%) (1+2%) 18]+ (1—x) 1.8,

(4.4)

and I} differs from 7)) through the replacements 7, -y,
and x—1 — x. Figure 3 shows how the intensities of the
components of the fluorescence spectrum calculated from
(4.1), (4.2), and (2.10) change as functions of the laser field
strength.

If inelastic a=xc transitions occur, then additional
terms appear in (4.2)-(4.4):

815 = (1—x) (2x—1)* (1,/4y) (148) (1—2) T,

1= (1—x) (2x—1)*(y,/2y) (1+E) T, (4.5)

7,arb. units

FIG. 3. Strengths of fluorescence spectrum components.

876 Sov. Phys. JETP 70 (5), May 1990

where 81 () and 81’ differ from (4.5) through the replace-
ments ¥, —»¥,and x—1 — x, and 81 ) and 81 ) differ from
81, and 81 () through the replacement x — — x.

From (4.2) and (4.3) it follows that when the two-
photon resonance condition § = 0 is satisfied the fluores-
cence signal associated with transitions from the dressed
state a drops out and only five components remain in the
spectrum. Strong lines associated with transitions from lev-
els B and y are determined by the elements of the I' matrix
and, as implied by (2.10), fall off exponentially with increas-
ing field strength.

In the case of V configuration levels, the situation is
reversed: for § = 0 the fluorescence signal corresponding to
transitions to level @ drops out. Now the components asso-
ciated with the transitions @ — S and @ — y are the most inter-
esting, since it is precisely their intensities which are deter-
mined by the collisional-relaxation characteristics:

) 1 '1_7(
b2 T8 {1tz

YY—’ [ (14¢) (1—2) Trae (148) (1+2) T

+2% (1—x%)t (1—2*) &), (4.6)

where 1!, differs from I through the replacement
x— —x,and I ;) and I ?) differ from I 3}) and I, through
the replacements y, -, and % — 1 — ».

When we include inelastic a—c transitions, an addi-
tional term

1—z?
1+z?

61,5,”=%— (1—x) (2x—1)*(1+z) (1+t) YY_‘g-,

(4.7)

appears, where 81 {,) differs from &1 ) through the replace-
ment x— —x, and 8/ and 81 differ from 87, and
81}, respectively, through the replacements ¥,—y, and
% —1 — x. The fluorescence spectrum for § =0 is shown
schematically in Fig. 4.

Measuring the strength of the external laser field and
observing experimentally the change in the intensities of the
Iy, and I,,, components compared, say, with the I, ; and I,
components can enable us to determine how the collisional-
relaxation characteristics change in a strong external field.
When we take the remaining Doppler broadening into consi-
deration in Egs. (4.2)-(4.4), 5> must be replaced by 82,
givenin (3.9).

w; —w‘r w; w; + w’r

Wi+ Wyp Wit Way

FIG. 4. General structure of the fluorescence spectrum for V-shaped con-
figuration levels.
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5.ABSORPTION SPECTRUM OF ATEST SIGNAL

We now assume that in addition to the strong two-fre-
quency laser field, the system is also irradiated by a weak
probe field of frequency w. The components Q) of the ab-
sorbed power corresponding to the central frequencies
o, + o,, are determined by the expressions®

viL

) (1)
wa =kYu (Ou—Pw), (5.1)

for i = 1,2, where k is a coefficient proportional to the
strength of the probe field.

Using (1.13), (1.14), and the expressions (3.5), (3.6),
(3.12), and (3.13) for the populations, we obtain the com-
ponents Q. For A-shaped level configurations and § =0,
the components Q 3, @ {), @42, and Q ) are nonvanishing.
Taking into account also that under the speciﬁed conditions

we havep,, ~1and pgs, p,, €P.., We find

oy

© Qu =Has , Qut =FYar
that is, at the frequencies w; + wg, , w; + ®,,, the probe sig-
nal experiences absorption that does not depend on the colli-
sional relaxation characteristics, i.e., is insensitive to the ef-
fects of optical-collisional nonlinearity. At the symmetric
frequencies w, — wg, , ®; — ®,,, the components Q ;) van-
ish. Signal amplification at these frequencies takes place
only when the condition (1.7) fails:

(5.2)

BT = __I_ {Fra Fsa+$(rm+rﬂa)

+282[ T+ T —2x% (1—x) 18°]

—2(2x—1)2(1+%) 2T}, (5.3)

while Q () differs from Q ;) through the replacements y -4,
B-7, and x— — x. Note that if absorption (Q 5 >0)takes
place at the frequency w,+ wg, then ampliﬁcation
(Q !} <0) takes place at the frequency @, — g, . The quan-
t1t1es Q) and Q3 differ from Q ) and Q) through the
replacement Yi—v,and x—1 —x.

It is noteworthy that at exact resonance x = 0(A = 0),
the components Q {} and Q & vanish, but the components
(5.2) remain ﬁmte w1th Q ﬁ,” = Q. Taking into account
Op, = — 0,, = /2 also, we find that the spectrum for
A =0 contains two components corresponding to absorp-
tion at each of the frequencies w; + /2 (i = 1,2). For two-
level systems in a single strong field we obtain a nonvanish-
ing result for A = 0 only when we take into account terms to
next order in the ratio I' /€. The spectrum is then found to be
symmetric.”°

For V-configurations of levels the components of the
absorption spectrum contain collisional relaxation charac-
teristics only as small corrections, which we omit.

CONCLUSION

In this work we have calculated the intensities of the
components of the fluorescence spectrum of a three-level
atom in two strong laser fields and the absorption spectrum
of a test signal, taking into account the optical-collisional
effects of nonlinearity. We have shown that for the A-config-
uration of atomic levels when the exact two-photon reso-
nance condition ®, — w, = ., is satisfied, i.e., when the
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CPT effect occurs, then in contrast with the collisionless
case, the fluorescence signal does not drop out entirely.
Hernce the component intensities are determined by the cor-
responding collisional relaxation characteristics. We have
computed the width of the black line and how it varies as a
function of the intensity of the incident radiation. For a V-
configuration of atomic levels the collisional relaxation
characteristics determine only some, not all, of the compo-
nents of the fluorescence spectrum. As we have shown, tak-
ing into account the influence of a strong field on the dynam-
ics of the collisional processes causes the collisional
relaxation characteristics to decrease exponentially, and as a
consequence, reduces the intensities of the corresponding
fluorescence and absorption spectra associated with them by
the same factor. For very high fields a transition to the colli-
sionless limit occurs.

In view of the sensitivity of this phenomenon to changes
in the collisional relaxation characteristics in a strong field,
it can be utilized effectively to experimentally verify theo-
retical deductions about the change in collisional dynamics
produced by a strong external field.

'G. Orriols, Nuovo Cim. B 53, 1 (1979).
G. S. Agarwal and S. Tha, J. Phys. B 12, 2655 (1079).
*P. M. Radmore and P. L. Knight, J. Phys. B 15, 561 (1082).
*0. A. Kocharovskaya and Ya. I. Khanin, Zh. Eksp. Teor. Fiz. 90, 1610
(1986) [Sov. Phys. JETP 63, 945 (1986) ].
5Yu. A. Vdovin and S. V. Traven’, Zh. Prikl. Spektrosk. 47, 977 (1987)
[J. Appl. Spectrosc. 47, 1288 (1988)].
®M. B. Gornyi, B. G. Matisov, and Yu. V. Rozhdestvenskii, Zh. Eksp.
Teor. Fiz. 95, 1263 (1989) [Sov. Phys. JETP 68, 728 (1989)].
"H. R. Gray, R. M. Whitley, and C. R. Stroud, Opt. Lett. 3,218 (1978).
8G. Alzetta, L. Moi, and G. Orriols, Nuovo Cim. B. 52,209 (1979).
°M. S. Feld, M. M. Burns, P. G. Pappas, and D. E. Muznick, Opt. Lett. 5,
79 (1980).
1], E. Thomas, P. R. Hemmer, S. Ezekiel et al., Phys. Rev. Lett. 48, 867
(1982).
'"M. Kailova, P. Thorsen, and O. Paulsen, Phys. Rev. A 32, 207 (1985).
2P, R. Hemmer, S. Ezekiel, and C. C. Leiby, Opt. Lett. 8, 440 (1983).
!3B. L. Dalton, R. McDuff, and P. L. Knight, Opt. Acta 32, 61 (1985).
4C. P. Agarwal, Phys. Rev. A 24, 1399 (1981).
'], Mlynec, F. Mitschke, R. Deserno, and W. Lange, Phys. Rev. A 29,
1297 (1984).
'8V, G. Minogin and Yu. V. Rozhdestvensku, Zh. Eksp. Teor. Fiz. 88,
1950 (1985) [Sov. Phys. JETP 61, 1156 (1985)].
'7A. Aspect, E. Arimondo, R. Kaiser, et al., Phys. Rev. Lett. 61, 826
(1988).
'"®M. C. De Ligine and E. R. Eliel, Opt. Comm. 72, 205 (1989).
19V S. Lisitsa and S. I. Yakovlenko, Zh. Eksp. Teor. Fiz. 66, 1550 (1974)
[Sov. Phys. JETP 39, 759 (1974) ]; Zh Eksp. Teor. Fiz. 68, 479 (1975)
[Sov. Phys. JETP 41, 233 (1975)].
29D, S. Bakaev, Yu. A. Vdovin, V. M. Ermachenko, and S. 1. Yakovlenko
Zh Eksp. Teor. Fiz. 83, 1297 (1982) [Sov. Phys. JETP 56, 743 (1982) ].
2'K. Burnett, J. Cooper, P. D. Kleiber, and A. Ben-Reuven, Phys. Rev. A
25, 1345 (1982).
22P. A. Apanasevich, S. Ya. Kilin, and A. P. Nizovtsev, Zh. Prikl. Spek-
trosk. 47, 887 (1987) [J. Appl. Spectrosc. 47, 1213 (1988)].
2A. G. Zhidkov and S. I. Yakovlenko, Zh. Prikl. Spektrosk. 47, 971
(1987) [J. Appl. Spectrosc. 47, 1282 (1988)].
248, Cavalieri and K. Burnett, J. Mol. Opt. 35, 1651 (1988).
25C. Cohen-Tannoudji and S. Reynoud, J. Phys. B 10, 2311 (1977).
2P, R. Berman and R. Salomaa, Phys. Rev. A 17, 2667 (1982).
27L. A. Vainshtein, L. I. Sobel’'man, and L. P. Presnyakov, Zh. Eksp. Teor.
Fiz. 43, 518 (1962) [Sov. Phys. JETP 16, 370 (1963)].
%C. Cohen-Tannoudji and S. Reynoud, J. Phys. B 10, 2332 (1977).
*D. S. Bakaev, Yu. A. Vdovin, V. M. Ermachenko, and S. I. Yakovlenko,
Kvantovaya Elektron. 12, 126 (1985) [Sov. J. Quantum Electron. 15,
72 (1985)].

Translated by David L. Book

Yu. A. Vdovin and A. E. Efimov 877



