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Coherent interaction of laser pulses in a resonant optically dense extended medium
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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 of the process are fully determined by the strong external

| tigati £ th i di ¢ h field, but not by the density of the medium. In this context,
nvestigation ot thé noniinear medium response to co ?rbhenomena such as Rabi-sideband generation due to the sta-
ent radiation is a powerful tool to analyze the microscopic,

. ) tionary probe-pump Mollow-Boyd effedtl] or to transient
properties of matter and ultrafast processes taking plac§abi flopping[2] can be mentioned

therein. Moreover, a detailed study of resonant light-matter The main peculiarity of the coherent interaction between

interactions enables the development_ of Fechniqqes of aCtivlf"ght and optically dense media is related to the collective
control of the processes under investigation. Optically dens

. e . . S Behavior of resonant particles due to their interaction through
med'la attract significant attention, since .they provide '.nfor'the reemission field. This behavior can significantly modify
mation about phenomena taking place in macroscopic e

"he mutual light-matter dynamics, which cannot be described

sembles of resonant particles. On the other hand, a denﬁg the framework of the single-atom model. In the case
medium represents a rather complicated object, because ere a high density of the resonant medium enables the

can strongly modify the characteristics of the probing radla'atomic system to coherently absorb and reradiate a consider-

tion by coherent absorption and reemission of phOtonSable part of the energy of the external electromagnetic field,
§45t excitation interchanges between field and matter appear,

bl he field of | radiati h hQ/i/hich is analogous to polariton beats in solid-state optics.
rable to the field of an external radiation source. Thus, therpe grequency of such collective oscillations is determined

coupled eIectromagnetlc field a_nd optically d‘?”se mattep,, ihe density-dependent field-matter coupling coefficient
should bt'a'con5|dered' sglf-con&stently as a single syste d exceeds the relaxation rates of a medium. Under the
with specific characteristics and evolution. cavity interaction, this “strong-coupling regime” results in

In the limit where the reemission field is negligible in acuum Rabi oscillationf3-7]. In the field of cavity QED
comparison to the strong, externally applied one, the modéj s honclassical properties of the strong-coupling regime

of a single driven atom is usually used. Atomic variables ca . : . - -

be calcglated on the basis of Blgch equations without takin photon antibunching 'and' sub-Poissonian _statis{bh

) . q gueezing[6], and application for entanglemeff]) have

into account Maxwell equations. Thus, the spectral feature§aan, 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
*Electronic address: Mekhov@yahoo.com appear even under weak-field excitation, without essential
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changes in the population difference of a medium. This facbf the probe field and, particularly, on its spectral properties.
is different from the case of the resonant pulse breakup intén our previous work$26—29, we studied both theoretically
27 solitons of self-induced transparend}, where the inci- and experimentally the interaction of broadband polychro-
dent pulse is strong enough to invert a part of a medite  matic pulses of a multimode dye laser without mode locking
area of the external field should be at least greaterﬂ‘)am in an Optica”y dense resonant medimmetastame neon at-
this context, optical ringing represents a nonsolitonic solupms in gas discharggDifferent spectral types of probe am-
tion in the form of a Gr pulse. plification were obtained and analyzed. Our present paper is
In this paper, we present a study of the coherent freegeyoted to the interaction of short transform-limited pulses,
space interaction between twprobe and pumpshort 1aser  gince the fundamentals of the phenomena considered arise

pulses propagating in a two-Ieve] exteqded medium unde(rom the coherent interaction between short pulses and a
the conditions of the strong-coupling regime. We center OUh o hse medium

discussion on the question as to how the collective oscilla- The paper is organized as follows. In Sec. I, the main

tory response of an optically dense medium, excited by aquations of the theoretical model are obtained. In Sec. lll,

short pump pulse, affects the transmission spectrum of thé i fic feat £ th lecti tcal
probe field. Since optical ringing originates from the linear& OUtin€ SOMEe Specific Teatures ot the coliective optica
response of a dense resonant medium, we consider the c44a9ing originating from the dispersion of a dense resonant

of a weak pump field, which does not invert atoms. HenceMmedium. The numerical results and discussion of the probe-

all obtained transformations of the probe pulse, particularlyheld propagation in the presence of a pump pulse are pre-
its amplification, take place in a medium without populationSented in Sec. IV. The main results of the paper are summa-

inversion. rized in Sec. V.
Optical ringing represents an essentially transient phe-
nomenon and can be observed in a time scale shorter than the Il. EQUATIONS OF THE MODEL

relaxation times of a medium. Due to its general character,

such an oscillating response accompanies a variety of coher- The theory of transient processes of the interaction be-
ent phenomena taking place under short pulse propagatiatveen electromagnetic fields and resonant media is based on
[8] in dense media and should be taken into account in analys joint solution of the semiclassical Maxwell-Bloch equa-
ses of experimental data. Having a superradiant character, tibns [2]. We restrict our study to the two-level system ap-
was studied in the context of the so-called “polarium model”proximation assuming that the interaction between the field
(purely coherent interaction/9] and oscillatory regime of and neighboring atomic transitions is negligibly small. The
Dicke superradiancgl0]. Its influence on the quantum co- electric field E(t,r) and the polarization of the medium
herent control and pulse shaping techniques was mentiongelt r) can be written in the form

in Refs.[11-13. The works in[14] were devoted to a deter-

mination of the relaxation times of homogeneously and in- 1% _

homogeneously broadened spectral lines of molecular sub- E(t,r) = ==[Qgt,r)e“ +c.c],

stances in the presence of optical ringing. In Refs. 2d

[11,12,19, different aspects of the coherent interaction of

ultrashort laser pulses with extended multilevel atomic me- 1 o

dia, particularly two-photon absorption, were considered. P(t,r)=§n({ps(t,r)e""0“'”’2+ c.cl,

The existence of ultrafast collective oscillations was demon-

strated in Ref[16], where not only the external laser pulse, introducing the complex amplitude®4(t,r) and pqt,r)

but also the optical ringing itself belonged to the femtosec- LT . > :
ond time scale. slowly varying in time but having arbitrary spatial depen-

Besides the atomic and molecular media, optical ringinfence' Hered andw, are the electric dipole moment and the

was also rediscovered for the case of solid-state exciton p esonance frequency of the atomic transitios the density

laritons [17]. It was treated as quantum beats between tw fat_oms. The amplitudé)s(t,_r) i_:s expressed in units of the
branches of the polariton dispersion curve corresponding to abi frequency of fche electric field. N

single resonance, contrasting to the case of the usual quaE— Using th? rotating-wave approximation, the system of
tum beats between different optical transitions. Moreover, loch equations can be written as

the transition from the strong-field regime of Rabi oscilla-

tions to the weak-field optical ringing under the strong- 8_10529 D - p (1a)
coupling regime was recently observed in Réf8]. Femto- gt e Vbe

second ringing was obtained for the cases of both bulk

crystals[19] and multiple-quantum-well structur¢20].

In the presence of optical ringing, the interaction of two 9D -
intersected probe and pump beagtigs configuration is also at
used in the present workvas considered for the cases of
atomic media[21,29 and solids[20,23-2%. Most of the  whereD is the population difference of an atom? is the
results of these studies are related to the time-integrated andlue of D in the absence of an external figlihe valueD
time-resolved properties of the diffracted four-wave mixing=1 corresponds to an atom in the ground steaed y; and
signal. In contrast, our discussion is centered on modificatiory, are the relaxation rates.

1 * *
- E(Qsps + ‘Qsps) - 71(D - Deq), (1b)

033804-2



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

The problem of the interaction between two intersected 2mdZwgn
plane linearly polarized waves is considered. In the case of Wc = I

nearly copropagating pulses, the amplitude of the field is
given by is the cooperative frequency of the medium, which plays a
role of the coupling coefficient between field and matter. We

(6)

— —ikgZ —ikqr
Q5= Qo(t, 7)™+ Qy(1, 267, 2 will present the numerical results of our work in the dimen-
with Qy and (), slowly varying in space. The fiel, with  Sionless form in units ofo. _
wave vectoik,, which is parallel to the axis, corresponds to  If the functions(, 4(t,2) are real(exactly resonant inter-

the Strong pump wave, Where@ with wave Vectorkl is action without phase modulation of input pul)?eme areas
assumed to be a weak probe field propagating at the sma@f the pulses, defined as

angle ¢ with respect to the direction. A nonlinear interac- w

tion of the intersected waves leads to the appearance of spa- S0a(2) = f Qo 4(t,2)dt,

tial polarization harmonics with wave vectokg+mAk (m 0

=0,%1,+2,...,Ak=k;—ky) and harmonics of the popula-

. . . are very important parameters characterizing coherent propa-
tion difference withmAk wave vectors: y Imp P 9 brop

gation of short laser pulses. In the case of complex functions

o 0 4(t,2), the definition of the area does not have a general
Ps= D Pr(t,z)e (kor+makr) (3  form.
m=-—co
* . . Il. PECULIARITIES OF OPTICAL RINGING
D= > Dyt 2™k D, =D,. (3b) IN A SINGLE LASER BEAM
m=—o

o o Contrasting to the case of nonlinear pulse breakup into 2
The emission of, and p, polarizations corresponds to the so|itons[2], the origin of collective oscillations can be traced
pump and probe fields, respectively. The emission of highefs the linear light-matter interaction. In this section, we out-
harmonics is considered to be suppressed in a thick mediunjpe the main features of this phenomenon, considering the
due to the mismatch in the dispersion relation. Substitutingbropag(—mon of the singlgoump field described by Eqg4).
the expansions2) and (3) into Bloch equationgl), adding  |n the linear limit of a weak(small-area field, where the
Maxwell equations, and using the first-order perturbationytoms are assumed to be in the ground state Bithz)=1,

theory with respect to the small amplitude of the probe fieId,Eqs_ (43) and (4b) can be written as a single second-order
one can get the coupled Maxwell-Bloch system, describingyifrerential equation

propagation of the strong pump field,

PO PO i a0
C_+I +w§Q:0, (7)

c +—+
cﬁa—(io+(?a—%°:—w§po, (4a) gzat A 2\ gz
describing oscillations of the laser field, which propagates in
Jp a medium with high cooperative frequeney, Eq. (6). In
—2 = ()yDg - 2P0, (4b)  this section, considering the propagation of a single beam,
at we have omitted the subscript of the field amplitude. The

problem of the free-space propagation of a short laser pulse
dDy 1 . * o entering an initially unperturbed medium can be solved tak-
ot = 2\ QoPo* 2oPo) = 71(Do =D, (40 ing the time Fourier transform of Eq7). The inverse Fou-
rier transform then gives a solution in the fofof. Ref.[8])
and a weak probe,

1 (" . :
Q(t,2) = —J Fin(w)e K@zdetgg, (8)
C cos goa&—(zl + (9(9—(:1 = - w?py, (5a) 2m)
whereF;,(w) is the spectrum of the laser pulse at the input
p of the medium atz=0. The spatial evolution of spectral
a_ptl =D+ QD1 — ¥op1, (5b) components is determined by the wave vedtas):
2
ck(w) = 0 - —2— 9)
dD; 1 . * * OR %
— == 5 (Qqpo + Qopy + Qop_y) = 71Dy, (50 _
at 2 Here, the frequency and wave vectok are defined as
detunings from the resonant valueg and wgy/c, respec-
ap’il . . tively. The real part ok(w) determines the dispersive char-
ot =QoD1 = y2p_4, (5d) acteristics of the propagating field, whereas its imaginary
part determines the absorption.
where Depending on the relation between the field-matter cou-
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of a samplg10] 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 Eq10).

In the situation under analysis, Eq3) 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 soufgdw). 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 fornicf. Ref.

[14])
T ' z
O(t,2) = Qin(7) -f Qin(7=t)e7 we\[ —
0 ct
0.0
[ n 1 X J1(2w\zt' [c)dt’ (11
o240 - 1 . . dd .0 . .
A for 7=0 andQ(t,2)=0 for 7<<0. Here r=t-z/c, Q;,(t) is

the complex amplitude of the electric field at the input of
FIG. 1. Dispersion characteristics of dense resonant medaym. the medium, andl,(x) is the first-order Bessel function.
Linear dispersion R&(w) for v,/ w.=1.1(curveA), 0.15(curveB),  The integral kernel represents the oscillatory response of

and 0.0(curve C); (b) group velocityVgy(w) for y,/ w=0.15. the atomic ensemble to the shdpulse[Q;,(t)=4(t)] and,
thus, represents the Green function of the problem.
pling coefficientw, and the rate of incoherent relaxatio, Optical ringing, which is described by the Bessel function

two qualitatively different frequency dependences of the reain Eg. (11), corresponds to oscillations with frequency vary-
part ofk(w) are possible, which is demonstrated in Fige)l ~ ing in time and space. This fact reveals the principal role of
If the relaxation rate exceeds the cooperative frequency, onlpropagation effects in the formation of optical ringing. In a

one value of the frequenay corresponds to each wave vec- Cross section of the medium with coordinaethe inverse
tor k (curve A). In the opposite case, where duration of the first short pulse, which was reradiated by the
medium, is proportional to the quantity
We > Y2, (10) 2
there may exist three frequencies that correspond to the same wp = w_CZ. (12
value of k (curve B). The central frequency falls into the ¢

region of the anomalous dispersion with strong absorption ofthe frequency of subsequent oscillations decreases in time
the field, whereas two other solutions appear at the wings o4nd at the tail of the ringing is given by\z/ (c7). Hence,

the spectral line, where absorption may be very small. {5 observe at least the initial stage of the coherent optical
The existence of photons of equal wave vectors, but ofinging, the following criterion should be fulfilled:

different frequencies, is a characteristic property of the reso-

nant light-matter interactions in optically dense coherent me- wgz
dia. This phenomenon can be treated as a density-dependent wp = ¢ > Y. 13
splitting of normal modes in the system of strongly coupled

field-matter oscillatorgpolaritong. In the limiting case of The frequency of optical ringing in its initial stage increases
purely coherent interaction(g,=0), the polariton dispersion with propagation distanceand medium densitg. Thus, it is

is represented by two separated anticrossing branches, digroportional to the number of atoms interacting via the re-
played by curveC in Fig. 1(a). Coherent beating between emission field(here, only propagation in the forward direc-
normal modes of these kind can be observed, if the spatidlon is considered Such a dependence directly demonstrates
spectrum of the field is fixed, for example, by initial condi- the collective character of the field reemission by the atomic
tions or by the presence of a cavity. In this context, effectensemble. The quantityp, Eq.(12), is a well-known param-
such as cavity collective vacuum Rabi oscillatig8s4] and  eter in the theory of Dicke superradiant®10]. Unlike a

the oscillatory regime of superradiance under side excitatiosingle superradiant pulse, which is considered as fast collec-
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tive relaxation of atoms to the ground state, optical ringing 7
represents fast collective oscillations that nevertheless re- Wy = we\|
. . - ) cT
main coherent in a time scale of &/ 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 coefficienb,, Eg. (6), and the rate of 1 o = o

incoherent relaxation of the medium is very important for (t,z) ~ —_(zwc\r’zq-/c)lf{pin(%, /—>ei2wc\ZT/C+iw/4

both types of collective oscillations. The relaxation rates in- 2m\2m cT

cluded in our model may account for radiative and colli- . -

sional broadening of a spectral line, while the inhomoge- +Fin <_ e\ /—)e—i2wc\2ﬂc—iﬂ/4] (16)

neous Doppler broadening is not taken into account. T

Nevertheless, if the processes of interest are much faster than Expression(16) shows that the field amplitud@(t,7) is

the rela>_<at|on an_d the detailed shape of a narrow absorptlo5I‘etermined by the complex amplitudes of the input spectrum

contour is not of importance, the Doppler broadening may be; frequencies gy, Eq. (15). These frequencies are sym-

:lrse?j [a8|]oprOX|mater included in the relaxation rates considi,etrically placed around the frequency of the atomic transi-
: . . tion and depend om andt. Under an increase of the propa-

The expressiongl0) and(13) can be considered as con- P prop

dit d - hreshold value for th ic densi gation distancez, the field amplitude is determined by the
|t|pns etermining a thresho value for t N atom!c .ens'tyspectral components lying farther and farther from the reso-
which should be exceeded to obtain collective oscillations. |

ance. Thus, the increase of the ringing frequency is limited

is important to stress that these conditions are essentialllg the frequency of non-negligible spectral components far-
weaker than the one necessary for other density-depend st from the resonance

phenomena in resonant media, such as total backward reflec- On the other hand, in a fixed cross section of the medium,
tion [9] and local field effectd30] leading to a Lorentz-
Lorenz frequency shift and intrinsic optical bistability. This
fact substantiates our model presented in Sec. Il, which do
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

(15

Using Eg.(14), the asymptotic solution of the problem for
high values ofwz/c, finite values of the parametgh, and a
smooth functionF;,(w) can be written as

the time evolution of the field is determined by the spectral
components, which are placed closer and closer to the reso-
&Fance frequency. In other words, Eq45) and (16) show

that in the cross section a spectral component of an arbi-
trary frequencyw determines the field amplitude at the time
momentr{w) such that

input pulse having an infinitely broad spectrum. To describe w2z
more realistic conditions, we will present a simple analytical w) = —g
expression giving a relation between the temporal behavior w™C

of the field and the spectrum of the input pulse. ) )
For this purpose, the solutiaf) can be analyzed using One can easily show thafw) corresponds to the time delay

the stationary phase method, which gives the following asf€lated to the difference between the speed of light in
ymptotical value for an integral expression: vacuum and the group velocity of a wave packet of fre-
quencyw. The frequency-dependent group velodify w) is

defined by the derivative of the real part of the wave vector

’ ' - i k(w), Eq.(9),
f f(w)e'hs(w)dw~2 2,—7Tf(ws)e”‘s(“)s)’—"”/4 (w), EQ.(9)
S wg )\|S/ (ﬁ)s)| V (w) d Rek -1 wz(wz_ 'y%)
4 = -1 - c
(14) c - (C do ) - (w2+ ,yg)z_'_ wg(wz_ ')/%)’

for \— o ands’(wg) # 0. The sum is taken over all points of and is displayed in Fig.(b). In the caseo.> y,, the width of
the stationary phase, such thas'(wg) =0; the plus or minus the absorptive(anomalous dispersignarea 2, is much
sign is chosen fo(wg) >0 ands’(wy) <0, respectively. In  Smaller than the Wldth of thvg(w) contour, Wh_lch is equal
the limit of coherent interactiony,=0, the solution®) and 0 2wc and hence increases with atomic density. Figuts 1

(9) can be reduced to the integral on the left-hand side of Eqshows that in an optically dense coherent medium, the group
(14) by the substitutions velocity significantly varies over the spectrum and can be

essentially reduced near the resonance.
Thus, long oscillations of optical ringing can be treated as
wcZ ® e successive beats between light wave packets of frequencies
A=—, Slo)=—B+—, symmetrical with respect to the resonand€]. Equation
(16) gives the quantitative characteristics of this treatment. In
contrast to collective vacuum Rabi oscillations, which are
whereB=c7/z. In this case, there exist two stationary phaseexplained by the beating between two monochromatic waves
points wg; ,= + wgy: of equal wave vectorfsee Fig. 1a)], free-space optical ring-

flo) = 2,
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N r T ] quirement ofQ;,(t)=0 for t<0; quantitys is the area of
the input pulse.

Figure 2 shows that for fixed parameters of the medium,
. the amplitude of the ringing if()(t,2)| essentially decreases
i under an increase of the detunidg and, hence, under a
decrease of spectral amplitudes at one wing of the resonance
in comparison with amplitudes at another one. Deformation
T of the input pulse also decreases, manifesting the transition
Ao =05 b ] to the regime of the usual nonresonant pulse propagation

O -

© o
>
=
]
o
n
o
o

e o ©°o
[N,

=
oo

,o8fF 8 with a mean group velocity. At the same time, the frequency
2 sl ] of optical ringing, which depends on the characteristics of
fj : the medium, does not change, since it is determined by the
g 04 i ] oscillating exponents in E@16) but not by the amplitudes of

0.2 H - the wave packets;;,(w). This fact was experimentally dem-
0ol N onstrated, particularly in Ref§16,19.
10 Ao, =10  © 7
0.8 . IV. NONLINEAR PUMP-PROBE INTERACTION
0'6_ ] The dynamics of coherent collective phenomena under
0.4 . the regime of strong light-matter coupling should signifi-
02l ] cantly affect the nonlinear interaction of laser fields in reso-

- nant media. The collective model of “spectrum condensa-
00 =" Too 150 200 20 300 tion” (or “self-frequency locking [26,31-33 under the

o generation of a multimode dye laser with an intracavity ab-

sorbing cell was proposed in RgR6]. Particularly, in the

FIG. 2. Optical ringing at different detunings of the pulse spec-c35e of short transform-limited pulses, the “spectrum con-
trum from resonance frequendg) Input pulse(curveA) and out-  jansation” was investigated in Ref81,32. Giant paramet-
put pulse forA/w:=0.0 (curveB); (b) output pulse ford/we=0.5, i amplification of polaritons was observed in semiconduc-
(€) output pulse ford/we=1.0; yo/ =10, FWHM of the spec- . microcavities under a large vacuum Rabi splitting
trum s,/ w:=1.0, propagation distanae.z/c=1.0. [6,34,33.
ing originates from the beats between wave packets of equal In this paper, we present an investigation of influence of
group velocities, which should be present in the broad speccollective optical ringing on the transmission of a probe
trum of a short input pulsgsee Fig. 1b)]. pulse in the presence of a short pump pulse. In the presence

Moreover, Eq(16) shows that to observe optical ringing of optical ringing, the configuration of two intersected beams
in the absolute value of the electric fidld(t,z)|, the spec- was also considered in investigations of the resonant four-
trum of the input pulseF;,(w) should excite both red and wave mixing in atomic[21,22 and solid-state media
blue wings of the spectral line. This fact confirms the essenf20,23-25. In these works, the collective oscillations of the
tially resonant character of the collective optical ringing. Infield were obtained in the time-resolved and time-integrated
the case where the input spectrum covers only one of thstudies of a new diffracted pulse. In contrast, our present
wings, oscillations in the absolute value are absent, thougpaper deals with spectral properties of the probe beam. In
they are still present in the quadrature components of thefs.[20,21,23-2F the probe field was not affected by the
field, which are determined by the real and imaginary partyump pulse, since the latter one was considered to be very
of O(t,2). _ ~ weak. The theoretical model of Reff22] accounted for a

Figure 2 displays the temporal behavior of optical ringingmodification of the probe field, but the carrier frequency of
[the solution of Eq(7)] excited by a short Gaussian-shapedine pump pulse was chosen to be shifted from the resonance;

input pulse thus no optical ringing was produced in the absolute value of
Sl toalHiat the pump field and in the population difference of the me-
Qin(t) = . 0 (1) (17 dium. In the present paper, the case of a resonant pump pulse

is analyzed, and optical ringing is able to affect the probe
at different detuningd between the pulse central frequency field also through collective oscillations of the population
and the frequency of the resonance. The full width at halidifferenceD(t,z), which couples two beams intersected at a
maximum (FWHM) of the spectrumF,(»), which corre-  small angle[cf. Egs.(5a) and(5b)]. In Ref.[36], where the
sponds to the input puls@7), is determined through the interaction of two short resonant pulses was considered un-

parameter and given by der an exactly collinear configuration, it was impossible to
4 — distinguish between the probe and pump fields, when the
Yep= a;\‘“m 2. (18)  long oscillating field of the medium response appeared.

In our previous work§26-29, we studied, both experi-
In Eq. (17), the time delayty> 27/, and the Heaviside mentally and theoretically, the pump-probe interaction of
step functiond(t) are included to fulfill the formal re- broadband polychromatic pulses produced by dye lasers
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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 atom@ip to 133 cm®) was used as an optically
dense medium. Measurements were carried out at several
neon transitions with the metastable levgl®?s 3P, as a
lower state. Particularly, for the strongest transition of wave-
length 640.2 nm, the cooperative frequengy 27 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 FIG. 3. Spectra of the probe field at the infourve A) and
broadening of the spectral line, and took a value of aboubutput of the medium at probe-pump time delays,=-0.5(curve
200 GHz(FWHM), giving a correlation timgduration of a  B) and w,7=0.5 (curve C); y; o/ w.=10"%, FWHM of the probe
single spike in quasistochastic signaf about 5 ps. and pump spectrays,g we= ysp1/ @=10, pump areasy=0.49r,
In contrast to Refs[26—29, the present paper deals with propagation distance.z/c=1.0.
smooth transform-limited pulses, since fundamentals of the
phenomena have been considered earlier and arise from tla¢ the medium was chosen in the forrh7) with pulse area
coherent interaction between short pulses and a dense mg< 7/2 and spectral FWHM18) ysp0/ wc=10.0. To provide
dium. Under the mode locking of dye lasers, our experimenthe maximum amplitude of pump-matter energy exchange
tal parameters described above can be used for a quantitatim%, which is determined by the amplitude of the ringing in
analysis of the results obtained in this work, which are pre{Q|, the pump central frequency was tuned exactly to the
sented in dimensionless form. Moreover, as mentioned in theesonance, giving\o=0.
Introduction, collective optical ringing was already observed The input probe pulse was also chosen in the fgim
on the femtosecond time scale. Thus the results obtainegith introducing an additional time delay, (7,<<O corre-
have a direct relation to the study of the so-called “sharp-lingponds to the probe pulse preceding the puriipe probe
limit” of the resonant light-matter interaction. In the frame- has different values ofsprandA;, and an area; much less
work of this limit, single-pulse propagation was consideredthans, (the exact value of; is not of importance due to the
in Refs.[16,37-39. linearity of the equations with respect to the probe ampli-
The numerical model is based on a solution of the nontude). The value of the small angle did not significantly
linear system of equationg) and(5) describing the propa- affect the results and was set to 1°.
gation of two intersected waves. In this system, the weak A typical result of numerical simulations for the case of
probe field(24(t,2) is treated in the first order of perturbation exactly resonant broadband probe pu(séth parameters
theory, while the amplitude of the pump fieldy(t,z) can  similar to those of the pumpyspi/ w;=10.0A;=0) is pre-
take arbitrary values. Nevertheless, since the optical ringingented in Fig. 3. It shows the spectra of the probe pulse
originates from the linear response of a medium under sma|F,(w)| at the input of the medium and after the propagation
changes in the population difference, we center our discugfor the cases of positive and negative time delaysetween
sion on the case where the input area of the pump field takebe probe and pump pulses. The characteristic peculiarity of
values less thanr/2. Thus, in the situation considered, the the output spectra obtained consists in the fact that, in addi-
pump field does not invert a medium. Moreover, long ringingtion to the narrow absorption line, either a broad spectral
can be obtained after both probe and pump pulses, whictoublet for ;<0 or a dip for7,>0 appears. Both of these
provides an interaction of two fields much longer than thespectral features appear close to the resonance. Besides that,
durations of the short input pulses. at the wings of the spectra, there exist dumping % 0
Equation(5b) shows the influence of the pump field on and amplification forr,>0. Integration over the spectrum
the polarization componemnt; radiating in the direction of squared shows that such amplification or dumping at the
the probe();, whose propagation is described by E§a).  spectral wings gives an increase or decrease, respectively, in
The first term on the right-hand side of E(pb) can be the total energy of the pulse under propagation. This fact is a
treated as forward scattering of the probe wé&¥gon the consequence of the existence of energy exchange between
spatiotemporal oscillations of the population difference comprobe and pump, which interact by the ringing tails originat-
ponentDy(t,z), which is determined by transient collective ing from the field of medium reemission.
ringing in the pump field, [cf. Eq. (4c)]. The second term The details of the probe-field transmission spe@rput
in Eq. (5b) can be described as scattering of the pump fieldo input spectrum ratigsn the vicinity of the resonance are
Qg on the nonstationary grating of the population differencepresented in Figs. 4 and 5.

D,(t,z) with wave vectorAk, Eg. (3b), which originates Figure 4 displays the spectra for the dimensionless length
from the spatiotemporal beating between pump and probef the mediumw.z/c=1.0 and different time delaysg, be-
waves|cf. Eq. (50)]. tween probe and pump pulses. Figur@)dillustrates the

In the numerical simulations, the pump pulse at the inputransmission of the probe in the presence of the pump for the
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FIG. 4. Transmission spectra of the probe field in the vicinity of ~FIG. 5. Transmission spectra of the probe field in the vicinity of
resonance for propagation distanag/c=1.0 and different probe- ésonance for different propagation distances and probe-pump time
pump time delays(a) w.7=0 (curve A) and linear transmission 9elays. (@ wc7=0.5 for wz/c=0.5 (curve A) and wez/c=2.0
contour (curve B); (b) w.7o=-0.5 (curve A) and w,7=0.5 (curve (curveB); (b) wc70=—0.35 for wez/c=0.5 (curve A) and w.z/c=2.0
B); 1,2/ @:=10%, FWHM of the probe and pump spectygud/ . (curve B); 1 o/ wc=10"°, FWHM of the probe and pump spectra
= yepa/ @c=10, pump areay=0.49r. Yspdl @c= Yspr/ =10, pump area,=0.49.

probe-pump time delay,=0 (curve A). It also shows the 7o>0 (curvesB). Here, the argument was shifted tor
linear transmission contour in the absence of the pump pulseo for convenient comparison of these curves. The initial
(curveB). In Fig. 4b), the probe spectra with resonant dou- Stage of the procegso(7—-7,) <15] and the probe pulse at
blet for w.7,=-0.5 and broad dip fow.7,=0.5 are shown, the input of the mediunicurveC) are presented in Fig(&).
presenting the detailed description of Fig. 3. Comparison offhe most interesting contribution to the output signal is
Figs. 4a) and 4b) shows that the widths of both the spectral given by the coherent oscillating tail in the form of collective
doublet and dip are greater than the width of the linear transeptical ringing, which is displayed in Fig. () [w(7
mission contour, which corresponds to the incoherent ab= 7o) > 15]. The temporal dynamics corresponds to the spec-
sorption. Besides that, the broad features are not significatita displayed in Figs. 3 andld). The dumped oscillations at
at 7p=0. The latter fact demonstrates the importance of thehe tail of the optical ringingcurve B) correspond to the
phase shift, which is introduced by the presence of the timéroad dip in the probe spectrum, while the amplified oscilla-
delay between probe and pump pulses. tions(curveA) reflect the appearance of the spectral doublet.
Figure 5 compares the probe transmission spectra for dif- It is important to stress that in the problem considered in
ferent propagation distance®.z/c=0.5 and 2.0 Figure Sec. lll, due to the linearity of the interaction, no features
5(a) presents this comparison for the time delay>0, corresponding to coherent optical ringing can be observed in
whereas the comparison fag<<0 is displayed in Fig. ).  the transmission spectrum, except for the usual incoherent
These figures together with Fig(l for w.z/c=1.0 show absorption contoufcf. Fig. 4a)]. In contrast, the results pre-
that the widths of the spectral dip and doublet significantlysented in this section show the existence of such spectral
depend on the coordinazeand increase during the propaga- features under the nonlinear pump-probe interaction. The
tion. Such behavior of the spectral features in the probe fielthroadening of the coherent doublet and dip during the propa-
and the fact that its width exceeds the absorption-line widttgation is a consequence of the growing ringing frequency,
give evidence of the coherent optical ringing importance inwhich increases with an increase in the number of atoms
the process of nonlinear interaction. participating in the collective interaction. In other words, the
The temporal behavior of the probe pulse in the presencbroadening of the coherent doublet and dip reflects the fact
of the pump field is shown in Fig. 6 fay<O (curvesA) and  that wave packets of increasing detunings from the resonance
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FIG. 6. Temporal behavior of the probe field for propagation
distance wy,z/c=1.0 and probe-pump time delays.7o=-0.5
(curvesA) and w.79=0.5 (curvesB). (@) Initial stage of the process
and the input pulsécurve C); (b) collective oscillating tail of the
probe field;ylyzlwczlcrs, FWHM of the probe and pump spectra
Yspol @c= Vsp1/ wc=10, pump aredy=0.49r. Corresponding spectra
are shown in Figs. 3 and4).

FIG. 7. Spectra of the narrow-band probe field for propagation
distancew z/c=1.0.(a) Input (curve A) and outputcurve B) spec-
tra; (b) detailed output spectrum @#) in the vicinity of resonance;
71,2/w6:103, FWHM of the probe input spectrunys,,/ v.=1.0,
FWHM of the pump input spectrumygyy/ w.=10, pump areas,
=0.497.

) ) _ o frequencies of the parametric modulation. Moreover, the im-
are involved in the creation of the ringiigee Eq(16)] and  portance of a value of the phase shift between probe and
hence in the dynamical interaction of two fields. . pump fields, which is introduced by the time delay sub-

The relaxation rates; andy, and the “optical density”  stantiates the parametric treatment of the phenomenon.
agz= w2/ (y,c) of a medium, which together describe the  ynder the increase of the time delay between the probe
absorption contour, are not the characteristic parameters @hd pump pulsebr,|, the efficiency of modifications in the
the optical ringing, since they include incoherent parametergrobe spectrum decreases. Under the decrease of the pump
of a medium. The characteristic frequencies of the coherenireas,, the amplitude of the spectral features also decreases,
collective oscillations(13) and (15) do not depend on the pyt its characteristic frequencies do not significantly vary.
rates of incoherent relaxation and increase during the proparhe latter fact is different from the case of the strong-field
gation. The width of the absorption contour also increasestationary Mollow-Boyd contouf1], where characteristic
during the propagation. Nevertheless, since it is determinegtequencies depend on the amplitude of the pump field, but
by the relaxation rate, it may be significantly smaller than thengt on the length and density of a medium.
width of the coherent features. Parametric peculiarities of the process are also illustrated

The propagation of the probe pulg(t,z) can be treated py the numerical simulations with the narrow-band probe
as a parametric process under the modulation of parametepsilse shifted from the resonance. The pump parameters were
in Egs.(5) by the pump field. A detailed analysis shows thatchosen to be the same as described above. The parameters of
it is the first term on the right-hand side of E¢hb) with the probe pulse had the valugs,)/ w.=1.0,A;/w.=2.5, and
oscillating D(t,2) that mainly contributes to the appearance r,=0. The results of the simulations are presented in Figs. 7
of the near-resonant features presented in Figs. 4 and &nd 8.
Thus, the physical origin of these features is mainly related Figure 7 displays the input and output spectra of the
to the forward scattering of the probe wad®g on the col-  narrow-band probe pulse for the case of propagation distance
lective spatiotemporal oscillations of the population differ- ».z/c=1.0. The figure shows that a characteristic doubletlike
ence componenDy(t,2). It is the transient ringing in the feature in the vicinity of the resonance appears even in the
pump fieldQ)q that is able to modulatB(t,z) [cf. Eq.(40)]. case where significant near-resonant components are absent
The near-resonant features described are determined by thethe input spectrum. Therefore, the probe output spectrum
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N 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 7;. Using the integrand of Eq8) and the expression for
the wave vectok(w), Eqg. (9), in the limit of y,=0, the
summed spectrum of two fields,(w) can be written as:

0.08 [
0.06 [
0.04 [
0.02 -

0.00

0.08
0.06

| ) .2 . .
0.04 F+(w) - Fin(w)e—lmzlcﬂwcﬂ(wc) + Fin(w)e—lwzlc—lwrl.

IF (@)

0.02 Then, the absolute value of the spectrum is given by

{i(ewn)] s
co 2\ e Ty . (19

In the region of the parameters, where the phase brought by
the medium(the first term is greater than the phase brought

0.00

0.08 | |F ()] = 2|Fin(w)|

0.06
0.04

0.02

by the time delay(the second terim Eq. (19) gives spectral
PN . oscillations which are qualitatively similar to the ones pre-
"7 06 -04 -02 00 02 04 06 sented in Figs. 7 and 8. This phase is also responsible for the

oo, appearance of optical ringing. The functitt®) has an infi-
o nite number of extrema, whose frequency increases when the
~ FIG. 8. Output spectra of_ the narrow-band_ prob_e field in thedetuning approaches zero. If the relaxation is taken into ac-
vicinity of resonance for different propagation distancé8)  .oynt the number of oscillations is limited, and the oscilla-
©ez/c=0.1; (b) wiz/c=0.5; (€) wez/c=2.0; comesponding INPUL s are absent in the region of the absorption.
spectrum Is shown m_an.(a), 71,2/ =10, FWHM .Of the probe So the characteristic spectral oscillations can be made vis-
Input spectraysp/we=1.0, FWHM of the pump input spectra ible in the spectrum of optical ringing by a change of the

o w.=10, pump areay=0.497. . P op 19ing by 9
Yo phase in the linear solutiof®), particularly, due to the pres-
does not originate only from amplification of existing com- ence of another pulse. Moreover, it is the nonlinearity of the
ponents, but also from the generation of new ones via modunedium that can bring a specific phase shift to the interac-
lation of medium parameters by the pump field. Moreovertion process. In Refs[37-39, the appearance of spectral
one can see the appearance of a specific oscillating structuescillations can be treated as interference of the quasilinear
in the output spectrum. optical ringing with nonlinear solutiongparticularly, soli-

The specific structure becomes richer and broader unddens), which have specific time delays due to the nonlinearity
an increase of the propagation distance, which is demorsf the interaction. In the case of the pump-probe interaction
strated by Fig. 8 fow.z/c=0.1, 0.5, and 2.0 and by Fig(y) presented here, it is the pump pulse that changes the propa-
for w.z/c=1.0. The total width of the amplification region gation conditions of the probe. Unlike the works[Bi7—39,
also increases. The spectral structure can be also seen iimour study, the spectral structure is obtained in the weak
Figs. 4b) and 5 for the broadband resonant probe field,amplified probe field intersected with the pump. The input
though being more strongly suppressed by the absorption. pump pulse may have an area less thd@2. Moreover, con-

Such oscillating structure, which depends on the densityrary to Refs.[37-39, the amplitude of the input spectrum
and length of the medium, is characteristic for spectral meamay be negligibly small in the vicinity of the resonance and
surements in the presence of optical ringing. It was also obhence produces no spectral background for the observation
tained numericallyf37,39 and experimentally38] under an  of specific output features.
investigation of the spectral properties of the self-induced Thus, the pulsed pump-probe interaction may be signifi-
transparency of single ultrashort pulses. The structure wagantly affected by the generation of the optical ringing sig-
shown to appear if both nonlinear solutiguarticularly, soli-  nal, and it is the dynamic peculiarities of the collective re-
tons and optical ringing are significant in the output signal. emission of a resonant medium that play a key role in the
The experiment$38] were carried out in a potassium vapor processes considered. The efficiency of collective dynamics
cell (the interaction length was 2 mmat the D1 spectral increases with an increase of the propagation distance and
line; the pulse duration was equal to 415 fs, and the vapodensity of the medium. On the other hand, the efficiency of
density reached a value of #xmi 3, which corresponds to the two-beam interaction may be limited by those param-
the cooperative frequencw./27 of about 90 GHz. The eters, since under an increase of the oscillation frequency, the
width of the oscillating structure obtained in these experi-amplitude of the field and population difference modulation
ments was about 40 GHz. decreases. This fact reduces parametric coupling of two

This kind of spectral feature enables an analysis of thdields and leads to their linear propagation.
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V. CONCLUSIONS probe and pump pulses. In accordance with the spatiotempo-
ral behavior of the optical ringing, the widths of the coherent
We have presented a theoretical investigation of the trangpectral features increase with an increase of the medium
sient pump-probe interaction between short laser pulses in afensity. Besides that, broadening of the coherent doublet and
optically dense resonant medium. A high value of the field-dip during the propagation reflects the fact that wave packets
matter coupling coefficient, which is determined by the me-of increasing detunings from the resonance are involved in
dium density, and relatively weak intensities of the externakhe interaction of two fields. Modification of the spectrum
pulses give rise to the collective oscillating response of &omes from modulation of the probe and medium parameters
medium in the form of coherent optical ringing. The long py the pump pulse, especially from oscillations of population
ringing response, which exists in a time scale of the order ofjifference due to the existence of optical ringing in the pump
relaxation timeS, prOVideS an interaction of I|ght fields with af|e|d Because of the modu'ation, Spectra' features can appear
medium much |0nger than the duration of short input pUlSESnot 0n|y in the Spectra| region of the existing input compo-
The analytical expression obtained gives the relation benents, but also in the region where the spectrum of the input
tween the temporal behavior of the ringing and the spectrulrobe pulse is negligibly small.
of the input laser pulse. It describes the limitation of  Thys, contrary to the stationary strong-field effects, the
oscillation-frequency growth and the reduction of the ringingdensity- and coordinate-dependent transmission spectra of
efficiency under the increasing detuning from the resonancehe probe manifest the importance of collective oscillations
Moreover, it supports the treatment of optical ringing as sucand cannot be obtained in the framework of the single-atom
cessive coherent beats between light wave packets of diffefnodel. We would like to point out that the doublet spectral
ent group velocities, which in the case of a dense coherefgatures and their sensitivity to the atomic dengjigrticu-
medium can significantly vary over the broad spectrum ofiarly, the existence of a threshgldualitatively resemble the

the pulse. . o analogous properties of the “spectrum condensation,” or
The collective dynamics of the medium is shown to es-sg|f-frequency-locking,” phenomend6,33.

sentially affect the propagation and amplification of a probe

pulse under its nonlinear interaction with the pump field. In ACKNOWLEDGMENT
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