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The nonstationary pump-probe interaction between short laser pulses propagating in a resonant optically
dense coherent medium is considered. Special attention is paid to the case where the density of two-level
particles is high enough that a considerable part of the energy of relatively weak external laser fields can be
coherently absorbed and reemitted by the medium. Thus, the field of the medium reaction plays a key role in
the interaction processes, which leads to collective behavior of an atomic ensemble in the strongly coupled
light-matter system. Such behavior results in fast excitation interchanges between the field and a medium in the
form of optical ringing, which is analogous to polariton beating in solid-state optics. This collective oscillating
response, which can be treated as successive beats between light wave packets of different group velocities, is
shown to significantly affect the propagation and amplification of the probe field under its nonlinear interaction
with a nearly copropagating pump pulse. Depending on the probe-pump time delay, the probe transmission
spectra show the appearance of either a specific doublet or coherent dip. The widths of these features are
determined by the density-dependent field-matter coupling coefficient and increase during the propagation.
Besides that, the widths of the coherent features, which appear close to resonance in the broadband probe
spectrum, exceed the absorption-line width, since under the strong-coupling regime, the frequency of optical
ringing exceeds the rate of incoherent relaxation. Contrary to stationary strong-field effects, the density- and
coordinate-dependent transmission spectra of the probe manifest the importance of collective oscillations and
cannot be obtained in the framework of a single-atom model.
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I. INTRODUCTION

Investigation of the nonlinear medium response to coher-
ent radiation is a powerful tool to analyze the microscopic
properties of matter and ultrafast processes taking place
therein. Moreover, a detailed study of resonant light-matter
interactions enables the development of techniques of active
control of the processes under investigation. Optically dense
media attract significant attention, since they provide infor-
mation about phenomena taking place in macroscopic en-
sembles of resonant particles. On the other hand, a dense
medium represents a rather complicated object, because it
can strongly modify the characteristics of the probing radia-
tion by coherent absorption and reemission of photons.
These processes lead to the appearance of the medium reac-
tion field, which plays an essential role and becomes compa-
rable to the field of an external radiation source. Thus, the
coupled electromagnetic field and optically dense matter
should be considered self-consistently as a single system
with specific characteristics and evolution.

In the limit where the reemission field is negligible in
comparison to the strong, externally applied one, the model
of a single driven atom is usually used. Atomic variables can
be calculated on the basis of Bloch equations without taking
into account Maxwell equations. Thus, the spectral features

of the process are fully determined by the strong external
field, but not by the density of the medium. In this context,
phenomena such as Rabi-sideband generation due to the sta-
tionary probe-pump Mollow-Boyd effect[1] or to transient
Rabi flopping[2] can be mentioned.

The main peculiarity of the coherent interaction between
light and optically dense media is related to the collective
behavior of resonant particles due to their interaction through
the reemission field. This behavior can significantly modify
the mutual light-matter dynamics, which cannot be described
in the framework of the single-atom model. In the case
where a high density of the resonant medium enables the
atomic system to coherently absorb and reradiate a consider-
able part of the energy of the external electromagnetic field,
fast excitation interchanges between field and matter appear,
which is analogous to polariton beats in solid-state optics.
The frequency of such collective oscillations is determined
by the density-dependent field-matter coupling coefficient
and exceeds the relaxation rates of a medium. Under the
cavity interaction, this “strong-coupling regime” results in
vacuum Rabi oscillations[3–7]. In the field of cavity QED,
the nonclassical properties of the strong-coupling regime
(photon antibunching and sub-Poissonian statistics[5],
squeezing[6], and application for entanglement[7]) have
been discussed. Under free-space pulse propagation, the
strong-coupling regime leads to the formation of collective
optical ringing [8,9]. The generation of such a signal may
appear even under weak-field excitation, without essential*Electronic address: Mekhov@yahoo.com
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changes in the population difference of a medium. This fact
is different from the case of the resonant pulse breakup into
2p solitons of self-induced transparency[2], where the inci-
dent pulse is strong enough to invert a part of a medium(the
area of the external field should be at least greater thanp). In
this context, optical ringing represents a nonsolitonic solu-
tion in the form of a 0p pulse.

In this paper, we present a study of the coherent free-
space interaction between two(probe and pump) short laser
pulses propagating in a two-level extended medium under
the conditions of the strong-coupling regime. We center our
discussion on the question as to how the collective oscilla-
tory response of an optically dense medium, excited by a
short pump pulse, affects the transmission spectrum of the
probe field. Since optical ringing originates from the linear
response of a dense resonant medium, we consider the case
of a weak pump field, which does not invert atoms. Hence,
all obtained transformations of the probe pulse, particularly
its amplification, take place in a medium without population
inversion.

Optical ringing represents an essentially transient phe-
nomenon and can be observed in a time scale shorter than the
relaxation times of a medium. Due to its general character,
such an oscillating response accompanies a variety of coher-
ent phenomena taking place under short pulse propagation
[8] in dense media and should be taken into account in analy-
ses of experimental data. Having a superradiant character, it
was studied in the context of the so-called “polarium model”
(purely coherent interaction) [9] and oscillatory regime of
Dicke superradiance[10]. Its influence on the quantum co-
herent control and pulse shaping techniques was mentioned
in Refs.[11–13]. The works in[14] were devoted to a deter-
mination of the relaxation times of homogeneously and in-
homogeneously broadened spectral lines of molecular sub-
stances in the presence of optical ringing. In Refs.
[11,12,15], different aspects of the coherent interaction of
ultrashort laser pulses with extended multilevel atomic me-
dia, particularly two-photon absorption, were considered.
The existence of ultrafast collective oscillations was demon-
strated in Ref.[16], where not only the external laser pulse,
but also the optical ringing itself belonged to the femtosec-
ond time scale.

Besides the atomic and molecular media, optical ringing
was also rediscovered for the case of solid-state exciton po-
laritons [17]. It was treated as quantum beats between two
branches of the polariton dispersion curve corresponding to a
single resonance, contrasting to the case of the usual quan-
tum beats between different optical transitions. Moreover,
the transition from the strong-field regime of Rabi oscilla-
tions to the weak-field optical ringing under the strong-
coupling regime was recently observed in Ref.[18]. Femto-
second ringing was obtained for the cases of both bulk
crystals[19] and multiple-quantum-well structures[20].

In the presence of optical ringing, the interaction of two
intersected probe and pump beams(this configuration is also
used in the present work) was considered for the cases of
atomic media[21,22] and solids[20,23–25]. Most of the
results of these studies are related to the time-integrated and
time-resolved properties of the diffracted four-wave mixing
signal. In contrast, our discussion is centered on modification

of the probe field and, particularly, on its spectral properties.
In our previous works[26–29], we studied both theoretically
and experimentally the interaction of broadband polychro-
matic pulses of a multimode dye laser without mode locking
in an optically dense resonant medium(metastable neon at-
oms in gas discharges). Different spectral types of probe am-
plification were obtained and analyzed. Our present paper is
devoted to the interaction of short transform-limited pulses,
since the fundamentals of the phenomena considered arise
from the coherent interaction between short pulses and a
dense medium.

The paper is organized as follows. In Sec. II, the main
equations of the theoretical model are obtained. In Sec. III,
we outline some specific features of the collective optical
ringing originating from the dispersion of a dense resonant
medium. The numerical results and discussion of the probe-
field propagation in the presence of a pump pulse are pre-
sented in Sec. IV. The main results of the paper are summa-
rized in Sec. V.

II. EQUATIONS OF THE MODEL

The theory of transient processes of the interaction be-
tween electromagnetic fields and resonant media is based on
a joint solution of the semiclassical Maxwell-Bloch equa-
tions [2]. We restrict our study to the two-level system ap-
proximation assuming that the interaction between the field
and neighboring atomic transitions is negligibly small. The
electric field Est ,r d and the polarization of the medium
Pst ,r d can be written in the form

Est,r d =
1

2

"

d
fVsst,r deiv0t + c.c.g,

Pst,r d =
1

2
ndfpsst,r deiv0t−ip/2 + c.c.g,

introducing the complex amplitudesVsst ,r d and psst ,r d
slowly varying in time but having arbitrary spatial depen-
dence. Here,d andv0 are the electric dipole moment and the
resonance frequency of the atomic transition;n is the density
of atoms. The amplitudeVsst ,r d is expressed in units of the
Rabi frequency of the electric field.

Using the rotating-wave approximation, the system of
Bloch equations can be written as

] ps

] t
= VsD − g2ps, s1ad

] D

] t
= −

1

2
sVsps

* + Vs
*psd − g1sD − Deqd, s1bd

whereD is the population difference of an atom,Deq is the
value of D in the absence of an external field(the valueD
=1 corresponds to an atom in the ground state), andg1 and
g2 are the relaxation rates.
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The problem of the interaction between two intersected
plane linearly polarized waves is considered. In the case of
nearly copropagating pulses, the amplitude of the field is
given by

Vs = V0st,zde−ik0z + V1st,zde−ik1r , s2d

with V0 andV1 slowly varying in space. The fieldV0 with
wave vectork0, which is parallel to thez axis, corresponds to
the strong pump wave, whereasV1 with wave vectork1 is
assumed to be a weak probe field propagating at the small
anglew with respect to thez direction. A nonlinear interac-
tion of the intersected waves leads to the appearance of spa-
tial polarization harmonics with wave vectorsk0+mDk sm
=0, ±1, ±2, ...,Dk =k1−k0d and harmonics of the popula-
tion difference withmDk wave vectors:

ps = o
m=−`

`

pmst,zde−isk0r+mDkr d, s3ad

D = o
m=−`

`

Dmst,zde−imDkr , Dm = D−m
* . s3bd

The emission ofp0 and p1 polarizations corresponds to the
pump and probe fields, respectively. The emission of higher
harmonics is considered to be suppressed in a thick medium,
due to the mismatch in the dispersion relation. Substituting
the expansions(2) and (3) into Bloch equations(1), adding
Maxwell equations, and using the first-order perturbation
theory with respect to the small amplitude of the probe field,
one can get the coupled Maxwell-Bloch system, describing
propagation of the strong pump field,

c
] V0

] z
+

] V0

] t
= − vc

2p0, s4ad

] p0

] t
= V0D0 − g2p0, s4bd

] D0

] t
= −

1

2
sV0p0

* + V0
*p0d − g1sD0 − Deqd, s4cd

and a weak probe,

c cosw
] V1

] z
+

] V1

] t
= − vc

2p1, s5ad

] p1

] t
= V1D0 + V0D1 − g2p1, s5bd

] D1

] t
= −

1

2
sV1p0

* + V0
*p1 + V0p−1

* d − g1D1, s5cd

] p−1
*

] t
= V0

*D1 − g2p−1
* , s5dd

where

vc =Î2pd2v0n

"
s6d

is the cooperative frequency of the medium, which plays a
role of the coupling coefficient between field and matter. We
will present the numerical results of our work in the dimen-
sionless form in units ofvc.

If the functionsV0,1st ,zd are real(exactly resonant inter-
action without phase modulation of input pulses), the areas
of the pulses, defined as

s0,1szd =E
0

`

V0,1st,zddt,

are very important parameters characterizing coherent propa-
gation of short laser pulses. In the case of complex functions
V0,1st ,zd, the definition of the area does not have a general
form.

III. PECULIARITIES OF OPTICAL RINGING
IN A SINGLE LASER BEAM

Contrasting to the case of nonlinear pulse breakup into 2p
solitons[2], the origin of collective oscillations can be traced
to the linear light-matter interaction. In this section, we out-
line the main features of this phenomenon, considering the
propagation of the single(pump) field described by Eqs.(4).
In the linear limit of a weak(small-area) field, where the
atoms are assumed to be in the ground state withDst ,zd=1,
Eqs. (4a) and (4b) can be written as a single second-order
differential equation

c
]2V

] z] t
+

]2V

]2t
+ g2Sc

] V

] z
+

] V

] t
D + vc

2V = 0, s7d

describing oscillations of the laser field, which propagates in
a medium with high cooperative frequencyvc, Eq. s6d. In
this section, considering the propagation of a single beam,
we have omitted the subscript of the field amplitude. The
problem of the free-space propagation of a short laser pulse
entering an initially unperturbed medium can be solved tak-
ing the time Fourier transform of Eq.s7d. The inverse Fou-
rier transform then gives a solution in the formscf. Ref. f8gd

Vst,zd =
1

2p
E

−`

`

Finsvde−iksvdzeivtdv, s8d

whereFinsvd is the spectrum of the laser pulse at the input
of the medium atz=0. The spatial evolution of spectral
components is determined by the wave vectorksvd:

cksvd = v −
vc

2

v − ig2
. s9d

Here, the frequencyv and wave vectork are defined as
detunings from the resonant valuesv0 and v0/c, respec-
tively. The real part ofksvd determines the dispersive char-
acteristics of the propagating field, whereas its imaginary
part determines the absorption.

Depending on the relation between the field-matter cou-
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pling coefficientvc and the rate of incoherent relaxationg2,
two qualitatively different frequency dependences of the real
part ofksvd are possible, which is demonstrated in Fig. 1(a).
If the relaxation rate exceeds the cooperative frequency, only
one value of the frequencyv corresponds to each wave vec-
tor k (curveA). In the opposite case, where

vc . g2, s10d

there may exist three frequencies that correspond to the same
value of k scurve Bd. The central frequency falls into the
region of the anomalous dispersion with strong absorption of
the field, whereas two other solutions appear at the wings of
the spectral line, where absorption may be very small.

The existence of photons of equal wave vectors, but of
different frequencies, is a characteristic property of the reso-
nant light-matter interactions in optically dense coherent me-
dia. This phenomenon can be treated as a density-dependent
splitting of normal modes in the system of strongly coupled
field-matter oscillators(polaritons). In the limiting case of
purely coherent interactionssg2=0d, the polariton dispersion
is represented by two separated anticrossing branches, dis-
played by curveC in Fig. 1(a). Coherent beating between
normal modes of these kind can be observed, if the spatial
spectrum of the field is fixed, for example, by initial condi-
tions or by the presence of a cavity. In this context, effects
such as cavity collective vacuum Rabi oscillations[3,4] and
the oscillatory regime of superradiance under side excitation

of a sample[10] can be mentioned. In these cases, fixing of
wave vectors leads to the appearance of a characteristic dou-
blet in the field spectrum, which corresponds to the normal
modes and manifests the existence of the “strong-coupling
regime” determined by Eq.(10).

In the situation under analysis, Eqs.(7) and (8), where a
laser pulse propagates in an initially unperturbed medium,
the frequency content of the output field is entirely deter-
mined by the spectrum of the external sourceFinsvd. Due to
the linearity of interaction, the absolute value of the output
spectrum does not vary during the propagation, except for
the trivial appearance of the absorption line. Thus, in this
case, contrary to collective vacuum Rabi oscillations, no co-
herent density-dependent spectral features can be extracted
from spectral measurements. At the same time, coherent os-
cillations can be observed under analysis of the temporal
behavior.

Using the theorem about the Fourier transform of a prod-
uct, the solution(8) can be rewritten in the form(cf. Ref.
[14])

Vst,zd = Vinstd −E
0

t

Vinst − t8de−g2t8vcÎ z

ct8

3J1s2vc
Îzt8/cddt8 s11d

for tù0 and Vst ,zd=0 for t,0. Heret= t−z/c, Vinstd is
the complex amplitude of the electric field at the input of
the medium, andJ1sxd is the first-order Bessel function.
The integral kernel represents the oscillatory response of
the atomic ensemble to the shortd pulsefVinstd=dstdg and,
thus, represents the Green function of the problem.

Optical ringing, which is described by the Bessel function
in Eq. (11), corresponds to oscillations with frequency vary-
ing in time and space. This fact reveals the principal role of
propagation effects in the formation of optical ringing. In a
cross section of the medium with coordinatez, the inverse
duration of the first short pulse, which was reradiated by the
medium, is proportional to the quantity

vD =
vc

2z

c
. s12d

The frequency of subsequent oscillations decreases in time
and at the tail of the ringing is given byvcÎz/ sctd. Hence,
to observe at least the initial stage of the coherent optical
ringing, the following criterion should be fulfilled:

vD =
vc

2z

c
@ g2. s13d

The frequency of optical ringing in its initial stage increases
with propagation distancez and medium densityn. Thus, it is
proportional to the number of atoms interacting via the re-
emission fieldshere, only propagation in the forward direc-
tion is consideredd. Such a dependence directly demonstrates
the collective character of the field reemission by the atomic
ensemble. The quantityvD, Eq.s12d, is a well-known param-
eter in the theory of Dicke superradiancef9,10g. Unlike a
single superradiant pulse, which is considered as fast collec-

FIG. 1. Dispersion characteristics of dense resonant medium.(a)
Linear dispersion Reksvd for g2/vc=1.1 (curveA), 0.15(curveB),
and 0.0(curveC); (b) group velocityVgsvd for g2/vc=0.15.
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tive relaxation of atoms to the ground state, optical ringing
represents fast collective oscillations that nevertheless re-
main coherent in a time scale of 1/g2, which may be much
longer than the duration of a single pulse of superradiance.

The condition of the appearance of optical ringing, Eq.
(13), is different from that of the collective vacuum Rabi
oscillations, Eq.(10). Nevertheless, the relation between the
field-matter coupling coefficientvc, Eq. (6), and the rate of
incoherent relaxation of the medium is very important for
both types of collective oscillations. The relaxation rates in-
cluded in our model may account for radiative and colli-
sional broadening of a spectral line, while the inhomoge-
neous Doppler broadening is not taken into account.
Nevertheless, if the processes of interest are much faster than
the relaxation and the detailed shape of a narrow absorption
contour is not of importance, the Doppler broadening may be
also approximately included in the relaxation rates consid-
ered[8].

The expressions(10) and (13) can be considered as con-
ditions determining a threshold value for the atomic density,
which should be exceeded to obtain collective oscillations. It
is important to stress that these conditions are essentially
weaker than the one necessary for other density-dependent
phenomena in resonant media, such as total backward reflec-
tion [9] and local field effects[30] leading to a Lorentz-
Lorenz frequency shift and intrinsic optical bistability. This
fact substantiates our model presented in Sec. II, which does
not take into account the latter high-density effects.

The statement—that the initial optical ringing frequency
(12) displays an unlimited increase during the
propagation—is valid only for the idealized situation of an
input pulse having an infinitely broad spectrum. To describe
more realistic conditions, we will present a simple analytical
expression giving a relation between the temporal behavior
of the field and the spectrum of the input pulse.

For this purpose, the solution(8) can be analyzed using
the stationary phase method, which gives the following as-
ymptotical value for an integral expression:

E
−`

`

fsvdeilssvddv,o
vs

Î 2p

lus9svsdu
fsvsdeilssvsd±ip/4

s14d

for l→` ands9svsdÞ0. The sum is taken over all points of
the stationary phasevs such thats8svsd=0; the plus or minus
sign is chosen fors9svsd.0 ands9svsd,0, respectively. In
the limit of coherent interaction,g2=0, the solutions8d and
s9d can be reduced to the integral on the left-hand side of Eq.
s14d by the substitutions

fsvd =
Finsvd

2p
, l =

vcz

c
, ssvd =

v

vc
b +

vc

v
,

whereb=ct /z. In this case, there exist two stationary phase
pointsvs1,2= ±vg:

vg = vcÎ z

ct
. s15d

Using Eq.s14d, the asymptotic solution of the problem for
high values ofvcz/c, finite values of the parameterb, and a
smooth functionFinsvd can be written as

Vst,zd ,
1

2tÎ2p
s2vc

Îzt/cd1/2FFinSvcÎ z

ct
Dei2vcÎzt/c+ip/4

+ FinS− vcÎ z

ct
De−i2vcÎzt/c−ip/4G . s16d

Expression(16) shows that the field amplitudeVst ,zd is
determined by the complex amplitudes of the input spectrum
at frequencies ±vg, Eq. (15). These frequencies are sym-
metrically placed around the frequency of the atomic transi-
tion and depend onz and t. Under an increase of the propa-
gation distancez, the field amplitude is determined by the
spectral components lying farther and farther from the reso-
nance. Thus, the increase of the ringing frequency is limited
by the frequency of non-negligible spectral components far-
thest from the resonance.

On the other hand, in a fixed cross section of the medium,
the time evolution of the field is determined by the spectral
components, which are placed closer and closer to the reso-
nance frequency. In other words, Eqs.(15) and (16) show
that in the cross sectionz, a spectral component of an arbi-
trary frequencyv determines the field amplitude at the time
momenttsvd such that

tsvd =
vc

2z

v2c
.

One can easily show thattsvd corresponds to the time delay
related to the difference between the speed of light in
vacuum and the group velocity of a wave packet of fre-
quencyv. The frequency-dependent group velocityVgsvd is
defined by the derivative of the real part of the wave vector
ksvd, Eq. s9d,

Vgsvd
c

; Sc
d Re k

dv
D−1

= 1 −
vc

2sv2 − g2
2d

sv2 + g2
2d2 + vc

2sv2 − g2
2d

,

and is displayed in Fig. 1sbd. In the casevc@g2, the width of
the absorptivesanomalous dispersiond area 2g2 is much
smaller than the width of theVgsvd contour, which is equal
to 2vc and hence increases with atomic density. Figure 1sbd
shows that in an optically dense coherent medium, the group
velocity significantly varies over the spectrum and can be
essentially reduced near the resonance.

Thus, long oscillations of optical ringing can be treated as
successive beats between light wave packets of frequencies
symmetrical with respect to the resonance[17]. Equation
(16) gives the quantitative characteristics of this treatment. In
contrast to collective vacuum Rabi oscillations, which are
explained by the beating between two monochromatic waves
of equal wave vectors[see Fig. 1(a)], free-space optical ring-
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ing originates from the beats between wave packets of equal
group velocities, which should be present in the broad spec-
trum of a short input pulse[see Fig. 1(b)].

Moreover, Eq.(16) shows that to observe optical ringing
in the absolute value of the electric fielduVst ,zdu, the spec-
trum of the input pulseFinsvd should excite both red and
blue wings of the spectral line. This fact confirms the essen-
tially resonant character of the collective optical ringing. In
the case where the input spectrum covers only one of the
wings, oscillations in the absolute value are absent, though
they are still present in the quadrature components of the
field, which are determined by the real and imaginary parts
of Vst ,zd.

Figure 2 displays the temporal behavior of optical ringing
[the solution of Eq.(7)] excited by a short Gaussian-shaped
input pulse

Vinstd =
s

aÎp
e−fst − t0d/ag2+iDtqstd s17d

at different detuningsD between the pulse central frequency
and the frequency of the resonance. The full width at half
maximum sFWHMd of the spectrumFinsvd, which corre-
sponds to the input pulses17d, is determined through the
parametera and given by

gsp=
4

a
Îln 2. s18d

In Eq. s17d, the time delayt0@2p /gsp and the Heaviside
step functionqstd are included to fulfill the formal re-

quirement ofVinstd=0 for t,0; quantity s is the area of
the input pulse.

Figure 2 shows that for fixed parameters of the medium,
the amplitude of the ringing inuVst ,zdu essentially decreases
under an increase of the detuningD and, hence, under a
decrease of spectral amplitudes at one wing of the resonance
in comparison with amplitudes at another one. Deformation
of the input pulse also decreases, manifesting the transition
to the regime of the usual nonresonant pulse propagation
with a mean group velocity. At the same time, the frequency
of optical ringing, which depends on the characteristics of
the medium, does not change, since it is determined by the
oscillating exponents in Eq.(16) but not by the amplitudes of
the wave packets,Finsvd. This fact was experimentally dem-
onstrated, particularly in Refs.[16,19].

IV. NONLINEAR PUMP-PROBE INTERACTION

The dynamics of coherent collective phenomena under
the regime of strong light-matter coupling should signifi-
cantly affect the nonlinear interaction of laser fields in reso-
nant media. The collective model of “spectrum condensa-
tion” (or “self-frequency locking”) [26,31–33] under the
generation of a multimode dye laser with an intracavity ab-
sorbing cell was proposed in Ref.[26]. Particularly, in the
case of short transform-limited pulses, the “spectrum con-
densation” was investigated in Refs.[31,32]. Giant paramet-
ric amplification of polaritons was observed in semiconduc-
tor microcavities under a large vacuum Rabi splitting
[6,34,35].

In this paper, we present an investigation of influence of
collective optical ringing on the transmission of a probe
pulse in the presence of a short pump pulse. In the presence
of optical ringing, the configuration of two intersected beams
was also considered in investigations of the resonant four-
wave mixing in atomic [21,22] and solid-state media
[20,23–25]. In these works, the collective oscillations of the
field were obtained in the time-resolved and time-integrated
studies of a new diffracted pulse. In contrast, our present
paper deals with spectral properties of the probe beam. In
Refs.[20,21,23–25], the probe field was not affected by the
pump pulse, since the latter one was considered to be very
weak. The theoretical model of Ref.[22] accounted for a
modification of the probe field, but the carrier frequency of
the pump pulse was chosen to be shifted from the resonance;
thus no optical ringing was produced in the absolute value of
the pump field and in the population difference of the me-
dium. In the present paper, the case of a resonant pump pulse
is analyzed, and optical ringing is able to affect the probe
field also through collective oscillations of the population
differenceD0st ,zd, which couples two beams intersected at a
small angle[cf. Eqs.(5a) and (5b)]. In Ref. [36], where the
interaction of two short resonant pulses was considered un-
der an exactly collinear configuration, it was impossible to
distinguish between the probe and pump fields, when the
long oscillating field of the medium response appeared.

In our previous works[26–29], we studied, both experi-
mentally and theoretically, the pump-probe interaction of
broadband polychromatic pulses produced by dye lasers

FIG. 2. Optical ringing at different detunings of the pulse spec-
trum from resonance frequency.(a) Input pulse(curveA) and out-
put pulse forD /vc=0.0 (curveB); (b) output pulse forD /vc=0.5;
(c) output pulse forD /vc=1.0; g2/vc=10−3, FWHM of the spec-
trum gsp/vc=1.0, propagation distancevcz/c=1.0.
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without mode locking. We obtained and analyzed different
spectral types of probe amplification in an optically dense
resonant medium. Even in the case of quasistochastic pulses
of correlation time determined by the width of the laser spec-
trum, collective optical ringing was shown to accompany the
propagation and amplification processes. In the experiments,
a neon gas discharge containing a significant amount of neon
metastable atoms(up to 1013 cm−3) was used as an optically
dense medium. Measurements were carried out at several
neon transitions with the metastable level 2p53s 3P2 as a
lower state. Particularly, for the strongest transition of wave-
length 640.2 nm, the cooperative frequencyvc/2p reached a
value of 30 GHz, which was enough to fulfill the conditions
of the strong-coupling regime. The widths of laser spectra
greatly exceeded both homogeneous and inhomogeneous
broadening of the spectral line, and took a value of about
200 GHz(FWHM), giving a correlation time(duration of a
single spike in quasistochastic signal) of about 5 ps.

In contrast to Refs.[26–29], the present paper deals with
smooth transform-limited pulses, since fundamentals of the
phenomena have been considered earlier and arise from the
coherent interaction between short pulses and a dense me-
dium. Under the mode locking of dye lasers, our experimen-
tal parameters described above can be used for a quantitative
analysis of the results obtained in this work, which are pre-
sented in dimensionless form. Moreover, as mentioned in the
Introduction, collective optical ringing was already observed
on the femtosecond time scale. Thus the results obtained
have a direct relation to the study of the so-called “sharp-line
limit” of the resonant light-matter interaction. In the frame-
work of this limit, single-pulse propagation was considered
in Refs.[16,37–39].

The numerical model is based on a solution of the non-
linear system of equations(4) and (5) describing the propa-
gation of two intersected waves. In this system, the weak
probe fieldV1st ,zd is treated in the first order of perturbation
theory, while the amplitude of the pump fieldV0st ,zd can
take arbitrary values. Nevertheless, since the optical ringing
originates from the linear response of a medium under small
changes in the population difference, we center our discus-
sion on the case where the input area of the pump field takes
values less thanp /2. Thus, in the situation considered, the
pump field does not invert a medium. Moreover, long ringing
can be obtained after both probe and pump pulses, which
provides an interaction of two fields much longer than the
durations of the short input pulses.

Equation(5b) shows the influence of the pump field on
the polarization componentp1 radiating in the direction of
the probeV1, whose propagation is described by Eq.(5a).
The first term on the right-hand side of Eq.(5b) can be
treated as forward scattering of the probe waveV1 on the
spatiotemporal oscillations of the population difference com-
ponentD0st ,zd, which is determined by transient collective
ringing in the pump fieldV0 [cf. Eq. (4c)]. The second term
in Eq. (5b) can be described as scattering of the pump field
V0 on the nonstationary grating of the population difference
D1st ,zd with wave vectorDk, Eq. (3b), which originates
from the spatiotemporal beating between pump and probe
waves[cf. Eq. (5c)].

In the numerical simulations, the pump pulse at the input

of the medium was chosen in the form(17) with pulse area
s0,p /2 and spectral FWHM(18) gsp0/vc=10.0. To provide
the maximum amplitude of pump-matter energy exchange
D0, which is determined by the amplitude of the ringing in
uV0u, the pump central frequency was tuned exactly to the
resonance, givingD0=0.

The input probe pulse was also chosen in the form(17)
with introducing an additional time delayt0 (t0,0 corre-
sponds to the probe pulse preceding the pump). The probe
has different values ofgsp1 andD1, and an areas1 much less
thans0 (the exact value ofs1 is not of importance due to the
linearity of the equations with respect to the probe ampli-
tude). The value of the small anglew did not significantly
affect the results and was set to 1°.

A typical result of numerical simulations for the case of
exactly resonant broadband probe pulse(with parameters
similar to those of the pump:gsp1/vc=10.0,D1=0) is pre-
sented in Fig. 3. It shows the spectra of the probe pulse
uF1svdu at the input of the medium and after the propagation
for the cases of positive and negative time delayst0 between
the probe and pump pulses. The characteristic peculiarity of
the output spectra obtained consists in the fact that, in addi-
tion to the narrow absorption line, either a broad spectral
doublet fort0,0 or a dip fort0.0 appears. Both of these
spectral features appear close to the resonance. Besides that,
at the wings of the spectra, there exist dumping fort0,0
and amplification fort0.0. Integration over the spectrum
squared shows that such amplification or dumping at the
spectral wings gives an increase or decrease, respectively, in
the total energy of the pulse under propagation. This fact is a
consequence of the existence of energy exchange between
probe and pump, which interact by the ringing tails originat-
ing from the field of medium reemission.

The details of the probe-field transmission spectra(output
to input spectrum ratios) in the vicinity of the resonance are
presented in Figs. 4 and 5.

Figure 4 displays the spectra for the dimensionless length
of the mediumvcz/c=1.0 and different time delayst0 be-
tween probe and pump pulses. Figure 4(a) illustrates the
transmission of the probe in the presence of the pump for the

FIG. 3. Spectra of the probe field at the input(curve A) and
output of the medium at probe-pump time delaysvct0=−0.5(curve
B) and vct0=0.5 (curve C); g1,2/vc=10−3, FWHM of the probe
and pump spectragsp0/vc=gsp1/vc=10, pump areas0=0.49p,
propagation distancevcz/c=1.0.
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probe-pump time delayt0=0 (curve A). It also shows the
linear transmission contour in the absence of the pump pulse
(curveB). In Fig. 4(b), the probe spectra with resonant dou-
blet for vct0=−0.5 and broad dip forvct0=0.5 are shown,
presenting the detailed description of Fig. 3. Comparison of
Figs. 4(a) and 4(b) shows that the widths of both the spectral
doublet and dip are greater than the width of the linear trans-
mission contour, which corresponds to the incoherent ab-
sorption. Besides that, the broad features are not significant
at t0=0. The latter fact demonstrates the importance of the
phase shift, which is introduced by the presence of the time
delay between probe and pump pulses.

Figure 5 compares the probe transmission spectra for dif-
ferent propagation distances(vcz/c=0.5 and 2.0). Figure
5(a) presents this comparison for the time delayt0.0,
whereas the comparison fort0,0 is displayed in Fig. 5(b).
These figures together with Fig. 4(b) for vcz/c=1.0 show
that the widths of the spectral dip and doublet significantly
depend on the coordinatez and increase during the propaga-
tion. Such behavior of the spectral features in the probe field
and the fact that its width exceeds the absorption-line width
give evidence of the coherent optical ringing importance in
the process of nonlinear interaction.

The temporal behavior of the probe pulse in the presence
of the pump field is shown in Fig. 6 fort0,0 (curvesA) and

t0.0 (curves B). Here, the argumentt was shifted tot
−t0 for convenient comparison of these curves. The initial
stage of the processfvcst−t0d,15g and the probe pulse at
the input of the medium(curveC) are presented in Fig. 6(a).
The most interesting contribution to the output signal is
given by the coherent oscillating tail in the form of collective
optical ringing, which is displayed in Fig. 6(b) fvcst
−t0d.15g. The temporal dynamics corresponds to the spec-
tra displayed in Figs. 3 and 4(b). The dumped oscillations at
the tail of the optical ringing(curve B) correspond to the
broad dip in the probe spectrum, while the amplified oscilla-
tions (curveA) reflect the appearance of the spectral doublet.

It is important to stress that in the problem considered in
Sec. III, due to the linearity of the interaction, no features
corresponding to coherent optical ringing can be observed in
the transmission spectrum, except for the usual incoherent
absorption contour[cf. Fig. 4(a)]. In contrast, the results pre-
sented in this section show the existence of such spectral
features under the nonlinear pump-probe interaction. The
broadening of the coherent doublet and dip during the propa-
gation is a consequence of the growing ringing frequency,
which increases with an increase in the number of atoms
participating in the collective interaction. In other words, the
broadening of the coherent doublet and dip reflects the fact
that wave packets of increasing detunings from the resonance

FIG. 4. Transmission spectra of the probe field in the vicinity of
resonance for propagation distancevcz/c=1.0 and different probe-
pump time delays.(a) vct0=0 (curve A) and linear transmission
contour (curve B); (b) vct0=−0.5 (curve A) and vct0=0.5 (curve
B); g1,2/vc=10−3, FWHM of the probe and pump spectragsp0/vc

=gsp1/vc=10, pump areas0=0.49p.

FIG. 5. Transmission spectra of the probe field in the vicinity of
resonance for different propagation distances and probe-pump time
delays. (a) vct0=0.5 for vcz/c=0.5 (curve A) and vcz/c=2.0
(curveB); (b) vct0=−0.5 for vcz/c=0.5 (curveA) andvcz/c=2.0
(curve B); g1,2/vc=10−3, FWHM of the probe and pump spectra
gsp0/vc=gsp1/vc=10, pump areas0=0.49p.
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are involved in the creation of the ringing[see Eq.(16)] and
hence in the dynamical interaction of two fields.

The relaxation ratesg1 and g2 and the “optical density”
a0z;vc

2z/ sg2cd of a medium, which together describe the
absorption contour, are not the characteristic parameters of
the optical ringing, since they include incoherent parameters
of a medium. The characteristic frequencies of the coherent
collective oscillations(13) and (15) do not depend on the
rates of incoherent relaxation and increase during the propa-
gation. The width of the absorption contour also increases
during the propagation. Nevertheless, since it is determined
by the relaxation rate, it may be significantly smaller than the
width of the coherent features.

The propagation of the probe pulseV1st ,zd can be treated
as a parametric process under the modulation of parameters
in Eqs.(5) by the pump field. A detailed analysis shows that
it is the first term on the right-hand side of Eq.(5b) with
oscillatingD0st ,zd that mainly contributes to the appearance
of the near-resonant features presented in Figs. 4 and 5.
Thus, the physical origin of these features is mainly related
to the forward scattering of the probe waveV1 on the col-
lective spatiotemporal oscillations of the population differ-
ence componentD0st ,zd. It is the transient ringing in the
pump fieldV0 that is able to modulateD0st ,zd [cf. Eq. (4c)].
The near-resonant features described are determined by the

frequencies of the parametric modulation. Moreover, the im-
portance of a value of the phase shift between probe and
pump fields, which is introduced by the time delayt0, sub-
stantiates the parametric treatment of the phenomenon.

Under the increase of the time delay between the probe
and pump pulsesut0u, the efficiency of modifications in the
probe spectrum decreases. Under the decrease of the pump
areas0, the amplitude of the spectral features also decreases,
but its characteristic frequencies do not significantly vary.
The latter fact is different from the case of the strong-field
stationary Mollow-Boyd contour[1], where characteristic
frequencies depend on the amplitude of the pump field, but
not on the length and density of a medium.

Parametric peculiarities of the process are also illustrated
by the numerical simulations with the narrow-band probe
pulse shifted from the resonance. The pump parameters were
chosen to be the same as described above. The parameters of
the probe pulse had the valuesgsp1/vc=1.0,D1/vc=2.5, and
t0=0. The results of the simulations are presented in Figs. 7
and 8.

Figure 7 displays the input and output spectra of the
narrow-band probe pulse for the case of propagation distance
vcz/c=1.0. The figure shows that a characteristic doubletlike
feature in the vicinity of the resonance appears even in the
case where significant near-resonant components are absent
in the input spectrum. Therefore, the probe output spectrum

FIG. 6. Temporal behavior of the probe field for propagation
distance vcz/c=1.0 and probe-pump time delaysvct0=−0.5
(curvesA) andvct0=0.5 (curvesB). (a) Initial stage of the process
and the input pulse(curve C); (b) collective oscillating tail of the
probe field;g1,2/vc=10−3, FWHM of the probe and pump spectra
gsp0/vc=gsp1/vc=10, pump areas0=0.49p. Corresponding spectra
are shown in Figs. 3 and 4(b).

FIG. 7. Spectra of the narrow-band probe field for propagation
distancevcz/c=1.0. (a) Input (curveA) and output(curveB) spec-
tra; (b) detailed output spectrum of(a) in the vicinity of resonance;
g1,2/vc=10−3, FWHM of the probe input spectrumgsp1/vc=1.0,
FWHM of the pump input spectrumgsp0/vc=10, pump areas0

=0.49p.

COHERENT INTERACTION OF LASER PULSES IN A… PHYSICAL REVIEW A 69, 033804(2004)

033804-9



does not originate only from amplification of existing com-
ponents, but also from the generation of new ones via modu-
lation of medium parameters by the pump field. Moreover,
one can see the appearance of a specific oscillating structure
in the output spectrum.

The specific structure becomes richer and broader under
an increase of the propagation distance, which is demon-
strated by Fig. 8 forvcz/c=0.1, 0.5, and 2.0 and by Fig. 7(b)
for vcz/c=1.0. The total width of the amplification region
also increases. The spectral structure can be also seen in
Figs. 4(b) and 5 for the broadband resonant probe field,
though being more strongly suppressed by the absorption.

Such oscillating structure, which depends on the density
and length of the medium, is characteristic for spectral mea-
surements in the presence of optical ringing. It was also ob-
tained numerically[37,39] and experimentally[38] under an
investigation of the spectral properties of the self-induced
transparency of single ultrashort pulses. The structure was
shown to appear if both nonlinear solution(particularly, soli-
tons) and optical ringing are significant in the output signal.
The experiments[38] were carried out in a potassium vapor
cell (the interaction length was 2 mm) at the D1 spectral
line; the pulse duration was equal to 415 fs, and the vapor
density reached a value of 1014 cm−3, which corresponds to
the cooperative frequencyvc/2p of about 90 GHz. The
width of the oscillating structure obtained in these experi-
ments was about 40 GHz.

This kind of spectral feature enables an analysis of the

free-space optical ringing by spectral methods. The features
can be obtained even in the case of linear interference with
participation of the optical ringing in an optically dense reso-
nant medium. Particularly in the case where a short laser
pulse, which has passed through a medium, interferes at the
output with a similar pulse, which has traveled the same
distance in vacuum and having additional arbitrary time de-
lay t1. Using the integrand of Eq.(8) and the expression for
the wave vectorksvd, Eq. (9), in the limit of g2=0, the
summed spectrum of two fieldsF+svd can be written as:

F+svd = Finsvde−ivz/c+ivc
2z/svcd + Finsvde−ivz/c−ivt1.

Then, the absolute value of the spectrum is given by

uF+svdu = 2uFinsvduUcosF1

2
Svc

2z

vc
+ vt1DGU . s19d

In the region of the parameters, where the phase brought by
the mediumsthe first termd is greater than the phase brought
by the time delaysthe second termd, Eq. s19d gives spectral
oscillations which are qualitatively similar to the ones pre-
sented in Figs. 7 and 8. This phase is also responsible for the
appearance of optical ringing. The functions19d has an infi-
nite number of extrema, whose frequency increases when the
detuning approaches zero. If the relaxation is taken into ac-
count, the number of oscillations is limited, and the oscilla-
tions are absent in the region of the absorption.

So the characteristic spectral oscillations can be made vis-
ible in the spectrum of optical ringing by a change of the
phase in the linear solution(8), particularly, due to the pres-
ence of another pulse. Moreover, it is the nonlinearity of the
medium that can bring a specific phase shift to the interac-
tion process. In Refs.[37–39], the appearance of spectral
oscillations can be treated as interference of the quasilinear
optical ringing with nonlinear solutions(particularly, soli-
tons), which have specific time delays due to the nonlinearity
of the interaction. In the case of the pump-probe interaction
presented here, it is the pump pulse that changes the propa-
gation conditions of the probe. Unlike the works in[37–39],
in our study, the spectral structure is obtained in the weak
amplified probe field intersected with the pump. The input
pump pulse may have an area less thanp /2. Moreover, con-
trary to Refs.[37–39], the amplitude of the input spectrum
may be negligibly small in the vicinity of the resonance and
hence produces no spectral background for the observation
of specific output features.

Thus, the pulsed pump-probe interaction may be signifi-
cantly affected by the generation of the optical ringing sig-
nal, and it is the dynamic peculiarities of the collective re-
emission of a resonant medium that play a key role in the
processes considered. The efficiency of collective dynamics
increases with an increase of the propagation distance and
density of the medium. On the other hand, the efficiency of
the two-beam interaction may be limited by those param-
eters, since under an increase of the oscillation frequency, the
amplitude of the field and population difference modulation
decreases. This fact reduces parametric coupling of two
fields and leads to their linear propagation.

FIG. 8. Output spectra of the narrow-band probe field in the
vicinity of resonance for different propagation distances.(a)
vcz/c=0.1; (b) vcz/c=0.5; (c) vcz/c=2.0; corresponding input
spectrum is shown in Fig. 7(a); g1,2/vc=10−3, FWHM of the probe
input spectragsp1/vc=1.0, FWHM of the pump input spectra
gsp0/vc=10, pump areas0=0.49p.
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V. CONCLUSIONS

We have presented a theoretical investigation of the tran-
sient pump-probe interaction between short laser pulses in an
optically dense resonant medium. A high value of the field-
matter coupling coefficient, which is determined by the me-
dium density, and relatively weak intensities of the external
pulses give rise to the collective oscillating response of a
medium in the form of coherent optical ringing. The long
ringing response, which exists in a time scale of the order of
relaxation times, provides an interaction of light fields with a
medium much longer than the duration of short input pulses.
The analytical expression obtained gives the relation be-
tween the temporal behavior of the ringing and the spectrum
of the input laser pulse. It describes the limitation of
oscillation-frequency growth and the reduction of the ringing
efficiency under the increasing detuning from the resonance.
Moreover, it supports the treatment of optical ringing as suc-
cessive coherent beats between light wave packets of differ-
ent group velocities, which in the case of a dense coherent
medium can significantly vary over the broad spectrum of
the pulse.

The collective dynamics of the medium is shown to es-
sentially affect the propagation and amplification of a probe
pulse under its nonlinear interaction with the pump field. In
the transmission spectrum, either a characteristic doubletlike
structure or a broad dip appears in the vicinity of the reso-
nant frequency, depending on the time delay between the

probe and pump pulses. In accordance with the spatiotempo-
ral behavior of the optical ringing, the widths of the coherent
spectral features increase with an increase of the medium
density. Besides that, broadening of the coherent doublet and
dip during the propagation reflects the fact that wave packets
of increasing detunings from the resonance are involved in
the interaction of two fields. Modification of the spectrum
comes from modulation of the probe and medium parameters
by the pump pulse, especially from oscillations of population
difference due to the existence of optical ringing in the pump
field. Because of the modulation, spectral features can appear
not only in the spectral region of the existing input compo-
nents, but also in the region where the spectrum of the input
probe pulse is negligibly small.

Thus, contrary to the stationary strong-field effects, the
density- and coordinate-dependent transmission spectra of
the probe manifest the importance of collective oscillations
and cannot be obtained in the framework of the single-atom
model. We would like to point out that the doublet spectral
features and their sensitivity to the atomic density(particu-
larly, the existence of a threshold) qualitatively resemble the
analogous properties of the “spectrum condensation,” or
“self-frequency-locking,” phenomenon[26,33].
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