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An analysis is made of the propagation of a train of ultrashort pulses in a resonantly absorbing
medium with two sublevels of the ground state optically coupled to a third level. It is shown
that under steady-state conditions the way such a train propagates and the parameters of the
medium depend resonantly on the relationship between the frequency representing the splitting
of the ground state w,, and the pulse repetition frequency . Under resonance conditions
described by w,, = mQ (m = 1,2,. .. ) a sufficiently strong pulse train may result in coherent
trapping of populations, i.e., it may transfer molecules to a coherent superposition state of the

lower sublevels, leaving the upper sublevel almost empty. Coherent bleaching of a three-level
medium by a resonant train of ultrashort pulses is predicted and it is shown that this effect is
possible even when the radiation intensity is much less than that needed for saturation of an

optical transition.

§1. INTRODUCTION

Resonant coherent effects in three-level media have
been investigated beginning from the fifties (see, for exam-
ple, Refs. 1-3 and also Ref. 4 and the literature cited there).
In recent years more attention has been given to one of the
variants known as the A scheme, when two sublevels of the
ground state are coupled optically to an excited level (Fig.
1).

A theoretical analysis of the A scheme has been limited
so far to situations in which a three-level medium interacts
with two monochromatic fields or with two pulses, and in
each case the interaction is via only one of the optical transi-
tions which can be induced by such a field or pulse. This
implies that the spectra of the fields are narrow and that the
spectral lines are broadened homogeneously compared with
the separation (splitting) between the sublevels w,,. In the
case of pulsed fields this restriction can be written in the
form of the inequality 7,~ !, T ;' €w,,, where 7, is the pulse
duration and T, is the transverse relaxation time. In this case
we can expect coherent trapping of populations by the
ground-state sublevels and associated resonances of coher-
ent nonabsorption of the optical radiation interacting with
the medium.*>~” These effects are due to resonant excitation
of low-frequency coherence (represented by an off-diagonal
element p,, of the density matrix) when the differences
between the carrier frequencies are equal to w,,. Such effects
have been investigated extensively both theoretically and ex-
perimentally because of the great variety of applications in
ultrahigh-resolution spectroscopy,® frequency stabiliza-
tion,>!° competing two-photon ionization spectroscopy
schemes,'"'? optical bistability systems,'>'* cooling of
atoms, '’ etc. Another interesting problem is the propagation
in a three-level medium of a simulton, i.e., a soliton consist-
ing of a pair of pulses with carrier frequencies coincident
with the frequencies of two optical transitions (see the re-
view in Ref. 16).
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In the opposite case, when 7,” LT ;7 '>w,,, each pulse
interacts simultaneously with both optical transitions. Isola-
tion of two carriers separated from one another by a frequen-
cy of the order of w,, is then pointless. Nevertheless, it is
under these conditions that we can expect manifestation of
resonant coherent effects when a three-level medium inter-
acts with optical radiation if this radiation is in the form of a
periodic sequence of ultrashort pulses and if the splitting
frequency w,, is a multiple of the pulse repetition frequency
Q. A similar set of conditions was clearly satisfied also in the
experiments described in Ref. 17, when mode-locked dye
laser radiation tuned to the D, line traversed a cell filled with
sodium vapor and the resonances of the response of the me-
dium observed on variation of the pulse repetition frequency
were used to determine the Zeeman splitting of the ground-
state sublevels.

In the present paper we shall consider theoretically the
resonances which accompany the interaction of a three-level
medium with a periodic sequence of pulses in the case when
7,7, T '>w,,. We shall show that when the power is suffi-
ciently high, such a resonant pulse train may cause coherent
population trapping, i.e., it may transfer molecules to a co-
herent superposition state of the lower sublevels leaving the
upper level almost empty. This makes possible propagation
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FIG. 1. Schematic representation of the propagation of a train of ultra-
short pulses in a three-level medium exhibiting a frequency splitting ,,
which is a multiple of the pulse repetition frequency § = 27/T.
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of a train of ultrashort pulses across a layer of a three-level
medium practically without absorption, which can be called
coherent bleaching of a three-level medium.

§2. INITIAL EQUATIONS

When a three-level medium interacts resonantly with
both optical transitions, reducing the initial equations for
the density matrix'® for the field carrier frequency w, we
obtain

do c i E
-Etil_i- (03— ©) 03 = — ?3:' - ‘Z—T_; (ns1—pa21) E: )
dc o i o E
0tn+ (03— ©) Oy = — 'i,i:_ ?E (nsz"'Pzi ) 'E'.; )
0pay P21 i (ouE'—0x'E)
O L 0P = — , 2.
TR Y ) E., 21
Eﬂ,_. _ 1+n“+n,,+ i(UM‘E—OuE.) i(o;Z.E—G;zE.)
at 2T, T.E,. 2T\E, !
ansz= _ 1+n31+ngz i(ogz‘E—ngE.) i(GM‘E—OME.)
at 2T, T.E. 2T\E,

We shall also write down the reduced wave equation for the
propagation of radiation along the z axis:

1 0E  4np’NeT,
=j—
c dt ch

Here, E is the complex amplitude of the field introduced by
the relationship

& =[E exp(—iwtt+ikz)+c.c.]/2;

the quantity E, = #/u(T,T,)"/? is the amplitude of a mono-
chromatic field which saturates an optical transition; o5,
and 03, are related by P332
= (T,/T,)"?04, 3,exp( — iwt + ikz) and represent the
normalized amplitudes of off-diagonal elements of the den-
sity matrix of optical transitions; 7, is the relaxation time for
low-frequency coherence; N is the density of the molecules in
the medium. For simplicity, it is assumed that the spectro-
scopic characteristics of both optical transitions (dipole mo-
ment u, longitudinal relaxation time T, transverse relaxa-
tion time T, and equilibrium population) are identical.

We shall assume that the widths of the optical lines are
much greater than the spectral width of a pulse and also
much greater than the splitting frequency of the levels, the
detuning of the carrier frequency of a pulse from the optical
transition frequencies, and the characteristic Rabi frequen-
cy: Ty '>7, w,,|@3,3 — o, p|E |/f. We then can as-
sume approximately that do;,/dt = do;,/dt = 0 and reduce
the first two equations of the system (2.1) to the following
algebraic relationships

Oss=—i(Nyy—pP21) E[2E., Osa=—i(Nss—p2:") E[2En. (2.3)

Substituting them into the remaining equations, we find that
Egs. (2.1) and (2.2) yield the following self-consistent sys-
tem of nonlinear equations:

oI 1 a1

+__C__§_—_—-a,(n+RePzi)Ia

E.(0s1+0s2). (2.2)

(2.4)

0z
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-5' + 0Py = 2T, (n"l'Pzi) 1.’ (2.5)
on 2n—1 3 . I

On__an=t 2 a+ = 6
3t 57, 21, (T Rees) - (26)

Here, I =c|E |*/8m is the field intensity; I, =c|E,|*/8m;
n = (n,5 + n,3)/2is the half-sum of the differences between
the populations at the levels participating in the optical tran-
sition; and @ = 8mu’NwT,/cti s the linear absorption coeffi-
cient.

The system (2.4)-(2.6) differs from the corresponding
rate equations for a two-level medium given in Ref. 18 by the
presence of an additional equation (2.5) representing the
complex dynamic variable p,,. This gives rise to a specific
“coherent” nonlinearity, different from the nonlinearity of
saturation and generally of a resonant nature.

§3. COHERENT TRAPPING OF POPULATIONS BY A TRAIN
OF ULTRASHORT PULSES

The problem of describing the behavior of a three-level
medium in a given field of a periodic sequence of ultrashort
pulses reduces to finding a solution of a system of three real
linear equations (2.4)-(2.6) with coefficients which are pe-
riodic functions of time. We shall consider a steady-state
solution describing periodic oscillations which occur in the
medium at the pulse repetition frequency. The task becomes
easier because we can distinguish two intervals in each peri-
od. During the short action of a pulse [#€(0,7,) ], when re-
laxation and natural oscillations of the medium can be ig-
nored, the variables p,, = u + iv and n vary only under the
action of the field:

u 1—[1—b@®))4 O — [ —b@)/4 u

v =< 0 b (t) 0 ) v

n| —3[—b@®))e O 1—3[1—b@)]/4) |nl=0
3.1

b () = exp [— (2/1aT1) § 1¢,2)at].
0

In the interval between the pulses [te(7, ,T)] the field is
zero. Three damped oscillations of p,, and relaxation of n to
the equilibrium value occur during this interval:

u et coswyt et/nsinwyt 0 u
v| = ( — e tmsin oyt et/mcoswyt O ) v
in| 0 0 eTs J | n =1,
0
+ 0 . (3.2)
(1—etrm)/2

The amplitudes of steady-state oscillations of the parameters
of the medium are determined by the fixed points of the su-
perposition of the transformations (3.1) (during the action
of a pulse, = 17,) and (3.2) (during the interval between
the pulses, t = T'). Hence, we can readily show that the am-
plitudes at the end of a pulse can be found from the following
inhomogeneous linear system of algebraic equations:

0. A. Kocharovskaya and Ya. |. Khanin 946

-



u,v
025

N
I\
NJG.0z 0.0y
|-

-0.0% -0,02

FIG. 2. Coherent population trapping. Resonant depen-
dences of the amplitudes of oscillations [Eqgs. (3.4)-(3.7)]
of a low-frequency coherence p,, = u + v and of the popula-
tion of the upper level n; on the parameter sinw,, T, repre-
senting the detuning of the pulse repetition frequency
QO =27/T from the resonance value Q,=w,;/m

‘ 1-b
u[i—(1-———4—1)62 cosmuT]

1—by

1—b
+v0, (T_ 1 ) sin @y T+nd; ——

4
(1-8) (1=by)
=
u0,b," sin 0, T+v (1—6,b," cos 02, T) =0,
3/uB,(1—bp) cos 02, T+°/v0, (1—by) sin @, T
+n{1—-0,[1—2/.(1—bp) 1} ="/2(1-6,) [1—-2/.(1—by) 1.

The solution of this system of equations is described by

(3.3)

u=—(1-6,) (1—b5) (1—02b," cos @54 T') [8A, (3.4)
v=0,(1—6,) (1—by) b, sin w,, T/8A, (3.5)
ns=(1—by) [1+ezszv'_ez(1+bpv‘) cos 0, T1/4A, (3.6)

A=1—0,by—0, (1—by) [4+652b," [ 1—8,b,— (1—by) /4]
—0,[ (1—0,b,) (19b,") — (1—by) (1+8:b5™) [4]cos @z, T
(3.7)

Here, n, = (1 — 2n)/3 is the population of the upper level at
the end of a pulse:

by=b(t=1,), 0,=exp(—T/T,),

An analysis of these expressions shows that if 7,3 7, when
the low-frequency coherence does not have sufficient time to
relax in the interval between two consecutive excitations, the
amplitudes of the oscillations of p,, and n; depend resonant-
ly on the pulse repetition frequency (Fig. 2). The resonances
occur when the splitting frequency is a multiple of the pulse
repetition frequency: w,, = 27m/T, where m = 1,2, ... or
when sin w,,T = 0. Since Re p,, <0, excitation of a low-fre-
quency coherence reduces the term on the right-hand side of
Eq. (2.6) which is proportional to n 4+ Re p,, and, conse-
quently, it reduces n;. Therefore, we can speak of resonant
suppression of the saturation effect.

The relative width of a resonance of half-maximum
8 =|Q — Q,|/Q, where Q, =27/T = w,,/m is the reso-
nance value of the pulse repetition frequency, is found from
the condition

ns (sin ©,,T) =[ns (sin @2 T=1) +ns(sin 0,,7'=0)]/2.

t=1p, 0,=exp (—7T/7,).
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(m=12,...; sinw, T=2m(Q — Q) /0, when
| — Q4| €w,,), plotted on the basis of numerical calcula-
tions carried out for the parameters 7,/T| = 105, T,/T
=10",1=107%I = 10°I..

In the interesting case of a narrow resonance, § <1, when
sin w,, T~2m(Q — Q,)/w,, is true within a resonance peak,
it follows from Egs. (3.6) and (3.7) that

82=2(1—6,) (1—0,b,") A/ (11+6,2b,"). (3.8)

The ratio of the populations 4 =n;(sinw, T=1)/

n,(sin w,,T = 0) describing the depth of a resonance is giv-
en by the formula

1—by ( 46,—1 1 )]

= - -
h=[1+(1 b,)v]A[ 1+ 7\ 1o, T TTem /b
3.9)

where
v=(30,+6,—46,0,) /4 (1—8,) (1—6.). (3.10)

The important parameters of the problem which deter-
mine the resonance characteristics are the coherent intensity

1.=2I.T /7, (3.11)
and the saturation intensity
I.=I.T,(1-6,)/T, (3.12)

where I, = ¢#*/8mu’T,T,. These quantities are related re-
spectively to the excitation of a low frequency coherence and

‘equalization of the populations. In the case of a very low

intensity,
Tp
I <min{l,, 1.}, T= 5 I(t,z)dt/T,
0

resonance is shallow A=~1 + I /I, and the width of a reso-
nance is determined by the width of a low-frequency transi-
tion:  ~2mm/w,,7,. An increase in the intensity increases
the depth and width of a resonance.

The most interesting is the case when the lifetime of a
low-frequency coherence exceeds the lifetime of the upper
level (7,> T,) and the intensity exceeds the characteristic
coherent value given by Eq. (3.11). Then, a train of ultra-
short pulses induces coherent trapping of populations. In
this effect the population of the upper level under resonance
conditions is many times smaller than away from resonance
in a two-level medium exhibiting an optical transition with
the same parameters. Then, the low-frequency coherence is
described by p,; = — 1/2, i.e., its modulus is close to the
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maximum possible value. In other words, molecules are cap-
tured into a superposition state of the lower sublevels and the
upper level is practically empty. It is important to note that
this effect may appear even at an intensity much lower than
the saturation value, because I, €I, holds due to the condi-
tion 7,5 T, T. If I, ST <1, it then follows from Egs. (3.8)
and (3.9) that the depth and width of a resonance increase as
functions of the intensity in accordance with the law

hetA+T/L, 6~2nm(1+1/I.)/®2Te.

This means that the coherent trapping of populations first
becomes more and more prominent under resonance condi-
tions and, second, appears in a wider range of the values of
the detuning of the pulse repetition frequency from a reso-
nance.

The effect is observed also at intensities much higher
than the saturation value [7 > 1, see Eq. (3.12)]. In spite of
the fact that outside a resonance the population of the upper
level is close to 1/3, i.e., in spite of the populations of the
three levels being practically equal, the saturation effect is
suppressed at a resonance. In this case the width and depth
of a resonance reach very high values. In the case of a medi-
um with an instantaneous response when 7', < T, we have
h=7,/4Tand § ~2~ /2. For a medium with a finite response
time, when T, > T, we have

h=~1,/3T,,
6~ (2nm/waTs) 1. (1+1/1.) /3T ]* for I.<I<IT,/T,
8=~2(nm/3w.T\)" for I>I1,T/T.

We can see that coherent trapping of populations in a medi-

um with an instantaneous response is stronger because the
ratio of the time constants 7,/7, is greater.

§4. COHERENT BLEACHING OF A THREE-LEVEL MEDIUM

We shall now consider the self-consistent problem of
the propagation of a periodic train of ultrashort pulses in a
three-level medium. Substituting the above solution (3.1)
into Eq. (2.4) and integrating the latter over the duration of
a pulse, we obtain the following equation for the change in
the energy of a pulse

*p
Wy= 51(15, z)dt
[
in the course of propagation:

AW p/dz=— (1—0,) ioNn,. 4.1)

This equation has a simple physical meaning: the change in
the energy of a pulse due to its steady-state passage across a
layer of a medium dz thick is equal to that fraction of the
energy stored in the medium as a result of filling of the upper
level which has been dissipated during the interpulse inter-
val as a result of relaxation of the population of the upper
level at arate T .

It is clear from Eq. (4.1) that the absorption coefficient
and the absorbed power are both proportional to n;. There-
fore, they decrease resonantly under conditions of coherent
population trapping.

The substitution of Eq. (3.6) into Eq. (4.1) yields a
nonlinear first-order differential equation for the energy of a
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pulse, which is generally integrable in quadratures. In parti-
cular, in the case of a strictly resonant sequence of pulses the
integral can be calculated explicitly and the result can be
presented in the form of a relationship governing the change
in the average intensity of the pulses as they propagate in the
medium:
S E 0N [EA0N b
1-56,(0) by (2) .
According to Eq. (4.2), the nonlinearity of the absorption
law is described by the average intensity

IM=I,T./2T (v+1) ~min{l,, I.}. (4.3)

If the intensity is much less than this value, i.e., if it is much
less than the saturation (3.12) and coherent (3.11) values
T<min{I,,I.}), the nonlinearity is not manifested and an
exponential decay occurs in accordance with the law I(z)/
1(0) = exp( — az). However, if the intensity at the entry to
the medium exceeds 7 ¥* T>min{I,,7.}), then during the
initial stage the intensity decreases proportionally to a coef-
ficient which itself is inversely proportional to a parameter
v+1=1[3/(1-6,) +1/(1 —6,)]/4 (see Fig. 3):

T1(2) [T (0)=1—azl,T./2(v+1)T(0)T. (4.4)

Only at high values of z when the intensity decreases to such
an extent that the nonlinearity becomes unimportant
[Z(z) «I™* ], does the decay law become exponential, as
found in the linear theory of propagation of radiation. The
characteristic length in which the intensity decreases by the
factore<2.7 is

(4.2)

ZT(O)T] .

ni i

L~ 1+ etn) 4.5)

We can show that in the case of a two-level medium
with the same optical transition parameters the law describ-
ing the decay of the average intensity of the pulses as they
propagate differs from Eq. (4.2) by the replacement of the
parameter v + 1 with 1/(1 — 6,). This is due to the fact that
in a two-level medium the coherent nonlinearity is absent
and only the absorption nonlinearity may be manifested
(when 7> ). Qualitative differences of the propagation of a
resonant train of ultrashort pulses in a three-level medium

I(z)/1(0)
7

09

|
lj 7 2 J az

FIG. 3. Coherent bleaching of a three-level medium by a train of ultra-
short pulses. The curves represent nonlinear decay of the intensity of the
pulses as they propagate in a three-level medium, found by numerical
calculation for the following values of the parameters vand 21(0)T /I, T :
0.25 and 0.25 for curve 1; 0.25 and 4 for curve 2; 4 and 4 for curve 3.
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from the propagation in a two-level medium, and also from
the nonresonance case appear in a situation when the coher-
ent nonlinearity is important (I>1,) and the saturation
nonlinearity is weak compared with the former [I, <1, see
Egs. (3.11) and (3.12) ]. In other words, the differences oc-
cur in the case of coherent population trapping. Then, under
resonance conditions the characteristic length L of penetra-
tion of radiation into the medium described by Eq. (4.5) is
many times greater than under off-resonance conditions or
in a two-level medium: if I, <7(0) <, the difference is a
factor of 7 (0)/1,, whereas for 10) > I, the difference is a
factor of 7,/ T, for a medium with a finite response time and
a factor of 7,/T for a medium with an instantaneous re-
sponse.

In this way a three-level medium is bleached coherently
by a train of ultrashort pulses: a strong resonance train of
ultrashort pulses propagates in a three-level medium over
large distances practically without absorption.

This coherent bleaching effect and the simulton propa-
gation’® involve resonant excitation of a low-frequency co-
herence so that the pulses propagate practically without en-
ergy losses. However, it must be stressed that the conditions
for coherent bleaching w,, <7, ' €T, ' are opposite to the
conditions for the simulton propagation w,,>7,” '>T, ',
and the characteristic value of the coherent intensity of Eq.
(3.11) in the case when 7,> T'is much less than the intensity
necessary for the simulton propagation whichis ~1, T,/ T,.

We shall conclude with some comments on the possible
applications of coherent population trapping and coherent
bleaching of a three-level medium by a train ultrashort
pulses.

A series of experimental investigations was recently re-
ported’®?° in which the resonant response of a three-level
medium to a periodic train of ultrashort pulses was used in
ultrahigh-resolution spectroscopy. Resonances with widths
of the order of 30 Hz were recorded.?® This method makes it
possible to determine small and large frequency splitting,
because the condition 7,”'>w,, can currently be satisfied
right up to splitting of the order of 10'* Hz. Moreover, the
technique for generation of the required ultrashort pulse
trains has recently become reasonably accessible and popu-
lar.?' The promising nature of this method is mentioned in a
recent review on laser spectroscopy.??

However, in all the experimental investigations (with
the evident exception of Ref. 17) the condition of wide opti-
cal lines 7', '> w,, has not been satisfied. In some cases the
homogeneous width has been even less than the pulse repeti-
tion frequency, i.e., less than the interval between consecu-
tive pulses in a train. Under these conditions each atom in-
teracts only with one pair of spectral components which are
in resonance with the optical lines. In such a case the phase
relationships between the modes are unimportant, so that
there is no need to ensure mode locking of laser radiation.
Such spectroscopy involving the use of a train of ultrashort
pulses is closely related to the familiar variant of the spec-
troscopy of quantum beats based on mode crossing reson-
ances.?

On the condition T ;" '>w,, ensures that each atom in-
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teracts with all the spectral components of laser radiation,
i.e., that interacts with a train of pulses as a whole and, con-
sequently, this condition ensures the fullest spectroscopic
utilization of a sequence of ultrashort pulses. Resonances
which occur in the presence of wide-band optical transitions
(T; '>w,,), when the low-frequency structure is com-
pletely submerged under the homogeneous broadening of
the optical lines, provides an approach to spectroscopy
which is free not only of the Doppler line broadening, but
also of the homogeneous (including natural) broadening.
The possibility of such “subhomogeneous” spectroscopy de-
pends on the resonant nature of the coherent nonlinearity of
a three-level medium which is manifested on interaction
with a periodic train of ultrashort pulses.

It should also be mentioned that, in spite of several ex-
perimental investigations, the theoretical discussions of the
interaction between a train of ultrashort pulses and a three-
level medium have been limited so far to the statement that
the sum of single, decaying at a rate characterized by the
time 7, and oscillating at a natural frequency w,,, responses
of a low-frequency coherence to the individual pulses in a
train should increase resonantly under conditions when the
natural frequency is a multiple of the interaction frequen-
cy.!” However, the law describing the change in the intensity
of the pulses as they propagate in the medium and an analyt-
ic expression for the absorption profile (dependence of the
absorption coefficient on the pulse repetition frequency),
particularly the dependence of the resonance width and
depth on the intensity, have not been hitherto determined.
The knowledge of these dependences described by Egs.
(4.2), (3.6), (3.8), and (3.9) makes it possible not only to
find the splitting frequency w,,, but also the low-frequency
coherence relaxation time 7, and, if the parameters of the
three-level medium are known and the splitting frequency
can be varied (for example, by the application of a magnetic
field in the case of the Zeeman sublevels), these equations
can be used to find the parameters of an ultrashort pulse
train.

A three-level medium can also be applied as a nonlinear
filter for the passive mode locking of laser radiation. This
possibility has been mentioned earlier?* using the mode ap-
proach. The above space-time description makes clear the
physical mechanism of passive mode locking by a three-level
filter. In contrast to the usual saturable absorbers which
operate on the basis of a nonlinear reduction in the absorp-
tion because of the saturation effect,'® a three-level filter op-
erates by means of coherent bleaching. Since this effect is of
resonant nature, mode locking should break down when the
condition that the splitting frequency is a multiple of the
intermode interval is no longer obeyed. This circumstance
can be used in intracavity laser spectroscopy.
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