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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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. INTRODUCTION When the pump beam carrier frequen@y,m, is fixed and
the probe beam frequenay,ne is scanned near the fre-
We present a systematical experimental study of resonarfuency of an atomic transition,, the probe-beam transmis-
interaction between broadband pulsed-laser radiation and ajjon has a form of the well-known Mollow-Boyd spectrum
optically dense extended two-level medium. In our experi{10—13. Its spectral features are determined by a value of
ments, the pump-probe configuration was used and probge generalized Rabi frequency of the strong field applied.
beam amplification and/or attenuation were studied in detailaithough the theory[10—17 is developed for the steady-
Single pump beam propagation was investigated as well, angtate regime, it describes the pulsed-laser experiments
some off-axis radiation, which is usually referred to as coni{13,14 as well as experiments with cw las¢is]. Recently,
cal emission, was observed. A theoretical model is based ofhe steady-state theory was generalized for nonstationary
the solution of the semiclassical Maxwell-Bloch equationsprocesses using numerical solution of the Maxwell-Bloch
taking into account propagation effects of the electromagequationg16]. In all of these experiments, the generalized
netic field. Rabi frequency of the pump beam is much greater than the
Investigation of resonant interactions in optically densespectral widths of the atomic transition,, and both laser
media is of paru_cular_mte_rest. In the case wherg .the de”S't]éulseSypump and yprope- Besides that, a medium coherently
of resonant particles is high enough that a sufficient part ohbsorbs and reemits a small portion of the laser pulse energy,
the external field can be coherently absorbed and reemittegence the field of the medium response can be neglected
by the medium, a strongly coupled system of photons angyith respect to the strong external field. In this case, the
medium excitations, polaritons, is effectively created, ancheory of light-matter interaction is reduced to the consider-
collective phenomena play a key role in the interaction proation of a single atom driven by the strong electromagnetic
cesseg1l]. Some specific amplitude and phaskspersiveé  field.
characteristics that arise under this regime lead to the appear- Conical emissio{CE) in gaseous atomic media was dis-
ance of coherent phenomena, which significantly affect andovered by Grischkowsky in 197[A7] and investigated in
enlarge the interaction picture. Particularly, many-atomdetail by many researchers. A comprehensive review can be
vacuum Rabi oscillationg2,3] and optical ringind4] reflect ~ found in Ref[18]. CE is usually observed when intense laser
the coherent beating of two normal modes of the coupledadiation (cw or pulseg, detuned to the blue side from an
field-matter systems, which can be described as a splitting aitomic resonance, propagates in a dense resonant medium.
polariton dispersion curve into two branches. Such nonlineafhe spectrum of CE is usually much broader thap,,and
effects as polariton parametric amplification in semiconducshifted to the red side of an absorption line. Despite all ef-
tor microcavitie§5—7] and a phenomenon of spectrum con-forts, only CE under cw pumping has received a complete
densation in atomic and molecular medi®,9] were ob- theoretical explanatiof19]. Moreover, several different
served in intracavity experiments under the large vacuuntypes of CE were observed in some experimdi28,21],
Rabi splitting. suggesting that several possible mechanisms of CE genera-
The pump-probe experiments with gaseous resonantly altion exist. Influence of collective effects on the conical emis-
sorbing media have been reported in numerous publicationsion was discussed in Refd.4,22.
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In cw experiments, spectral width of the laser radiation is

usually much less than both homogenegysand inhomo- m M3 p—1 & 0 2
geneoudDoppled yp widths of an atomic transition. In all 10 J pd L6 L
pulsed experiments discussed above, laser radiation has probe

form of smooth bell-shaped pulses with spectral width, de-

termined by the pulse duration such thad,mp, Yprobe™ ¥2 M6, s |

and Ypump: Yprobe @re of the same order of magnitude gs.

In the present work, we consider quite a different situation: I

the spectral width of laser pulses is determined by the num M7_|_D3

ber of longitudinal modegmore than 10Dof a multimode e

dye laser and is much greater than the inverse pulse duratic L4 6

and bothy, and yy . This enables us to study interaction of T 12 1
radiation with both red and blue polariton branches simulta L

neously. The envelope of such a broadband polychromati 8

pulse consists of a great number of very short irregulal 7
,ﬁgﬁzﬁ[iogiggg‘g:c;fJgﬁnggrgj?ud pr(ibj plglsiswfrom the FIG. 1. Schem(_e of the experimental setup: 1, 2, d_ye Ias_ers; 3,
' pump 0, “0°" ®probe  Nd:YAG laser; 4, discharge tube; 5, beam splitter; 6, slit; 7, diffrac-
—wo, are much smaller than the spectral widths of bOthIion grating (2400 grooves/mm 8, optical multichannel analyzer
lasers, ypump an(_j Yprobe (N€r€ wpymp @nd wprpe COITespond to (OMA); 9, fiber; 10, spectrograph; 11, OMA11-M9, mirrors;
mean frequencies of the pump and probe spgciitee pump L1-L8, lensesD1-D3, diaphragmsP1, P2, polarizers.
beam intensityJ,,mp was scanned in the range that corre-
sponds to the Rabi frequendy <y,y,p. The relation be- spectral resolution was about 12 GHz. The spectra were re-
tween values ofypymp, ¥p, and() considered in the present corded by a charge-coupled-devi@@CD) camera(8) with
paper characterizes a system, which up to now was not int00 ns exposure time. Because of great fluctuations of the
vestigated systematically. Resonant interaction of atomic memultimode dye-laser intensity, we averaged recorded probe
dia and broadband pulses was considered only in somieeam spectrum over 500 pulses. To control wavelength tun-
works on self-induced transparen¢$IT) in the sharp line ing of the dye lasefl), part of its radiation was directed to
limit [23,24] and in intracavity experiments, where the phe-the same high-resolution spectrograph by a beam spljer
nomenon of self-frequency-locking, or spectrum condensaand a system of mirrors.
tion, was studied8,9]. The wavelengths of both dye lasers were tuned to a tran-
The paper is organized as follows. In Sec. I, our experi-sition of neon ks-2pg in Paschen notation\(= 640.2 nm)
mental setup is described. In Sec. lll, the experimental rewith a metastable lower state. This is the strongest red line of
sults are presented, being divided into three parts: probereon spectrum. A pulsed neon discharge was used to produce
beam transmission under extremely broadband pump, probeufficient amount of metastable neon atoms. The discharge
beam transmission under relatively narrowband pump, antube has a diameter of 10 mm and the lerigth12 cm. The
conical emission measurements. Section IV is devoted to themplitude of the discharge current wias 4.0—-4.5 A, pulse
theoretical model, numerical simulation, and discussion otiurationt,=80-100us, neon pressurg=9-14 Torr. Un-
the experimental data. Main results are summarized inler these conditions in the discharge afterglow, the meta-
Sec. V. stable atom density, reaches great values up to'i@m 3.
The optical density was scanned in a range ®&fL
~20-200 by changing the time delay between the dis-
charge current and the laser pulse. Heges the absorption
The scheme of our experimental setup is presented in Figoefficient at the center of Doppler-broadened absorption
1. We used two pulsed multimode dye las€ks2) pumped line. Experiment was also performed with a dc discharge in
by the same Nd:YAGQwhere YAG stands for yttrium alumi- neon in the same discharge tube under the conditionls of
num garnet laser(3) for the pump-probe experiments. The =2-50 mA andP=0.5-3.5 Torr. In a dc discharge, meta-
pulse duration of both dye lasers was about 7 ns, the probatable atom density was about'2@m™3. We controlled this
beam spectral width was about 1 nm. The dye l&$ppro-  value by measuring the resonant absorption across the dis-
ducing the pump beam has two operation modes with differcharge tube. A well-known technique with a mirror behind
ent spectral widths: “broadband” modey,md2m  the discharge tube was usédirror M9 in Fig. 1. In this
~300 GHz (with a prism inside the cavilyand “narrow-  configuration the same discharge tube serves as an absorber
band” mode y,md27~10 GHz (with a diffraction grating and a light source. A spectrograph0) with a CCD camera
inside the cavity. The pump beam intensity,,m, was (11) was used for these measurements.
scanned in a range of 49010 W/cn? (measured pulse en-
ergies 1-10QuJ) by rotation of a polarizeP2. The pump Ill. EXPERIMENTAL RESULTS
and probe beams were intersected at the angle of about 1°
inside a discharge tub@l) containing a resonant medium.
The probe beam spectrum was analyzed by means of a high- The results of our pump-probe experiments with broad-
resolution spectrograph constructed on the optical table. Thieand pump beam are presented in Figs. 2—7. In Hia), 2

Il. EXPERIMENTAL SETUP

A. Pump-probe experiment with broadband pump

043812-2



RESONANT NONSTATIONARY AMPLIFICATION CF . .. PHYSICAL REVIEW A 68, 043812 (2003

] A 1.4 A
) (a)
< & 1.2 c
- X
E s 1.0
z B 2
2 - 2 08 B
L @
£ s 06
o =
E 3
& g 04
- o
0.2
1 T 1 4 1 v 1
-200 0 200 400 0.0 +———-"TT—"T—"7T—"—"T—T
Detuning (GHz) 20 -10 0 10 20
7 Detuning 8/2r (GHz)
2 1 (b)
S B FIG. 4. Probe-beam transmission spectra recorded with a Fabry-
g Perot interferometer; dc discharg&=1 Torr, 1=50 mA, A
> | =588.2 nm,ny=6x10" cm 3, agL =2, W~1 uJ; A, the pump
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o We observed significar{tip to six time$ amplification of
A some spectral components of the probe beam. In Figs. 3-6,
— — the most characteristic probe transmission spe€(ré) are
-200 0 200 400 presented, wher&(8)=J(8)/3°(8), 6=w— w, is the de-

Detuning (GHz) tuning from the atomic resonancé(d) is the probe beam

FIG. 2. Dye-laser spectrda) the pump beam in a broadband SPectrum after its interaction with the medium, afgs) is
mode; (b) the probe beam; dc discharge=0.9 Torr, | =20 mA, the original probe beam spectrum. Systematical investigation
A =640.2 nmny=10"% cm™3, a,L=20; A, original dye laser spec- Of these spectra has shown that there exist four amplification
trum; B, the spectrum after interaction with the medium. modes with different characteristic shapes of the amplifica-

tion spectrum:(i) spectrum with a single peak at the reso-
typical spectra of the pump beam with discharge switched offiance frequencycurve A in Fig. 3); (ii) doublet centered at
(curve A) and on(curve B) are plotted. The absorption line the resonance frequency with partially saturated absorption
contour is partially resolved and shows the position of theine (curveC in Fig. 3, Fig. 4; (iii) spectrum of dispersion-
atomic resonance. Here the pump pulse endkfis about like shape(Fig. 5); and (iv) spectrum with a resonant peak
30 nJ. At greater power there is no absorption because oénd a broad “pedestal(Fig. 6). Four separate series of mea-
the medium saturation. Figurgl8 shows the probe beam surements are presented below to clarify how the shape of
spectra under the same conditions with pump beam switchetthe spectrum depends on the main parameters of our experi-
on (the pump pulse energyW~80 nJ). ment: Joumps Jprobes No» @NdA,. The latter dependence was
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FIG. 3. Probe-beam transmission spectra at different pump pow-
ers; dc dischargeP=1.2 Torr, =10 mA, A=640.2 nm, n,
=102 cm 3, aoL=20, broadband pumpA, W=76 uJ; B, W
=60 uJ; C, W=30uJ; D, W=0; E, calculated classical

Detuning 8/2x (GHz)

absorption-line contour.
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FIG. 5. Probe-beam transmission spectra in the case of strong
probe beam; dc dischargB=1.2 Torr, | =10 mA, A=640.2 nm,
no=10%cm 3, a,L=20, W=26 J, broadband pump4, the
pump beam onB, the pump beam offC, calculated classical
absorption-line contour.
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1.8 B ment both the pump and probe beams were obtained from
14 ] the same dye laser with the spectral widtp,, 27

~30 GHz. Different transition with the same metastable
lower state was used\&588.2 nm). One can find a more
detailed description of the experimental setup and the results
obtained in Refs[25,26. Typical transmission spectra are

i 0 presented in Fig. 4. As it is shown, the components of the

Probe transmission K (8)
o
o
1

0.6 4 doublet are symmetrically detuned from the resonance fre-
04 ] quency. There is significant absorption near the resonance.

1 —F Both components of the doublet decrease, with pump beam
0.2 ] power decreasing and completely disappearing when light-
0.0 . r r r matter interaction becomes linear.

T T T 1
-300 -200 -100 0 100

Dstuning &/2r (GHz) 2. Strong probe beam

FIG. 6. Probe-beam transmission spectra at different time de- |ncrease in the probe beam power results in transmission
lays; pulsed discharge afterglon?=9.0 Torr, 1=4.0 A, t,  spectra of the third typéFig. 5. Some asymmetry in trans-
=100 s, A=640.2 nm,ng~10" cm™®, agL~200, W=76 uJ,  mission spectrum appears under greater probe beam power
broadband pump, 74=30 us; B, 7¢=80 us; C, 74=180us; D, even without the pump beam. This is clearly seen in Fig. 5
T_d=30 ©s with pump beam offE, calculated classical absorption- (curve B), where the single probe beam transmission is
line contour. shown. For the case of the weak probe beam, there is no such

asymmetry, as one can see in Fig(c@rve D) and Fig. 4
performed under the narrowband pumping and is presente@urve B). With the pump switched on, this asymmetry be-

in Sec. Il B. comes much more pronounced. There is strong amplification
_ _ _ in the blue wing of the absorption line and attenuation in the
1. Scanning of the pump intensity red wing. Antisymmetrical spectrum, shown by curken
Transmission spectra of the probe beam at different pumfig- 5, was observed under moderate pumping/ (
powers under fixed,peare presented in Fig. 3. Curvein =20-30uJ). Decrease in the pump beam power under

Fig. 3 corresponds to the pair of spectra in Figh)2and  fixed probe power leads to the decrease in the amplification
represents amplification spectrum of the first type, with acoefficient at blue detunings, while at higher pump intensi-

beam intensitiesW>30 wJ). The dependence of the trans- Péam energy integrated over the whole spectrum is ampli-
mission at the resonance frequeri€y on the pump pulse fied, which evidenced the existence of energy transfer from

energyW is shown in Fig. 7. the pump beam.
Decrease in the pump beam power bela 30 1 J leads _ _
to the splitting of this peak into a doublet, i.e., spectrum of 3. Increase of the optical density
the second type, as it is shown by cun&andC in Fig. 3. Spectra of the first, second, and third type were observed

Spectra of the second type were investigated in detail by, 5 proad range of metastable atom densitigs from 5
means of a scannin_g Fabry-Perot interferome_ter with. 500¢ 10 o3 (in a dc discharge up to 183cm™2 (in a
MHz spectral resolutioricf. Refs.[25,26]). For this experi- pulsed discharge afterglowincrease in they, value leads to
higher efficiency of the probe amplification in both the first

] and second amplification regimes. In the case of the strong
2.0 4 probe beam(third regimeg, evolution of the transmission

J spectrum is more complicated. The increasajmesulted in

(i) broadening of the dispersionlike featuf@, increase in

i 1 e the absorption at the resonance frequency, @ndincrease

% i in the amplification at the wing of the absorption line.

£ 1.0 / Moreover, at maximum atomic density, another, fourth
= ] type of the amplification spectrum was observEd). 6). In

= 05 the pulsed discharge experiment, the metastable atom density

rapidly increases in the afterglow, when the discharge current
is switched off, reaches its maximum valu@bout
10 cm™3%), and then slowly decreasébe time interval be-
tween the discharge pulses was much greater than the char-
acteristic decay time ofig). CurvesA-C in Fig. 6 show,

FIG. 7. Dependence of the transmission at the resonance frdlow the spectrum of the fourth type varies with the time
quency K0 on the pump pulse energW; dc discharge,P delay between the discharge and laser pulses. Amplification
=1.2 Torr, =10 mA, A=640.2 nm, n,=102cm 3, a,L=20, reaches its maximum at the delay of 88, whenn, has a
broadband pump, transmission spectrum belongs to the first type.maximum. The transmission spectrum of this type is a super-

L L L L L
0 20 40 60 80 100 120 140
Pump pulse energy W (ud)
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Intensity (arb. units)

—r T 171
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Detuning (GHz) FIG. 9. Pump-beam transverse structure at the output of the

discharge tube; pulsed discharge aftergl®w 14 Torr, | =4.5 A,
FIG. 8. Experiment with narrowband pump; dye-laser spectralp=80 us, 74=40 us, N=640.2 nm, W=10 uJ, narrowband
pulsed discharge afterglow=14 Torr, |=4.5 A, t,=100us, 7y  PUMP,Ao=0; central part of the beam is blocked.
=50 us, A=640.2 nm,ny~10" cm 3, ayL~200, W=20 uJ; A,
original probe beamB, the probe beam after interaction with the experiment is presented in Fig. 8 demonstrating the disper-
medium; C, the pump beam in a “narrowband” mode; spectral sjonlike amplification contour.
intensities of probe and pump fields are presented in different arbi-
trary units. C. Conical emission
position of the resonant peak, described above as the first- In the series of measurements with metastable atom den-
type spectrum, and the broadband amplification at the reity of about 16° cm™ (in pulsed discharge afterglgvand
side of the absorption line. The spectral width of this band iggreat pump beam intensit)|(~50-100uJ in a “broad-
extremely large, up to 350 GHz. band” mode, or about 1@J in a “narrowband” modg we
observed the amplification of radiation in the periphery of
the pump-beam, appeared independently on the probe beam
presence. This radiation propagates at the anglefof
The dependence of the probe transmission spectrum os 10—15 mrad with respect to the pump-beam and forms a
the pump detuning\o was studied under the “narrowband” cone around it. In the literature, this phenomenon is usually
pumping. For these measurements the dye legeproduc-  referred to as conical emission. It should be emphasized that
ing the pump beam, was switched to the narrowband modm this domain, all known experiments were carried out in
(see Sec. )lwith the spectral widthfull width at half maxi-  vapors of alkali and rare-earth elements. Here we present the
mum (FWHM)] ypmd27=10 GHz. Here,A, corresponds first conical emission observed in a noble gas.
to the detuning between the center of the pump spectrum and The transverse profile of the radiation after its passage
the atomic transition. Typical pump spectrum is shown bythrough the discharge tube was recorded by the same CCD
the curveC in Fig. 8. Comparison of this curve with Fig(&  camera that was used for the probe-beam spectrum investi-
explains the difference between the broadband and narrovgation. For this experiment the camera was installed at a
band mode. distance ©1 m behind the discharge tube. The central and
An earlier version of our experiment was presented inthe most intense part of the pump beam was blocked to avoid
Ref.[27]. Amplification spectra, observed in R€27] under  damage of the camera. In Fig. 9, a typical image taken by the
narrowband pumping, were similar to the first and third typescamera is shown. The inner ring in this picture corresponds
described above. The main disadvantage of our earlier exe the periphery of the pump beam, whereas the outer one
perimentg 25—27 was that both the probe and pump beamrepresents the conical emission. In a range of parameters
were obtained from the same dye laser. Scanning the freexplored, we did not find any dependence of the cone angle
quency of the laser in Ref27] revealed some interesting 6 on Jy,m,p OF Ng. Increase in the time delay, leads to the
behavior of the amplification coefficient value, while the decreasing medium density and cone intensity.
shape of the transmission spectrum was not affected. In the We also observed conical emission in the experiments
first amplification regime with the “resonant peak” spec- with narrowband pump. In this regime, the cone intensity
trum, amplification is the most effective under resonantdepends on the pump detunidg: it has two maxima on the
pumpingA,=0, while in the third regime with the disper- wings of the absorption line and disappears at the large de-
sionlike spectrum, amplification reaches its maximum, whertunings |Ay/27|>10 GHz. This dependence is plotted in
the pump is detuned to the blue side from the resonance &ig. 10.
Ay=7 GHz. The present experimental setup allows us to The conical emission spectra were recorded together with
scan the pump frequency keeping the probe spectrum fixedhe probe-beam spectra under the same conditions. We ob-
The results of the present study are in general agreemeserved spectra with shapes very similar to the probe-beam
with the data reported in Ref27]. Typical result of this amplification spectrédexcept for the dispersionlike contgur

B. Pump-probe experiment with narrowband pump
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Cone intensity (arb. units)

T
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Pump detuning a /2= (GHz)

FIG. 10. Cone intensity dependence on the pump detuiing
pulsed discharge afterglo®? =14 Torr, |=4.5 A, t,=80 us, 74
=20 us, A=640.2 nm,W=10 wJ, narrowband pump.

One example of the conical emission spectrum under broa
band pumping is shown in Fig. 11. The single peak is situ

ated near the atomic resonance and is shifted to the red sidg.

This fact is in agreement with other conical emission experi

ments, although the width of the peak and its detuning are

different.

IV. THEORETICAL MODEL AND DISCUSSION

A. Equations of the model

PHYSICAL REVIEW A 68, 043812 (2003

atomic transition, p andD are the complex polarization and
population difference of atoms, amf is the value oD in

the absence of external fie{the valueD =1 corresponds to

an atom in the ground stateThe relaxation rates; andy,
determine the homogeneous broadening of a spectral line.
Here () andp are the functions slowly varying in time but
having arbitrary spatial dependence.

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

Q=0Qq(t,2)e k2+ O, (t,2)e ", (2)

with Qg andQ4 slowly varying in space. The fiel@, with
a wave vectoik, parallel to thez axis corresponds to the
strong pump wave, whered¥; with k; wave vector is as-
sumed to be a weak probe field propagating at a small angle
of ¢ with respect taz direction. Nonlinear interaction of the
d’r_nersected waves leads to the appearance of spatial polariza-
tion harmonics with wave vector&,+mAk (m=0,%x1,

2,...,Ak=k;—kg) and harmonics of the population dif-
ference withmAk wave vectors:

©

p= 3 p(tzge or im0, 3a

o]

D= Z Dm(t,Z)e_imAkr,

m=—o©

Dm=D*,.  (3b)

Theoretical model is based on the solution of the semi-

classical Maxwell-Bloch equations in the two-level approxi-

mation[28]. Using the rotating wave approximation, the sys-

tem of Bloch equations can be written as

—&p—QD 1
ot - — 2P, ( a)
dD 1

—i = 2Qp*+ Q7% p) =y, (DD, (1b)

where() =2dE/# is the complex Rabi frequency of the elec-
tromagnetic field @ is the electric dipole moment of the

Cone intensity (arb. units)

X

I I
-200 0
Detuning 8/2n (GHZz)

—
200

T
-400

The emission of thg@, and p, polarizations corresponds to
the pump and probe fields, respectively. The emission of
higher harmonics is considered to be suppressed in a thick
medium, due to mismatch in dispersion relation, which is in
agreement with our experimental conditions. Substituting ex-
pansions(2) and (3) into Eq. (1), and using the first-order
perturbation theory in respect of the small amplitude of the
probe field, one can get a system of the Maxwell-Bloch
equations, describing propagation of the strong pump field,

FIG. 11. Conical emission spectrum; pulsed discharge afterglow,

P=9 Torr, 1=4.0 A, tpzloo,us, Tq=16 us, A=640.2 nm, W
=53 uJ, broadband pumg, discharge offB, discharge on.

04381

0790 (990 2
oz Tt - @Po: (42
dPo
W:QODO_ Y2Po, (4b)
(9DO 1 * * eq
it =~ 5(QoPo + Q5 Po) ~ 72(Do— D), (40)
and a weak probe,

&Ql &Ql _ 2 5
CCOS(,DW-FT—_(UCDL (59
dp1

D4 1 * * *
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ap*, The collective oscillations can be treated as beating be-
=Q5D1— y2p* 4, (5d) tween two normal modes of coupled linear oscillators, which
at " .
correspond to splitting of the polaritdicoupled matter pho-
tong dispersion curve into two branches. Thus, contrary to
nonlinear strong-field effects, the coherent dynamics of
strongly coupled field-matter system originates from linear
_ [2md wong 6 (weak-field dispersion, where field and polarization compo-
@™ h ©) nents are represented by equal contributions, and reemission

field plays an essential role in the light-matter interaction.

is the cooperative frequency of the medium, which plays a/acuum Rabi oscillationgboth single- and many-atom os-
role of the coupling coefficient between field and matter, ancFillations) [2,3] are cavity analogs of such processes. In the
ne is the density of atoms in the ground state. simplest case of a single-mode cavity, the frequency of field

The character of resonant coherent interaction betweefnd polarization oscillations is equal to the cooperative fre-
laser field and an ensemble of two-level atoms is determinefiuency of the mediume., when the condition of strong-
by the atomic density and particular characteristics of lasegoupling regimew.> y, is fulffilled. Under free-space inter-
pulse, such as the area and energy. Temporal features agtions, the frequency of field-matter photon interchanges is
propagating pulse strongly depend on the condition whethe®lso determined by the coupling coefficie). To observe
the field reemitted by the medium is comparable to the fieldsoherent beating of twéred and blug polariton branches,
that has been externally applied. In the limiting case, wheréhey should be excited by the laser field simultaneously. In
reemission field is neg||g|b|e in Comparison to the Strongour experiment, this condition is fulfilled due to resonant
externally applied one, the model of single driven atom isbroadbandmuch broader than the Doppler linewigitspec-
usually used. Atomic response is calculated on the basis dfum of the radiation used.

Bloch equations, whereas Maxwell equations are not taken

into account. Thus, the dynamics of the system is fully de- B. Numerical results

termined by the strong external field. In this context, phe-
nomena such as Rabi sideband generation due to station
probe-pump Mollow-Boyd effec{10-123 or to transient
Rabi flopping[28] can be mentioned.

In a system, where the field of medium reaction plays a
essential role, Bloch and Maxwell equations are considere
self-consistently. In the case of a singfmmp field propa- k=N
gation, under the simplest conditions of an amplitude modu- Qo(t,00=C(1) Qe ot et tad
lated signal, and in the limit of coherent interaction , k==N
=0, Egs.(4) can be reduced to the nonlinear evolution sine- )
Gordon equation, which describes the coherent breakup of a Qo=Qge* M2k Ypump”,
laser pulse into solitons @2 pulses or breather$29] and a
nonsolitonic solution in the form of the so-called optical z+arcta76ﬂ” @
ringing [30]. 27 Solitons of self-induced transparency rep- 2 b ||’
resent the pulses, where the coherently absorbed and reemit-
ted fields are balanced. Nevertheless, in this case, the fieliherew,=kAw (k=0,£1,...,=N) are the modes of the
applied is still strong enough to invert a part of a mediuminput spectrumAw is the intermode distancd,, is the de-
(area of the external field is greater thaj. tuning between the central frequency of the field and that of

In accordance with the area theor¢8], if the area of the atomic resonance, ang, are the mode phases. The
the input field takes the value less than the nonstationary phases are random numbers that lead to the quasistochastic
dynamics of the pulse breakup intar2solitons cannot be temporal dependence of the electric field. The duration of
realized. On the other hand, in an optically dense cohererthis signal does not depend on the width of the spectrum
medium, another type of field oscillations, optical ringing, Ypump: DUt is determined by the duration of the envelope,
appears. This oscillating response has a superradiant chardett).
ter [4] and appears in the system of strongly coupled field Modeling one of the experimental realizations, we used
and matter, where the high density of resonant atoms praghe following parameters of the input signallw/2mw
vides the atomic system to be able to coherently absorb and 0.37 GHz, y,nd27=20.0 GHz (thus, the number of
reradiate whole energy of the weak external electromagnetimodes was about 100the duration of the envelop€&(t),
field. The oscillations display the process of fast excitatiorwas equal to 3.5 nsa=2.4 ns,b=0.3 ns). The amplitude
interchanges between field and a two-level atomic ensemblef the probe field has the fornd,(t,0)=Qq(t— 74,0)/g,
in an extended resonant medium and the formation ofra 0 whereg>1, and a shortabout 10 pstime delayry between
pulse. Such cooperative interactions are the transient phéhe fields was taken into account. The atomic transition with
nomena and can be observed when the frequency of the phg+/27=8.4 MHz andy,/27=5.4 MHz was considered. The
ton interchanges between field and matter greatly exceedsoperative frequency of the medium was equak@2
relaxation rates of a medium. =2.6 GHz and the length of the medium=15 cm. Since

where

We studied numerically interaction of polychromatic
FYoadband guasistochastic laser pulses in a dense medium
without population inversion. The parameters of numerical
simulations were similar to the experimental conditions. In-
ut pump field was chosen to have the following form:

2
— _ o (t=tg)/a
C(t) 7Te
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FIG. 12. Temporal behavior of a polychromatic pulse after 7 (b)
propagation in an extended resonant medium; numerical modeling, 0.4 4
wf2m=2.6 GHz,L=15 cm. g 4
2 034 B
correlation time of the field was much smaller than the pulse g i
duration, and great number of modes were considered, main = 0.2 A
spectral features of the output field were not sensitive to the *§
certain realization of random phases and a small time delay & 01
To existing in the experiment. ]
A typical example of the temporal behavior of the single ]
(pump field at the output of the extended medium is pre- e o LA E s m s e |
sented in Fig. 12. The figure shows that during the propaga- 20 15 -10 -5 0 5 10 15 20

tion of the multimode radiatiori7) through a resonant ex- Detuning &/2r (GHz)

tended medium, smooth slow solitons separate from the g\ 13 calculated spectra of the probe field at the input
quasistochastic part that forms the initial stage of the S'Qna(gcurvesA) and output(curvesB) of a medium;(a) doublet ampli-
The optical ringing accompanies the creation of a soliton angcation, (b) amplification with resonant maximumiw./2m
forms the tail of the light pulse. If the area of the input pulse=2.6 GHz,L=15 cm.
takes the value less than 27 solitons are not created and
the optical ringing signal can be the only and dominant part In the case of relatively small pumping intensity, the
at the pulse tail. Thus, Fig. 12 shows the transformation opump pulse can propagate without producing a soliton. This
the quasistochastic signal with correlation time determinedtondition leads to oscillations of the Bloch vector near the
by the width of the input spectrumy,ymp (7), into the coher-  equilibrium pointD=1. Here, the amplification spectrum
ent response of the dense resonant medium, determinetbtained corresponds to the spectral doublet presented in Fig.
mainly by the field-matter coupling coefficieat. (6) and by  13(a). Moreover, a slow soliton separated from the main fast
the length of the mediunt,. part of the signal can be absorbed in the medium during the
The numerical study was based on the joint solution ofpropagation. As a result, even in this case, amplification is
Egs.(4) and(5). In Fig. 13, spectra of the probe field at the formed by the fast part of the sign&juasistochastic and
input and output of the medium are displayed. The spectrainging), which has the area equal to zero, which, again,
presented were obtained by convoluting the calculated specorresponds to the doublet in the amplification spectrum. As
tra with a smooth Gaussian function, modeling the transmiswas shown in Refd.25,26, under some conditions, the in-
sion of the signal through a device with finite resolution, soteraction of Gr pulses in a dense medium results in amplifi-
single modes of the polychromatic signal are not resolvedcation of the coherent optical ringing. Besides that, two
Depending on the pump intensity, two types of the probemaxima in the amplification spectrum can be parametrically
amplification were obtained. coupled due to the modulation of the population difference
If the pump field is strong enough to produce nonstationby the pump field.
ary population inversion in a two-level extended medium, The doublet and single-maximum characters of the probe
the probe is significantly amplified at the resonance fre-amplification under the weak and strong pumping, respec-
quency[Fig. 13b)]. The most essential growth of the probe tively, qualitatively correspond to our experimental observa-
field is obtained in the space and time areas, where a smootions presented in Figs. 3 and 4. The origin of such spectral
21 soliton has formed in the pump beam, which leads to thésehavior of the probe field can be traced to the dynamics of
slow rotation of the Bloch vector and smooth variation of thethe pump. If the pump pulse has the zero area, according to
population difference between 1 andl values, which cor- the area theorem, its output spectrum has a form of a doublet,
responds to transitions of the atoms from the ground state twhereas for stronger pulses with the areas greaterihdne
the excited one and back through the coherent superpositioesonant spectral compone(which is equal to the arg¢a
states. takes a nonzero value.
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The single-maximum amplification that is obtained from (Ypuise= ¥p). It has been shown numericall$3] and experi-
the numerical simulations can be greater than the one olinentally [34] that during propagation in an extended me-
served in the experiments. The discrepancy can be explaingfum, resonant and slightly blue-detuned SIT pulses become
by the fact, that this type of amplification appears very closeself-focused, while red-detuned pulses experience self-
to the resonance frequency, since the spectral width of fefocusing. This effect strongly modifies transverse profile
smooth soliton is much narrower than that of the broadbangf the pump beam as well as the profile of the probe, when

polychromgtic pfefl_r(_cf. 'I:ig' (113' S(;),bthehansplificlati%n mgxi—. its intensity becomes sufficiently high. Self-focusing leads to
mum can be sufficiently reduced by the Doppler broadening, - 0456 in the axial intensity of the blue components of
of the spectral line, which was not taken into account in thet

theoretical model presented. On the other hand, the width oP e probe that Increases the effective detunipgf the cen-
tral, the most intense part of the beam, and results in more

the doublet amplification, which appears due to the fast os- ronounced asvmmetry of the transmission spectrum. The
cillations, can take a value greater than the Doppler Iineifr)ner la betwe)e/n r)r/n tric amplification If? and ﬁm }
width. interplay ‘ parametric amplification, se d pump
induced focusing of the probe beam, and propagation effects
creates very complex picture, which may be quantitatively
C. Strong probe beam and conical emission described only by numerical modeling. _
, , , . , Conical emission observed in the present experiment ap-
Our numerical model describes the interaction of two in-peared under the conditions that are significantly different
tersected plane waves. Therefore it does_ not account fGfom other CE experiments. We obtain CE under the meta-
some transverse effects, such as self-focusing of a beam agghpie atom density of about #m2 and the pump detun-
conical emis;ion. Bgsides that, since the probe field Waghgs A, (see Fig. 1Dcomparable to the Doppler width of the
treated only in the first order, the model does not describg.ansition. whereas “normal” CE is observed under much
nonlinear effects in the probe beam. reater detunings and mostly under higher medium densities.
In the experiment, increase in the probe beam power lead§egides that, CE observed in the present work is insensitive
to some asymmetry in the transmission spectrum. In th|_§0 the sign of the pump detuninty,, whereas “normal” CE
case, even without the pump beam, the probe beam '”tens'%pears under blue-detuned pump only. The model of

is sufficient to induce nonlinear effects, which was stressed i%herenkov-type emission from steady-state self-trapped fila-
Sec. Il A. As the pulse duration is shorter than the homoge'ments[lS], as well as the steady-state four-wave mixing

neous relaxation times, self-induced transparency can dr?ﬁodel [19], seem to be unsuitable under conditions of our
matically modify the absorption spectrum. It has been Show%xperiment. As a nonstationary coherent phenomenon, CE
numerically [31,32 and proved experimentally23] that 45 considered in Refi85—37. In these works dealing with
presence of a nonzero detunind, such thatyp<do  {ransform limited pulses, CE was obtained under the break-
< Ypropd2 results in the appearance of a dispersionlike feajg yp of a laser pulse, which at least qualitatively may also
ture cente'red at thg transition frequepcy. The spec.tr'al COMkorrespond to our results. The shape of CE spectrum pre-
ponents with detunings of the same signsgsare amplified,  sented here is similar to the amplified probe-beam spectrum
and those with opposite sign are attenuated. We suppose thgiserved under the same conditions. We suppose that the

a transmission spectrum plotted in Fig(cairveB) is related  mechanisms of these two phenomena are closely related.
to that effect. In our experiment with pulsed discharge, the

evolution of the dispersionlike feature under the increase in
the metastable atom density, which was described in Sec.
[lIA (measurements were carried out in the presence of the The detailed investigation of changes in the spectrum of a
pump beam, its effect is discussed belpvg in agreement polychromatic probe field, which arise during its propagation
with numerical results of Ref32]. More complicated spec- in a dense resonant medium, is presented. The spectral width
tral structure, obtained in Ref§23,32 under great optical of the radiation considered greatly exceeds both the homo-
densities, was unresolved by our apparatus. geneous and inhomogeneous widths of the spectral line. In
Applying a strong pump causes the probe-beam amplifithe simplest case of a single-beam propagation, the disper-
cation and increases the nonlinear features in its spectrum. ¢ionlike asymmetry of the transmission spectrum was ob-
leads to the increase in the probe intensity integrated over thgerved, which was treated as a feature of near resonant self-
whole spectrum and increases the asymmetry of the trangduced transparency in the so-called sharp line limit. When
mission spectrum. This effect is clearly seen in Fig. 5. two laser beams are intersected in a medium, we observed
With a single probe beam, we observed dispersionlikedramatic changes in the probe-beam spectrum: pump-
spectra of both “left” and “right” orientations, in agreement induced amplification and attenuation. The shape of the
with Refs.[31,32. In the presence of the pump beam, atransmission spectrum depends on the pump and probe in-
structure with amplification at the blue wing certainly pre- tensities, pump detuning, and atomic density. Under rela-
vails over the opposite one. This fact may be understoodjvely weak pumping and high medium density, when the
taking into account the effect of resonant self-focusing of thecondition of strong coupling between field and resonant mat-
pump beam, which is well pronounced under these experiter is fulfilled, the probe amplification spectrum has a form
mental conditions. The problem of resonant and near resaf spectral doublet. Stronger pumping leads to the appear-
nant self-focusing and its influence on the propagation of SITance of a single peak of the probe-beam amplification at the
pulses was discussed mostly for relatively narrowband pulsegansition frequency, manifesting that strong-field effects pre-

V. CONCLUSION
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vail over effects in a strongly coupled field-matter system.the formation of solitons and optical ringing. In some cases,
The greater probe intensity results in an asymmetrical tranghe pump-beam transverse profile also should be taken into
mission spectrum with amplification at the blue wing of theaccount. Under the certain conditions, the periphery area of
absorption line and attenuation at the red one. Under higthe pump beam becomes amplified and produces a conical
medium density, a broad band of amplification appearsemission. Some parameters of CE obtained in the present
Since, in the situation considered, the field of medium reacwork differ from usually observed CE. It should be pointed
tion plays an important role and forms a significant part ofout that amplified probe-beam spectra reproduce the most
the coherent collective response of a dense medium, the aroharacteristic features of generation spectrum of a broadband
plification spectra observed differ from the well-known laser with an intracavity absorbing cell, when the self-
Mollow-Boyd spectra, which are determined by characterisfrequency-locking effect, i.e., spectrum condensation, takes
tics of the strong external field. The theoretical model preplace[8,9].
sented is based on the numerical solution of the Maxwell-

Bloch equations for two plane waves propagating in a dense
extended medium. It is shown that the characteristic features

of the probe amplification could be determined by the coher- The work was partially supported by the INTAS, Project
ent nonstationary dynamics of the pump field, particularly byNo. 99-1366.
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