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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 Vconfigurations 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 excitation scheme and two monochromatic fields when the coherent population trapping (CPT) effect arises has been actively investigated in recent years both theoretically and
e ~ ~ e r i m e n t a l l ~The
. ' ~ 'considerable
~
attention devoted to
this problem stems both from the fundamental nature of the
phenomenon and from physical applications in high-resolution spectroscopy,' ' frequency stabilization, 10.12.13 optically
bistable systems,l4.l5for 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
w2 interact with a three-level system having levels in a A
configuration,
provided the two-photon resonance condition w, - w, = w,, holds, where a,, is the difference in the
energies of the two lower atomic levels (see Fig. la; here
fi = 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 becomes 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 radiative 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 c are
not components of a hyperfine structure of the same electronic state. In previous studies, collisions were taken into
account by introducing appropriate phenomenological constants. But if the laser radiation is sufficiently intense, it affects the dynamics of the atomic collisions (the optical-collisional nonlinearity). 19-,'
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 R > R , where R is the Rabi frequency and fl is the
Weisskopf frequency. Consequently, if the CPT effect is absent at moderate field strengths due to collisions, it must

,
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reappear in sufficiently strong fields fl2 fl, corresponding
to incident radiation with intensity I 2 10' W cm -'. It fol, ~ CPT effect
lows that, as noted by Vdovin and T r a ~ e n ' the
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 closely related ideas. As will be shown below, the study of the
corresponding coherent effect for V-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 transparency" 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 El induces transitions between the a and b atomic
states, and the field at frequency w, with amplitude E2 induces transitions between the b and c states. The deviations
from resonance are written as A, and A,, where

,

In what follows we will omit the index from A , and write
Al=A.
Since two strong resonant fields are acting on the threelevel system, it is convenient to go over to the dressed-state
baskz5 The wave functions of the dressed states, Ip,nI,n,),
,u = a,@,y,are the eigenfunctions of the Hamiltonian
A

A

+

A

A

A

Here we have written H,, = HA H, where HAand<L are
the Hamiltonians of the free atom and the field, and VALis
the operator of the interaction between the atom and the
field:

,

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
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FIG. 1. Level diagram in the atomic basis: a ) A configuration b ) Vconfiguration.

field at the frequencies w , and w,. For the A configuration
(Fig. l a ) we have
When the two-photon resonance condition
6=0,

12>= lc, nl-I, n2+1>.

(1.7)

For the Vconfiguration (Fig. l b ) we have

is satisfied, i.e., when w , - w, = f w,, holds, where the upper and lower signs refer to the A and V configurations, respectively, we have

The dressed-state energy levels are determined by the
equation for the eigenvalues213

where R = (A' + 4G * ) 'I2 is the Rabi frequency. For the V
configuration it is necessary to make the replacement
A+ -A in (1.8).
When the condition ( 1.7) holds, the transition matrix
takes the form

13;-

(A+6) o?- (G2-A6) ar+Gi26=0,

(1.6)

where

withx = A/fl andx = G I 2 / G,. If ( 1.7) does not hold but we
have 6< G, then as will be seen, it suffices to apply a correction to just one element of the matrix T:

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 0) T,where r is the
spectral width of the corresponding line. Moreover, we assume that the frequencies o ,and w, are sufficiently separated:

The probabilities of the radiative transitions v - p in the
dressed basis are

-

r

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

and for the V configuration

where y, and y, are the radiative transition probabilities corresponding 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 la,n,,n,) state does not relax radiatively, i.e., y,, = 0,
p = a$,y. This is true because for 6 = 0 it is a superposition
of states corresponding to the lower states a and c alone. For
the V-configuration of levels, in contrast, for S = 0 there are
no transitions to the states (a,n,,n,), and we have y,, = 0.

2. COLLISIONS: THE OPTICAL-COLLISIONALTRANSITION
MATRIX

where 2 is the operator of the atomic dipole moment. Taking
into account that in the atomic basis only the matrix ele873
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We consider the collisions between active three-level
atoms and structureless buffer gas atoms. In order to acYu. A. Vdovin and A. E. Efirnov

873

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

where Re I?,"' is the rate at which the coherence of the lower levels relaxes collisionally:
Re r,,"c=Nu (C/U)2/(n-'),

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

h

where I? is the optical-collisional transition matrix:

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

(2.8)

where C = CZ- C0, u = ( k T / M ) " 2 is the thermal speed,
M is the reduced mass of the colliding atoms, and I?,,,,""
differs from Too"" through the replacement x - - x .
In the strong-field limit

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 Eqs. ( 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 interested 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 neglect transitions between the f i and y levels, the ones which
are farthest apart, leaving only transitions between the
neighboring levels, f i and a and a and y. Now Eqs. ( 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 approximately for the'case of a power-law interaction potential." Using these results we obtain value of I?,, ''"for v = u:
-(n+t)ln
(n-i)/n
I'aaPP=I'ppaa
= Re r.,Qeanf,,BP
exp (-2anfpBP

,

where

Here Vis the operator that describes the interaction between
a dressed atom and an atom of the buffer gas, with
s

I,,= I O,,al/ a w , a w = (unlC)" c n - ' ) ,
~ , = 2 ' /sin
~ (n/2n), fe,,= [ X(1-X) ( ~ T x/2]
) L'Z".
Expression (2.10) is valid in the strong-field limit, when the
distance between the levels of the dressed atom satisfies
a,, a$ R,. In this case we have fi, $ 1 and the characteristics I?,, "", as seen from ( 2 .l o ) , are exponentially small
in comparison with ( 2 . 7 ) . From the unitarity of the scattering matrix S i t follows that

-

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

where the C, are constants specific to the interactions with
atoms in the states i = 0,1,2, and n is an integer. The value
n = 6 corresponds to the Van der Waals interaction.
In weak fields, for which the approximation
< R, -T holds, where T is the collision time, the system of
dynamical equations ( 2 . 3 ) can be solved immediately. Furthermore, the elements of the matrix r can easily be obtained from the corresponding elements in the atomic basis
using the transformation ( 1 . 3 ) (cf., e.g., Berman and SalomaaZh):
874
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Since we need no matrix elements other than those of the
form ( 2 . 7 ) and ( 2 . 1 0 ) , we do not exhibit them here.
3. LEVEL POPULATIONS

The kinetic equation for the dressed atom can be written down in the form

86

i

- = - - [ Rfi, ~ I + ( , )

dt

86
rad

where the last two terms describe relaxation due to radiative
transitions and to elastic collisions with buffer-gas atoms
Yu. A. Vdovin and A. E. Efirnov
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[see Eq. (2.1) 1. We assume that the secularity condition
holds:

In this limit we can neglect the off-diagonal elements of the
density matrix, which are of order Irl/fl,and pass to a system of equations for the level populations only (balance
equations) :
o..=-~.P,~.

+z

(y..-rw**)

pVv,

(3.3)

v

w , + w , - k , ~W,, - W ~

-

k2.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,)~.

Averaging over velocities causes
Eqs. (3.5) and (3.8) by 8f,, where

where

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

We look for a stationary solution of Eqs. (3.3). The effects
we are interested in appear for I r 1 5 y. Using expressions
(1.13) and (1.14) for y and assumingS4G, I r l g y , , yr,
and G , G,, we find for the A-configuration of levels

,,,,

-

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 w,
and w,, we must modify the expressions obtained above by
writing

8,

to be replaced in

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

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 rD,and r,, are given by relations
(2.10), the dip becomes narrower with increasing field
strength.
If the inelastic transition a* occurs, then using (3.6)
we find the correction 6pBBto the population (3.8):
6 p a , = ( 2 ~ - 1 ) 2 (1+%)9-/2~.

where

(3.11)

The form of the expressions (3.5), (3.8), and (3.1 1) found
for the populations implies that for S = 0 in the strong-field
limit the populations ppB and p,,,, in view of (2. l o ) , tend
exponentially to a small value determined by the background Doppler broadening and inelastic collisions, where1, i.e., practically speaking only the state la,n ,,n,)
as pa,
is populated. From ( 1.3) and ( 1.9), this means that only the
atomic states a and c are populated (pBB-O), i.e., the atom
is in a coherent-superposition state combining the lower
states a and c (CPT effect). The values of the populations
pBB, p,,,, , andp,, differ from the minimum values because of
collisional-relaxation and inelastic processes.
Now let us consider a V-configuration of levels (Fig.
l b ) . In this case collisions are responsible for populating the
a level:

-

p,,, differs from pBBthrough the replacements 0- y, y -@,
x - - x, and y- l/y, and

If an elastic transition takes place between the atomic
levels a and c ( a x ) with probability 7 ( 7 < y ) , then
changes SpBBand Spy, occur in the populations of the 0and y-levels:

where 6pDB and Sp,, differ through the replacements
x- - x, y- l/y.
Utilizing the relations (3.5 ) and (3.6), we can find the
populationsp,, of the atomic levels:
pit

=z
T3:pW
..

(3.7)

u

Hence if we take into account ( 1.9) and ( 1. l o ) , the population of the upper atomic level I b ) is found to be

where rDa
and r, are defined as before by Eqs. (2.7) and
(2.10). For S = 0 the value ofp,, attains a minimum. Note
also that the populations (3.6) and (3.13) resulting from
inelastic collisions vanish for GI = G,, i.e., 7t = 1/2.
4. SI'RENGTH OFTHE FLUORESCENCESIGNAL

We generalize these expressions for the level populations of the dressed and atomic levels, taking into account
875
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As is well known, the transition to the dressed states
permits us to determine the frequencies of the fluorescence
Yu. A. Vdovin and A. E. Efimov
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signal immediately. Thus, in our case (see Fig. 2), the fluorescence
is
associated
with
the
transitions
I~,n,,n,) Ip,n, - l,n,) ( p , =
~ a$,y) at the frequencies
w, w, and the transitions lv,n ,,n,) Ip,n, - 1,) at frequencies w, a,, i.e., for every transition with the central
frequencies w ,,w, the spectrum will have seven components.
The intensity of each component is determined by the relation

+

-

-

+

wherep,, are the level populations of the dressed states and
!,y: are the probabilities of the spontaneous radiative transitions (1.13) and (1.14).
For A level configurations, using relations (3.5),
( 1.13) and the notation I,,, (wi w , , ) = I:,!, we have (we
omit the proportionality coefficient fiw, )

+

+ x ( 1 - x ) ( 1 - x ) f ya",

(4'2)

-

1BT( 1 ) =--1 X
2 l-x

(1)

(1)

1

-

x

, ITB=--2 l - x

l a ~

-

-

:!

where 1% differs from 1;:) through the replacement
differ from 1;;)and I
through
the replacements y, y, and x- 1 - x.
When we include inelastic a e c transitions, an additional term

:,I

-

x- - x,and I g and I

where I::) and I g differ from 1;;' and I:;, respectively,
through the replacements TBa T , and ,?l
TBm,and

x- -x,

'*'

where SI $' and SZ differ from (4.5 ) through the replacements y , y, and x 1 - x,and 61 and 612; differ from
SI zi and SI I,;' through the replacement x -+ - x.
From (4.2) and (4.3) it follows that when the twophoton resonance condition S = 0 is satisfied the fluorescence 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 levels f l and y are determined by the elements of the r matrix
and, as implied by (2. l o ) , fall off exponentially with increasing field strength.
In the case of V configuration levels, the situation is
reversed: for S = 0 the fluorescence signal corresponding to
transitions to level a drops out. Now the components associated with the transitions a -fl and a + y are the most interesting, since it is precisely their intensities which are determined by the collisional-relaxation characteristics:

(1)

l a ~

appears, where SI b;' differs from SILL' through the replacement x + - x, and S Z g and SI k;t' differ from 6122 and
SI:;', respectively, through the replacements y , yz and
x- 1 - x. The fluorescence spectrum for S = 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
IBaand I,, components compared, say, with the
and ID,,
components can enable us to determine how the collisionalrelaxation characteristics change in a strong external field.
When we take the remaining Doppler broadening into consideration in Eqs. (4.2)-(4.4), 8, must be replaced by 8f,
given in (3.9).

-

-

and I:! differs from I:',! through the replacements y , 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 e c transitions occur, then additional
terms appear in (4.2)-(4.4) :

I,arb. units

wi-W

fir
Wi

FIG. 3. Strengths of fluorescence spectrum components.
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"i
+ Wafi

Wi

+W

BY

Wi + W a r

FIG. 4. General structure of the fluorescence spectrum for V-shaped configuration levels.
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5. ABSORPTION SPECTRUM OF A TEST SIGNAL

We now assume that in addition to the strong two-frequency laser field, the system is also irradiated by a weak
probe field of frequency w. The components Qj;',' of the absorbed power corresponding to the central frequencies
w, + w,,;, are determined by the expressions'x

for i = 1,2, where k is a coefficient proportional to the
strength of the probe field.
Using (1.13), (1.14), and theexpressions (3.5), (3.6),
(3.12), and (3.13) for the populations, we obtain the components Qj",?.For A-shaped level configurations and S = 0,
the components Q $, Q,;: Q and Q are nonvanishing.
Taking into account also that under the specified conditions
we havep,, =: 1 and poo , pY,<p,, , we find

,;I

g;

+

+

that is, at the frequencies wi wo, , w, w , , the probe signal experiences absorption that does not depend on the collisional relaxation characteristics, i.e., is insensitive to the effects of optical-collisional nonlinearity. At the symmetric
frequencies wi - wl,, , w, - o,, the components Q vanish. Signal amplification at these frequencies takes place
only when the condition ( 1.7) fails:

CPT effect occurs, then in contrast with the collisionless
case, the fluorescence signal does not drop out entirely.
Hence the component intensities are determined by the corresponding 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 Vconfiguration of atomic levels the collisional relaxation
characteristics determine only some, not all, of the components of the fluorescence spectrum. As we have shown, taking into account the influence of a strong field on the dynamics 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 collisionless 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 theoretical deductions about the change in collisional dynamics
produced by a strong external field.

F2

-

while Q :$ differs from Q :',! through the replacements y -8,
8-t y, and x - x . Note that if absorption ( Q > 0 ) takes
place at the frequency w, +way then amplification
( Q < 0 ) takes place at the frequency w, - wg,, . The quantities Qg,) and Q differ from Qg; and Q through the
replacement y , -+ y, and x + 1 - x.
I t is noteworthy that at exact resonancex = O(A = O),
the components Q and Q:',! vanish, but the components
(5.2) remain finite with Q Z = Q:;.
Taking into account
wo<i = - w,, = fL/2 also, we find that the spectrum for
A = 0 contains two components corresponding to absorption at each of the frequencies wi + fl/2 ( i = 1,2). For twolevel systems in a single strong field we obtain a nonvanishing result for A = 0 only when we take into account terms to
next order in the ratio T/fl. The spectrum is then found to be
symmetric."
For V-configurations of levels the components of the
absorption spectrum contain collisional relaxation characteristics only as small corrections, which we omit.

g;

:,

:),I

I$

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-configuration of atomic levels when the exact two-photon resonance condition w, - w, = w,, is satisfied, i.e., when the
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