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Resonant nonstationary amplification of polychromatic laser pulses and conical emission in an
optically dense ensemble of neon metastable atoms
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Experimental and numerical investigation of single-beam and pump-probe interaction with a resonantly
absorbing dense extended medium under strong and weak field-matter coupling is presented. Significant probe
beam amplification and conical emission were observed. Under relatively weak pumping and high medium
density, when the condition of strong coupling between field and resonant matter is fulfilled, the probe ampli-
fication spectrum has a form of spectral doublet. Stronger pumping leads to the appearance of a single peak of
the probe beam amplification at the transition frequency. The greater probe intensity results in an asymmetrical
transmission spectrum with amplification at the blue wing of the absorption line and attenuation at the red one.
Under high medium density, a broadband of amplification appears. The theoretical model is based on the
solution of the Maxwell-Bloch equations for a two-level system. Different types of probe transmission spectra
obtained are attributed to complex dynamics of a coherent medium response to broadband polychromatic
radiation of a multimode dye laser.
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I. INTRODUCTION

We present a systematical experimental study of reso
interaction between broadband pulsed-laser radiation an
optically dense extended two-level medium. In our expe
ments, the pump-probe configuration was used and pr
beam amplification and/or attenuation were studied in de
Single pump beam propagation was investigated as well,
some off-axis radiation, which is usually referred to as co
cal emission, was observed. A theoretical model is based
the solution of the semiclassical Maxwell-Bloch equatio
taking into account propagation effects of the electrom
netic field.

Investigation of resonant interactions in optically den
media is of particular interest. In the case where the den
of resonant particles is high enough that a sufficient par
the external field can be coherently absorbed and reem
by the medium, a strongly coupled system of photons
medium excitations, polaritons, is effectively created, a
collective phenomena play a key role in the interaction p
cesses@1#. Some specific amplitude and phase~dispersive!
characteristics that arise under this regime lead to the app
ance of coherent phenomena, which significantly affect
enlarge the interaction picture. Particularly, many-at
vacuum Rabi oscillations@2,3# and optical ringing@4# reflect
the coherent beating of two normal modes of the coup
field-matter systems, which can be described as a splittin
polariton dispersion curve into two branches. Such nonlin
effects as polariton parametric amplification in semicond
tor microcavities@5–7# and a phenomenon of spectrum co
densation in atomic and molecular media@8,9# were ob-
served in intracavity experiments under the large vacu
Rabi splitting.

The pump-probe experiments with gaseous resonantly
sorbing media have been reported in numerous publicati
1050-2947/2003/68~4!/043812~10!/$20.00 68 0438
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When the pump beam carrier frequencyvpump is fixed and
the probe beam frequencyvprobe is scanned near the fre
quency of an atomic transitionv0, the probe-beam transmis
sion has a form of the well-known Mollow-Boyd spectru
@10–12#. Its spectral features are determined by a value
the generalized Rabi frequency of the strong field appli
Although the theory@10–12# is developed for the steady
state regime, it describes the pulsed-laser experim
@13,14# as well as experiments with cw lasers@15#. Recently,
the steady-state theory was generalized for nonstation
processes using numerical solution of the Maxwell-Blo
equations@16#. In all of these experiments, the generaliz
Rabi frequency of the pump beam is much greater than
spectral widths of the atomic transition,g2, and both laser
pulsesgpump and gprobe. Besides that, a medium coherent
absorbs and reemits a small portion of the laser pulse ene
hence the field of the medium response can be negle
with respect to the strong external field. In this case,
theory of light-matter interaction is reduced to the consid
ation of a single atom driven by the strong electromagne
field.

Conical emission~CE! in gaseous atomic media was di
covered by Grischkowsky in 1970@17# and investigated in
detail by many researchers. A comprehensive review can
found in Ref.@18#. CE is usually observed when intense las
radiation ~cw or pulsed!, detuned to the blue side from a
atomic resonance, propagates in a dense resonant med
The spectrum of CE is usually much broader thangpump and
shifted to the red side of an absorption line. Despite all
forts, only CE under cw pumping has received a compl
theoretical explanation@19#. Moreover, several differen
types of CE were observed in some experiments@20,21#,
suggesting that several possible mechanisms of CE gen
tion exist. Influence of collective effects on the conical em
sion was discussed in Refs.@14,22#.
©2003 The American Physical Society12-1
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In cw experiments, spectral width of the laser radiation
usually much less than both homogeneousg2 and inhomo-
geneous~Doppler! gD widths of an atomic transition. In al
pulsed experiments discussed above, laser radiation h
form of smooth bell-shaped pulses with spectral width,
termined by the pulse duration such thatgpump,gprobe.g2
andgpump,gprobe are of the same order of magnitude asgD .
In the present work, we consider quite a different situati
the spectral width of laser pulses is determined by the n
ber of longitudinal modes~more than 100! of a multimode
dye laser and is much greater than the inverse pulse dura
and bothg2 andgD . This enables us to study interaction
radiation with both red and blue polariton branches simu
neously. The envelope of such a broadband polychrom
pulse consists of a great number of very short irregu
peaks. Detunings of the pump and probe pulses from
transition frequency, defined asD05vpump2v0 , d05vprobe
2v0, are much smaller than the spectral widths of bo
lasers,gpump andgprobe ~herevpump andvprobecorrespond to
mean frequencies of the pump and probe spectra!. The pump
beam intensityJpump was scanned in the range that corr
sponds to the Rabi frequencyV,gpump. The relation be-
tween values ofgpump, gD , andV considered in the presen
paper characterizes a system, which up to now was no
vestigated systematically. Resonant interaction of atomic
dia and broadband pulses was considered only in s
works on self-induced transparency~SIT! in the sharp line
limit @23,24# and in intracavity experiments, where the ph
nomenon of self-frequency-locking, or spectrum conden
tion, was studied@8,9#.

The paper is organized as follows. In Sec. II, our expe
mental setup is described. In Sec. III, the experimental
sults are presented, being divided into three parts: pro
beam transmission under extremely broadband pump, pr
beam transmission under relatively narrowband pump,
conical emission measurements. Section IV is devoted to
theoretical model, numerical simulation, and discussion
the experimental data. Main results are summarized
Sec. V.

II. EXPERIMENTAL SETUP

The scheme of our experimental setup is presented in
1. We used two pulsed multimode dye lasers~1, 2! pumped
by the same Nd:YAG~where YAG stands for yttrium alumi
num garnet! laser~3! for the pump-probe experiments. Th
pulse duration of both dye lasers was about 7 ns, the pro
beam spectral width was about 1 nm. The dye laser~1! pro-
ducing the pump beam has two operation modes with dif
ent spectral widths: ‘‘broadband’’ modegpump/2p
'300 GHz ~with a prism inside the cavity! and ‘‘narrow-
band’’ modegpump/2p'10 GHz ~with a diffraction grating
inside the cavity!. The pump beam intensityJpump was
scanned in a range of 104–106 W/cm2 ~measured pulse en
ergies 1 –100mJ) by rotation of a polarizerP2. The pump
and probe beams were intersected at the angle of abou
inside a discharge tube~4! containing a resonant medium
The probe beam spectrum was analyzed by means of a h
resolution spectrograph constructed on the optical table.
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spectral resolution was about 12 GHz. The spectra were
corded by a charge-coupled-device~CCD! camera~8! with
100 ns exposure time. Because of great fluctuations of
multimode dye-laser intensity, we averaged recorded pr
beam spectrum over 500 pulses. To control wavelength
ing of the dye laser~1!, part of its radiation was directed t
the same high-resolution spectrograph by a beam splitter~5!
and a system of mirrors.

The wavelengths of both dye lasers were tuned to a tr
sition of neon 1s5-2p9 in Paschen notation (l5640.2 nm)
with a metastable lower state. This is the strongest red lin
neon spectrum. A pulsed neon discharge was used to pro
sufficient amount of metastable neon atoms. The discha
tube has a diameter of 10 mm and the lengthL512 cm. The
amplitude of the discharge current wasI 54.0–4.5 A, pulse
durationtp580–100ms, neon pressureP59 –14 Torr. Un-
der these conditions in the discharge afterglow, the me
stable atom densityn0 reaches great values up to 1013 cm23.
The optical density was scanned in a range ofa0L
'20–200 by changing the time delaytd between the dis-
charge current and the laser pulse. Herea0 is the absorption
coefficient at the center of Doppler-broadened absorp
line. Experiment was also performed with a dc discharge
neon in the same discharge tube under the conditionsI
52 –50 mA andP50.5–3.5 Torr. In a dc discharge, met
stable atom density was about 1012 cm23. We controlled this
value by measuring the resonant absorption across the
charge tube. A well-known technique with a mirror behin
the discharge tube was used~mirror M9 in Fig. 1!. In this
configuration the same discharge tube serves as an abs
and a light source. A spectrograph~10! with a CCD camera
~11! was used for these measurements.

III. EXPERIMENTAL RESULTS

A. Pump-probe experiment with broadband pump

The results of our pump-probe experiments with broa
band pump beam are presented in Figs. 2–7. In Fig. 2~a!,

FIG. 1. Scheme of the experimental setup: 1, 2, dye lasers
Nd:YAG laser; 4, discharge tube; 5, beam splitter; 6, slit; 7, diffra
tion grating ~2400 grooves/mm!; 8, optical multichannel analyze
~OMA!; 9, fiber; 10, spectrograph; 11, OMA;M1 –M9, mirrors;
L1 –L8, lenses;D1 –D3, diaphragms;P1, P2, polarizers.
2-2
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RESONANT NONSTATIONARY AMPLIFICATION OF . . . PHYSICAL REVIEW A 68, 043812 ~2003!
typical spectra of the pump beam with discharge switched
~curveA) and on~curveB) are plotted. The absorption lin
contour is partially resolved and shows the position of
atomic resonance. Here the pump pulse energyW is about
30 mJ. At greater power there is no absorption because
the medium saturation. Figure 2~b! shows the probe beam
spectra under the same conditions with pump beam switc
on ~the pump pulse energyW'80 mJ).

FIG. 2. Dye-laser spectra:~a! the pump beam in a broadban
mode;~b! the probe beam; dc discharge,P50.9 Torr, I 520 mA,
l5640.2 nm,n051012 cm23, a0L520; A, original dye laser spec
trum; B, the spectrum after interaction with the medium.

FIG. 3. Probe-beam transmission spectra at different pump p
ers; dc discharge,P51.2 Torr, I 510 mA, l5640.2 nm, n0

51012 cm23, a0L520, broadband pump;A, W576 mJ; B, W
560 mJ; C, W530 mJ; D, W50; E, calculated classica
absorption-line contour.
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We observed significant~up to six times! amplification of
some spectral components of the probe beam. In Figs. 3
the most characteristic probe transmission spectraK(d) are
presented, whereK(d)5J(d)/J0(d), d5v2v0 is the de-
tuning from the atomic resonance,J(d) is the probe beam
spectrum after its interaction with the medium, andJ0(d) is
the original probe beam spectrum. Systematical investiga
of these spectra has shown that there exist four amplifica
modes with different characteristic shapes of the amplifi
tion spectrum:~i! spectrum with a single peak at the res
nance frequency~curveA in Fig. 3!; ~ii ! doublet centered a
the resonance frequency with partially saturated absorp
line ~curveC in Fig. 3, Fig. 4!; ~iii ! spectrum of dispersion
like shape~Fig. 5!; and ~iv! spectrum with a resonant pea
and a broad ‘‘pedestal’’~Fig. 6!. Four separate series of me
surements are presented below to clarify how the shap
the spectrum depends on the main parameters of our ex
ment:Jpump, Jprobe, n0, andD0. The latter dependence wa

-

FIG. 4. Probe-beam transmission spectra recorded with a Fa
Perot interferometer; dc discharge,P51 Torr, I 550 mA, l
5588.2 nm,n05631011 cm23, a0L52, W'1 mJ; A, the pump
beam on;B, the pump beam off;C, calculated classical absorption
line contour.

FIG. 5. Probe-beam transmission spectra in the case of st
probe beam; dc discharge,P51.2 Torr, I 510 mA, l5640.2 nm,
n051012 cm23, a0L520, W526 mJ, broadband pump;A, the
pump beam on;B, the pump beam off;C, calculated classica
absorption-line contour.
2-3
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BAGAYEV et al. PHYSICAL REVIEW A 68, 043812 ~2003!
performed under the narrowband pumping and is prese
in Sec. III B.

1. Scanning of the pump intensity

Transmission spectra of the probe beam at different pu
powers under fixedJprobeare presented in Fig. 3. CurveA in
Fig. 3 corresponds to the pair of spectra in Fig. 2~b! and
represents amplification spectrum of the first type, with
single resonant peak. It appeared under significant pu
beam intensities (W.30 mJ). The dependence of the tran
mission at the resonance frequencyK0 on the pump pulse
energyW is shown in Fig. 7.

Decrease in the pump beam power belowW530 mJ leads
to the splitting of this peak into a doublet, i.e., spectrum
the second type, as it is shown by curvesB andC in Fig. 3.
Spectra of the second type were investigated in detail
means of a scanning Fabry-Perot interferometer with
MHz spectral resolution~cf. Refs.@25,26#!. For this experi-

FIG. 6. Probe-beam transmission spectra at different time
lays; pulsed discharge afterglow,P59.0 Torr, I 54.0 A, tp

5100 ms, l5640.2 nm,n0'1013 cm23, a0L'200, W576 mJ,
broadband pump;A, td530 ms; B, td580 ms; C, td5180 ms; D,
td530 ms with pump beam off;E, calculated classical absorption
line contour.

FIG. 7. Dependence of the transmission at the resonance
quency K0 on the pump pulse energyW; dc discharge,P
51.2 Torr, I 510 mA, l5640.2 nm, n051012 cm23, a0L520,
broadband pump, transmission spectrum belongs to the first ty
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ment both the pump and probe beams were obtained f
the same dye laser with the spectral widthgpump/2p
'30 GHz. Different transition with the same metastab
lower state was used (l5588.2 nm). One can find a mor
detailed description of the experimental setup and the res
obtained in Refs.@25,26#. Typical transmission spectra ar
presented in Fig. 4. As it is shown, the components of
doublet are symmetrically detuned from the resonance
quency. There is significant absorption near the resona
Both components of the doublet decrease, with pump be
power decreasing and completely disappearing when lig
matter interaction becomes linear.

2. Strong probe beam

Increase in the probe beam power results in transmis
spectra of the third type~Fig. 5!. Some asymmetry in trans
mission spectrum appears under greater probe beam p
even without the pump beam. This is clearly seen in Fig
~curve B), where the single probe beam transmission
shown. For the case of the weak probe beam, there is no
asymmetry, as one can see in Fig. 3~curve D) and Fig. 4
~curveB). With the pump switched on, this asymmetry b
comes much more pronounced. There is strong amplifica
in the blue wing of the absorption line and attenuation in
red wing. Antisymmetrical spectrum, shown by curveA in
Fig. 5, was observed under moderate pumpingW
520–30mJ). Decrease in the pump beam power und
fixed probe power leads to the decrease in the amplifica
coefficient at blue detunings, while at higher pump inten
ties the amplification increases. In the latter case the pro
beam energy integrated over the whole spectrum is am
fied, which evidenced the existence of energy transfer fr
the pump beam.

3. Increase of the optical density

Spectra of the first, second, and third type were obser
in a broad range of metastable atom densitiesn0: from 5
31011 cm23 ~in a dc discharge!, up to 1013 cm23 ~in a
pulsed discharge afterglow!. Increase in then0 value leads to
higher efficiency of the probe amplification in both the fir
and second amplification regimes. In the case of the str
probe beam~third regime!, evolution of the transmission
spectrum is more complicated. The increase inn0 resulted in
~i! broadening of the dispersionlike feature,~ii ! increase in
the absorption at the resonance frequency, and~iii ! increase
in the amplification at the wing of the absorption line.

Moreover, at maximum atomic density, another, fou
type of the amplification spectrum was observed~Fig. 6!. In
the pulsed discharge experiment, the metastable atom de
rapidly increases in the afterglow, when the discharge cur
is switched off, reaches its maximum value~about
1013 cm23), and then slowly decreases~the time interval be-
tween the discharge pulses was much greater than the c
acteristic decay time ofn0). CurvesA–C in Fig. 6 show,
how the spectrum of the fourth type varies with the tim
delay between the discharge and laser pulses. Amplifica
reaches its maximum at the delay of 80ms, whenn0 has a
maximum. The transmission spectrum of this type is a sup

e-

e-

.
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RESONANT NONSTATIONARY AMPLIFICATION OF . . . PHYSICAL REVIEW A 68, 043812 ~2003!
position of the resonant peak, described above as the
type spectrum, and the broadband amplification at the
side of the absorption line. The spectral width of this band
extremely large, up to 350 GHz.

B. Pump-probe experiment with narrowband pump

The dependence of the probe transmission spectrum
the pump detuningD0 was studied under the ‘‘narrowband
pumping. For these measurements the dye laser~1!, produc-
ing the pump beam, was switched to the narrowband m
~see Sec. II! with the spectral width@full width at half maxi-
mum ~FWHM!# gpump/2p510 GHz. Here,D0 corresponds
to the detuning between the center of the pump spectrum
the atomic transition. Typical pump spectrum is shown
the curveC in Fig. 8. Comparison of this curve with Fig. 2~a!
explains the difference between the broadband and nar
band mode.

An earlier version of our experiment was presented
Ref. @27#. Amplification spectra, observed in Ref.@27# under
narrowband pumping, were similar to the first and third typ
described above. The main disadvantage of our earlier
periments@25–27# was that both the probe and pump bea
were obtained from the same dye laser. Scanning the
quency of the laser in Ref.@27# revealed some interestin
behavior of the amplification coefficient value, while th
shape of the transmission spectrum was not affected. In
first amplification regime with the ‘‘resonant peak’’ spe
trum, amplification is the most effective under resona
pumpingD050, while in the third regime with the disper
sionlike spectrum, amplification reaches its maximum, wh
the pump is detuned to the blue side from the resonanc
D057 GHz. The present experimental setup allows us
scan the pump frequency keeping the probe spectrum fi
The results of the present study are in general agreem
with the data reported in Ref.@27#. Typical result of this

FIG. 8. Experiment with narrowband pump; dye-laser spec
pulsed discharge afterglow,P514 Torr, I 54.5 A, tp5100 ms, td

550 ms, l5640.2 nm,n0'1013 cm23, a0L'200, W520 mJ; A,
original probe beam;B, the probe beam after interaction with th
medium; C, the pump beam in a ‘‘narrowband’’ mode; spectr
intensities of probe and pump fields are presented in different a
trary units.
04381
st-
d

s

on

e

nd
y

w-

n

s
x-

e-

he

t

n
at
o
d.
nt

experiment is presented in Fig. 8 demonstrating the dis
sionlike amplification contour.

C. Conical emission

In the series of measurements with metastable atom d
sity of about 1013 cm23 ~in pulsed discharge afterglow! and
great pump beam intensity (W'50–100mJ in a ‘‘broad-
band’’ mode, or about 10mJ in a ‘‘narrowband’’ mode!, we
observed the amplification of radiation in the periphery
the pump-beam, appeared independently on the probe b
presence. This radiation propagates at the angle ou
510–15 mrad with respect to the pump-beam and form
cone around it. In the literature, this phenomenon is usu
referred to as conical emission. It should be emphasized
in this domain, all known experiments were carried out
vapors of alkali and rare-earth elements. Here we presen
first conical emission observed in a noble gas.

The transverse profile of the radiation after its pass
through the discharge tube was recorded by the same C
camera that was used for the probe-beam spectrum inv
gation. For this experiment the camera was installed a
distance of 1 m behind the discharge tube. The central a
the most intense part of the pump beam was blocked to a
damage of the camera. In Fig. 9, a typical image taken by
camera is shown. The inner ring in this picture correspo
to the periphery of the pump beam, whereas the outer
represents the conical emission. In a range of parame
explored, we did not find any dependence of the cone an
u on Jpump or n0. Increase in the time delaytd leads to the
decreasing medium density and cone intensity.

We also observed conical emission in the experime
with narrowband pump. In this regime, the cone intens
depends on the pump detuningD0: it has two maxima on the
wings of the absorption line and disappears at the large
tunings uD0/2pu.10 GHz. This dependence is plotted
Fig. 10.

The conical emission spectra were recorded together w
the probe-beam spectra under the same conditions. We
served spectra with shapes very similar to the probe-be
amplification spectra~except for the dispersionlike contour!.

;

i-

FIG. 9. Pump-beam transverse structure at the output of
discharge tube; pulsed discharge afterglow,P514 Torr, I 54.5 A,
tp580 ms, td540 ms, l5640.2 nm, W510 mJ, narrowband
pump,D050; central part of the beam is blocked.
2-5
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BAGAYEV et al. PHYSICAL REVIEW A 68, 043812 ~2003!
One example of the conical emission spectrum under bro
band pumping is shown in Fig. 11. The single peak is s
ated near the atomic resonance and is shifted to the red
This fact is in agreement with other conical emission exp
ments, although the width of the peak and its detuning
different.

IV. THEORETICAL MODEL AND DISCUSSION

A. Equations of the model

Theoretical model is based on the solution of the se
classical Maxwell-Bloch equations in the two-level appro
mation@28#. Using the rotating wave approximation, the sy
tem of Bloch equations can be written as

]p

]t
5VD2g2p, ~1a!

]D

]t
52

1

2
~Vp* 1V* p!2g1~D2Deq!, ~1b!

whereV52dE/\ is the complex Rabi frequency of the ele
tromagnetic field (d is the electric dipole moment of th

FIG. 10. Cone intensity dependence on the pump detuningD0;
pulsed discharge afterglow,P514 Torr, I 54.5 A, tp580 ms, td

520 ms, l5640.2 nm,W510 mJ, narrowband pump.

FIG. 11. Conical emission spectrum; pulsed discharge afterg
P59 Torr, I 54.0 A, tp5100 ms, td516 ms, l5640.2 nm, W
553 mJ, broadband pump;A, discharge off;B, discharge on.
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atomic transition!, p andD are the complex polarization an
population difference of atoms, andDeq is the value ofD in
the absence of external field~the valueD51 corresponds to
an atom in the ground state!. The relaxation ratesg1 andg2
determine the homogeneous broadening of a spectral
Here V and p are the functions slowly varying in time bu
having arbitrary spatial dependence.

The problem of the interaction between two intersec
plane linearly polarized waves was considered. In this ca
the amplitude of the field is given by

V5V0~ t,z!e2 ik0z1V1~ t,z!e2 ik1r, ~2!

with V0 andV1 slowly varying in space. The fieldV0 with
a wave vectork0 parallel to thez axis corresponds to the
strong pump wave, whereasV1 with k1 wave vector is as-
sumed to be a weak probe field propagating at a small a
of w with respect toz direction. Nonlinear interaction of the
intersected waves leads to the appearance of spatial pola
tion harmonics with wave vectorsk01mDk (m50,61,
62, . . . , Dk5k12k0) and harmonics of the population dif
ference withmDk wave vectors:

p5 (
m52`

`

pm~ t,z!e2 i (k0r1mDkr ), ~3a!

D5 (
m52`

`

Dm~ t,z!e2 imDkr , Dm5D2m* . ~3b!

The emission of thep0 and p1 polarizations corresponds t
the pump and probe fields, respectively. The emission
higher harmonics is considered to be suppressed in a t
medium, due to mismatch in dispersion relation, which is
agreement with our experimental conditions. Substituting
pansions~2! and ~3! into Eq. ~1!, and using the first-orde
perturbation theory in respect of the small amplitude of
probe field, one can get a system of the Maxwell-Blo
equations, describing propagation of the strong pump fie

c
]V0

]z
1

]V0

]t
52vc

2p0 , ~4a!

]p0

]t
5V0D02g2p0 , ~4b!

]D0

]t
52

1

2
~V0p0* 1V0* p0!2g1~D02Deq!, ~4c!

and a weak probe,

c cosw
]V1

]z
1

]V1

]t
52vc

2p1 , ~5a!

]p1

]t
5V1D01V0D12g2p1 , ~5b!

]D1

]t
52

1

2
~V1p0* 1V0* p11V0p21* !2g1D1 , ~5c!

w,
2-6
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]p21*

]t
5V0* D12g2p21* , ~5d!

where

vc5A2pd2v0n0

\
~6!

is the cooperative frequency of the medium, which play
role of the coupling coefficient between field and matter, a
n0 is the density of atoms in the ground state.

The character of resonant coherent interaction betw
laser field and an ensemble of two-level atoms is determi
by the atomic density and particular characteristics of la
pulse, such as the area and energy. Temporal feature
propagating pulse strongly depend on the condition whe
the field reemitted by the medium is comparable to the fi
that has been externally applied. In the limiting case, wh
reemission field is negligible in comparison to the stro
externally applied one, the model of single driven atom
usually used. Atomic response is calculated on the basi
Bloch equations, whereas Maxwell equations are not ta
into account. Thus, the dynamics of the system is fully
termined by the strong external field. In this context, ph
nomena such as Rabi sideband generation due to statio
probe-pump Mollow-Boyd effect@10–12# or to transient
Rabi flopping@28# can be mentioned.

In a system, where the field of medium reaction plays
essential role, Bloch and Maxwell equations are conside
self-consistently. In the case of a single~pump! field propa-
gation, under the simplest conditions of an amplitude mo
lated signal, and in the limit of coherent interactiong1,2
50, Eqs.~4! can be reduced to the nonlinear evolution sin
Gordon equation, which describes the coherent breakup
laser pulse into solitons (2p pulses or breathers! @29# and a
nonsolitonic solution in the form of the so-called optic
ringing @30#. 2p Solitons of self-induced transparency re
resent the pulses, where the coherently absorbed and re
ted fields are balanced. Nevertheless, in this case, the
applied is still strong enough to invert a part of a mediu
~area of the external field is greater thanp).

In accordance with the area theorem@28#, if the area of
the input field takes the value less thanp, the nonstationary
dynamics of the pulse breakup into 2p solitons cannot be
realized. On the other hand, in an optically dense cohe
medium, another type of field oscillations, optical ringin
appears. This oscillating response has a superradiant ch
ter @4# and appears in the system of strongly coupled fi
and matter, where the high density of resonant atoms
vides the atomic system to be able to coherently absorb
reradiate whole energy of the weak external electromagn
field. The oscillations display the process of fast excitat
interchanges between field and a two-level atomic ensem
in an extended resonant medium and the formation of ap
pulse. Such cooperative interactions are the transient
nomena and can be observed when the frequency of the
ton interchanges between field and matter greatly exce
relaxation rates of a medium.
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The collective oscillations can be treated as beating
tween two normal modes of coupled linear oscillators, wh
correspond to splitting of the polariton~coupled matter pho-
tons! dispersion curve into two branches. Thus, contrary
nonlinear strong-field effects, the coherent dynamics
strongly coupled field-matter system originates from line
~weak-field! dispersion, where field and polarization comp
nents are represented by equal contributions, and reemis
field plays an essential role in the light-matter interactio
Vacuum Rabi oscillations~both single- and many-atom os
cillations! @2,3# are cavity analogs of such processes. In
simplest case of a single-mode cavity, the frequency of fi
and polarization oscillations is equal to the cooperative f
quency of the medium,vc , when the condition of strong
coupling regimevc@g2 is fulfilled. Under free-space inter
actions, the frequency of field-matter photon interchange
also determined by the coupling coefficient~6!. To observe
coherent beating of two~red and blue! polariton branches,
they should be excited by the laser field simultaneously.
our experiment, this condition is fulfilled due to resona
broadband~much broader than the Doppler linewidth! spec-
trum of the radiation used.

B. Numerical results

We studied numerically interaction of polychromat
broadband quasistochastic laser pulses in a dense me
without population inversion. The parameters of numeri
simulations were similar to the experimental conditions.
put pump field was chosen to have the following form:

V0~ t,0!5C~ t ! (
k52N

k5N

V0ke
i (D0t1vkt1ak),

V0k5V00e
24 ln 2(vk /gpump)

2
,

C~ t !5
2

p
e2(t2t0)/aFp2 1arctanS t2t0

b D G , ~7!

wherevk5kDv (k50,61, . . . ,6N) are the modes of the
input spectrum,Dv is the intermode distance,D0 is the de-
tuning between the central frequency of the field and tha
the atomic resonance, andak are the mode phases. Th
phases are random numbers that lead to the quasistoch
temporal dependence of the electric field. The duration
this signal does not depend on the width of the spectr
gpump, but is determined by the duration of the envelop
C(t).

Modeling one of the experimental realizations, we us
the following parameters of the input signal:Dv/2p
50.37 GHz, gpump/2p520.0 GHz ~thus, the number of
modes was about 100!, the duration of the envelope,C(t),
was equal to 3.5 ns (a52.4 ns,b50.3 ns). The amplitude
of the probe field has the formV1(t,0)5V0(t2t0,0)/g,
whereg@1, and a short~about 10 ps! time delayt0 between
the fields was taken into account. The atomic transition w
g1/2p58.4 MHz andg2/2p55.4 MHz was considered. Th
cooperative frequency of the medium was equal tovc/2p
52.6 GHz and the length of the mediumL515 cm. Since
2-7
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correlation time of the field was much smaller than the pu
duration, and great number of modes were considered, m
spectral features of the output field were not sensitive to
certain realization of random phases and a small time d
t0 existing in the experiment.

A typical example of the temporal behavior of the sing
~pump! field at the output of the extended medium is p
sented in Fig. 12. The figure shows that during the propa
tion of the multimode radiation~7! through a resonant ex
tended medium, smooth slow solitons separate from
quasistochastic part that forms the initial stage of the sig
The optical ringing accompanies the creation of a soliton
forms the tail of the light pulse. If the area of the input pul
takes the value less thanp, 2p solitons are not created an
the optical ringing signal can be the only and dominant p
at the pulse tail. Thus, Fig. 12 shows the transformation
the quasistochastic signal with correlation time determin
by the width of the input spectrum,gpump ~7!, into the coher-
ent response of the dense resonant medium, determ
mainly by the field-matter coupling coefficientvc ~6! and by
the length of the medium,L.

The numerical study was based on the joint solution
Eqs.~4! and ~5!. In Fig. 13, spectra of the probe field at th
input and output of the medium are displayed. The spe
presented were obtained by convoluting the calculated s
tra with a smooth Gaussian function, modeling the transm
sion of the signal through a device with finite resolution,
single modes of the polychromatic signal are not resolv
Depending on the pump intensity, two types of the pro
amplification were obtained.

If the pump field is strong enough to produce nonstati
ary population inversion in a two-level extended mediu
the probe is significantly amplified at the resonance f
quency@Fig. 13~b!#. The most essential growth of the prob
field is obtained in the space and time areas, where a sm
2p soliton has formed in the pump beam, which leads to
slow rotation of the Bloch vector and smooth variation of t
population difference between 1 and21 values, which cor-
responds to transitions of the atoms from the ground stat
the excited one and back through the coherent superpos
states.

FIG. 12. Temporal behavior of a polychromatic pulse af
propagation in an extended resonant medium; numerical mode
vc/2p52.6 GHz,L515 cm.
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In the case of relatively small pumping intensity, th
pump pulse can propagate without producing a soliton. T
condition leads to oscillations of the Bloch vector near t
equilibrium point D51. Here, the amplification spectrum
obtained corresponds to the spectral doublet presented in
13~a!. Moreover, a slow soliton separated from the main f
part of the signal can be absorbed in the medium during
propagation. As a result, even in this case, amplification
formed by the fast part of the signal~quasistochastic and
ringing!, which has the area equal to zero, which, aga
corresponds to the doublet in the amplification spectrum.
was shown in Refs.@25,26#, under some conditions, the in
teraction of 0p pulses in a dense medium results in ampl
cation of the coherent optical ringing. Besides that, t
maxima in the amplification spectrum can be parametrica
coupled due to the modulation of the population differen
by the pump field.

The doublet and single-maximum characters of the pr
amplification under the weak and strong pumping, resp
tively, qualitatively correspond to our experimental observ
tions presented in Figs. 3 and 4. The origin of such spec
behavior of the probe field can be traced to the dynamics
the pump. If the pump pulse has the zero area, accordin
the area theorem, its output spectrum has a form of a dou
whereas for stronger pulses with the areas greater thanp, the
resonant spectral component~which is equal to the area!
takes a nonzero value.

r
g,

FIG. 13. Calculated spectra of the probe field at the in
~curvesA) and output~curvesB) of a medium;~a! doublet ampli-
fication, ~b! amplification with resonant maximum;vc/2p
52.6 GHz,L515 cm.
2-8
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The single-maximum amplification that is obtained fro
the numerical simulations can be greater than the one
served in the experiments. The discrepancy can be expla
by the fact, that this type of amplification appears very clo
to the resonance frequency, since the spectral width o
smooth soliton is much narrower than that of the broadb
polychromatic part~cf. Fig. 12!. So, the amplification maxi-
mum can be sufficiently reduced by the Doppler broaden
of the spectral line, which was not taken into account in
theoretical model presented. On the other hand, the widt
the doublet amplification, which appears due to the fast
cillations, can take a value greater than the Doppler li
width.

C. Strong probe beam and conical emission

Our numerical model describes the interaction of two
tersected plane waves. Therefore it does not account
some transverse effects, such as self-focusing of a beam
conical emission. Besides that, since the probe field
treated only in the first order, the model does not desc
nonlinear effects in the probe beam.

In the experiment, increase in the probe beam power le
to some asymmetry in the transmission spectrum. In
case, even without the pump beam, the probe beam inte
is sufficient to induce nonlinear effects, which was stresse
Sec. III A. As the pulse duration is shorter than the homo
neous relaxation times, self-induced transparency can
matically modify the absorption spectrum. It has been sho
numerically @31,32# and proved experimentally@23# that
presence of a nonzero detuningd0 such that gD,d0
,gprobe/2 results in the appearance of a dispersionlike f
ture centered at the transition frequency. The spectral c
ponents with detunings of the same sign asd0 are amplified,
and those with opposite sign are attenuated. We suppose
a transmission spectrum plotted in Fig. 5~curveB) is related
to that effect. In our experiment with pulsed discharge,
evolution of the dispersionlike feature under the increase
the metastable atom density, which was described in S
III A ~measurements were carried out in the presence of
pump beam, its effect is discussed below!, is in agreement
with numerical results of Ref.@32#. More complicated spec
tral structure, obtained in Refs.@23,32# under great optica
densities, was unresolved by our apparatus.

Applying a strong pump causes the probe-beam amp
cation and increases the nonlinear features in its spectru
leads to the increase in the probe intensity integrated ove
whole spectrum and increases the asymmetry of the tr
mission spectrum. This effect is clearly seen in Fig. 5.

With a single probe beam, we observed dispersion
spectra of both ‘‘left’’ and ‘‘right’’ orientations, in agreemen
with Refs. @31,32#. In the presence of the pump beam,
structure with amplification at the blue wing certainly pr
vails over the opposite one. This fact may be understo
taking into account the effect of resonant self-focusing of
pump beam, which is well pronounced under these exp
mental conditions. The problem of resonant and near re
nant self-focusing and its influence on the propagation of
pulses was discussed mostly for relatively narrowband pu
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(gpulse'gD). It has been shown numerically@33# and experi-
mentally @34# that during propagation in an extended m
dium, resonant and slightly blue-detuned SIT pulses beco
self-focused, while red-detuned pulses experience s
defocusing. This effect strongly modifies transverse pro
of the pump beam as well as the profile of the probe, wh
its intensity becomes sufficiently high. Self-focusing leads
an increase in the axial intensity of the blue components
the probe that increases the effective detuningd0 of the cen-
tral, the most intense part of the beam, and results in m
pronounced asymmetry of the transmission spectrum.
interplay between parametric amplification, self- and pum
induced focusing of the probe beam, and propagation eff
creates very complex picture, which may be quantitativ
described only by numerical modeling.

Conical emission observed in the present experiment
peared under the conditions that are significantly differ
from other CE experiments. We obtain CE under the me
stable atom density of about 1013 cm23 and the pump detun
ingsD0 ~see Fig. 10! comparable to the Doppler width of th
transition, whereas ‘‘normal’’ CE is observed under mu
greater detunings and mostly under higher medium densi
Besides that, CE observed in the present work is insens
to the sign of the pump detuningD0, whereas ‘‘normal’’ CE
appears under blue-detuned pump only. The model
Cherenkov-type emission from steady-state self-trapped
ments @18#, as well as the steady-state four-wave mixi
model @19#, seem to be unsuitable under conditions of o
experiment. As a nonstationary coherent phenomenon,
was considered in Refs.@35–37#. In these works dealing with
transform limited pulses, CE was obtained under the bre
ing up of a laser pulse, which at least qualitatively may a
correspond to our results. The shape of CE spectrum
sented here is similar to the amplified probe-beam spect
observed under the same conditions. We suppose tha
mechanisms of these two phenomena are closely related

V. CONCLUSION

The detailed investigation of changes in the spectrum o
polychromatic probe field, which arise during its propagati
in a dense resonant medium, is presented. The spectral w
of the radiation considered greatly exceeds both the ho
geneous and inhomogeneous widths of the spectral line
the simplest case of a single-beam propagation, the dis
sionlike asymmetry of the transmission spectrum was
served, which was treated as a feature of near resonant
induced transparency in the so-called sharp line limit. Wh
two laser beams are intersected in a medium, we obse
dramatic changes in the probe-beam spectrum: pu
induced amplification and attenuation. The shape of
transmission spectrum depends on the pump and probe
tensities, pump detuning, and atomic density. Under re
tively weak pumping and high medium density, when t
condition of strong coupling between field and resonant m
ter is fulfilled, the probe amplification spectrum has a fo
of spectral doublet. Stronger pumping leads to the app
ance of a single peak of the probe-beam amplification at
transition frequency, manifesting that strong-field effects p
2-9
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vail over effects in a strongly coupled field-matter syste
The greater probe intensity results in an asymmetrical tra
mission spectrum with amplification at the blue wing of t
absorption line and attenuation at the red one. Under h
medium density, a broad band of amplification appea
Since, in the situation considered, the field of medium re
tion plays an important role and forms a significant part
the coherent collective response of a dense medium, the
plification spectra observed differ from the well-know
Mollow-Boyd spectra, which are determined by characte
tics of the strong external field. The theoretical model p
sented is based on the numerical solution of the Maxw
Bloch equations for two plane waves propagating in a de
extended medium. It is shown that the characteristic featu
of the probe amplification could be determined by the coh
ent nonstationary dynamics of the pump field, particularly
y,

he

el,

re
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,
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the formation of solitons and optical ringing. In some cas
the pump-beam transverse profile also should be taken
account. Under the certain conditions, the periphery area
the pump beam becomes amplified and produces a con
emission. Some parameters of CE obtained in the pre
work differ from usually observed CE. It should be pointe
out that amplified probe-beam spectra reproduce the m
characteristic features of generation spectrum of a broadb
laser with an intracavity absorbing cell, when the se
frequency-locking effect, i.e., spectrum condensation, ta
place@8,9#.
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