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Modulational instability in atomic vapors
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We report an experimental, numerical, and analytical study of the near resonant propagation of a laser pulse
through an atomic vapor. In the nonlinear regime probed, the light pulse develops frequency sidebands whose
positions are, in first approximation, solely dependent on the maximum Rabi frequency of the system, in a
fashion very similar to that observed in optical fibers. This modulational instability dictates the temporal
reshaping of the laser field and finally results in pulse splitting.
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I. INTRODUCTION [7] pumped transversely by the second harmonic of a single-
mode yttrium aluminum garnet:Ne laser. The laser was

It is well known that the amplitude and phase modulationsnearly Fourier transform with a full width at half maximum
of a propagating wave may grow in a dielectric medium as dFWHM) of the power spectral density of the order of 85
result of an interplay between nonlinear self-phase modulaMHz. The central wavelength was determined from a mea-
tion (SPM) and group-velocity dispersiofGVD). This fun-  surement of the ring laser wavelength with a Burleigh WA-
damental process is usually referred to(snporal modu- 1500 wavemeter with accuracy better than 100 MHz. The
lational instability(MI). In the frequency domain, Ml can be beam was spatially filtered between each cell in order to
interpreted in terms of a four-wave-mixi§WM) process: obtain a smooth axisymmetric quasigaussian transverse pro-
two photons from the pump wave at the frequengy are  file of FWHM r,=2 mm, but also to maintain amplified
converted into two different photons, one at the anti-Stokespontaneous emissidi\SE) at a low level (-1%). Mea-
frequencyws= w, + ) and the other at the Stokes frequency surements of the energy distribution and of the spatial phase
wpa=ow —Q, with 20, =ws+w,s. The first experimental showed that the beam was nearly TgMspatial phase was
observation of Ml in single-mode fibers was reported 15inferred from three intensity measurements at three different
years agd1] and since, MI has been recognized as a tool inpropagation distances according to a method detailed in
the field of optical communication to generate solitonlike Refs.[8] and[9]). The temporal profile was nearly gaussian
optical pulses with terahertz repetition rates both in the rewith a FWHM of aboutr=6 ns.
gimes of normal2] and anomalou$3] dispersion. In par- The atomic medium was generated heating solid eu-
tially stripped plasmas, Mithen referred to as atomic modu- ropium in a temperature controlled heat pipe oven of 80 cm
lational instability, AMl) was also shown to alter the effective length. A buffer gagargon was used to ensure
propagation and stability of intense laser pulp&$]. AMI window protection. Argon was held at a low pressure
requires both bound and free electrons, i.e., the free electrorfs<1 Torr) in order to maximize the dephasing collision
provide anomalous GVD and bound electrons are resportime T., (we measured that 1 Torr of argon led 1qQ,
sible for SPM. ~170 ns). At typical working temperature§ £650°C),

In this paper, we report an experimental exhibition of thethe Eu atomic density given by the well-known vapor pres-
MI in an atomic vapor, consisting of a collection of two-level sure law[10] was N~1.510* atoms/cmi and the Doppler
atoms. We observed that, due to the nonlinear response of theoadening was of the order of 1 GHz.
atoms to the near resonant driving field, the light pulse de- Natural europium consists in a balanced mixture of two
velops frequency sidebands in the vicinity efy,=w,  stable isotopes!®Eu and °%u. The laser frequency was
+ Q. /2 (whereQ,, is the maximum Rabi frequency of the tuned in our experiment on the red side of th&Eu J
system in a fashion very similar to that observed in optical =7/2—J=7/2 transition at 576.5 nm. The corresponding
fibers[1,6]. For large propagation distances, this process dicmean(quadrati¢ electric dipole moment ig.=0.47D [11].
tates the temporal reshaping of the laser field and finallyThe J=7/2— J=7/2 transition of'*Eu and>%u are sepa-
results in pulse splitting. Our experimental resifiesented rated by 3.5 GHz. The hyperfine structure width does not
in Sec. 1) will be shown to be in close agreement with two- exceed 300 MHz.

dimensional2D) axisymmetric Maxwell-BlocHMB) simu- Characterization of the emerging pulse was performed in
lations of optical pulse propagatiof®ec. Il) and will be  the imaged output plane of the active medium using an Ima-
supported by a perturbative analy$&ec. IV). con 500 streak camera. This camera was equipped with an

intensifier whose image was made with a charge-coupled

camera. The imaging system was synchronized with the

pulsed light source in order to work in a single shot mode.
In our experiment, a single-mode stabilized ring dye laser Figure 1 compares the spatiotemporal profiles of the light

(Coherent 699pumped by a cw AT laser was injected into pulse at the entrance of the mediytop) and after a 80 cm

a pulsed dye amplifier composed of three Bethune dye cellgropagation in the atomic mediuthottom. The laser was

Il. EXPERIMENTAL SETUP AND RESULTS
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splitting (See below Fig. 3 fob =120 cm). Figure 2 shows
the on-axis temporal profile and its Fourier transform for the
final pulse. The growth of frequency-shifted modes located
at w~w =2 GHz is exhibited.

X (cm)

. MAXWELL-BLOCH SIMULATIONS

Two-dimensional axisymmetric Maxwell-BlocHMB)
simulations were run for the interaction conditions met in the
experiments. The hyperfine structure of Eu was neglected in
our calculations since the corresponding width
(<300 MHz) is much lower than the 1 GHz Doppler broad-
ening. The presence df*Eu was also not taken into account

FIG. 1. Streak views of the inp(top) and final pulsegbottom. in the simulations. Plane-wave MB simulations not reported
The optical density of the atomic medium wadlXL  here indeed indicated that the off-resonant interaction with
=1.210% atoms/cr. The slight curvature of the successive tem- isotope 15%Eu led only to minor corrections to the temporal
poral slits i§ due to a small intensit.y-dependent correction to th‘?eshaping of the input pulse. A white-noise component was
pulse velocity[see last term on the right-hand side of Eg).). added in the input pulse, the amplitude of which was

=1% of the input field amplitude. This noise component
detuned from the'®Eu J=7/2—J=7/2 transition by an accounts for the small amount of ASE in our experiment.
amount A=w —w1,=—5.2 GHz, wherew,, is the fre-  Figyre 3 shows the evolution of the on-axis temporal pro-
guency of the atomic transition. Thelmmal maximum Rabi §je of the laser pulse for increasing propagation distatces
frequency was equal to 2.8 GHz. In Fig(Hottom the pulse  giong temporal reshaping is observed and finally leads to
e oo o o o oo stofie  spiting for e ropagaton dstances.
' 100 cm). Figure 4 shows the Fourier transform of the on-

axis intensity profile fol.=80 cm. Pulse splitting appears

X (cm)

time (ns)

100 4 to be a direct consequence of sideband amplificatiom at
~w_ *2 GHz in agreement with the experimental data dis-
2 played in Fig. 2.
s
8 604
L]
5 IV. PERTURBATIVE ANALYSIS
Q404
2 To get a qualitative understanding of the physical pro-
g cesses involved in these results, we start with the MB equa-
-] tions describing the propagation of a slowly varying field
0 mNHW . . : . ot g\ envelopeE through a collection of two-level atoms. Defining
0 2 4 6 8 o2 e 18 18 a dimensionless timer=17/7,, field e=uE7,/%, laser
time (ns)
22
:'_' =
SR
ES
L 0
é Ei 0.1-:
gz
58
28
o -: T T T T = 'n M T M “' 4 T T T T 1

-6 -4 2 0 2 4 6
-0, (GHz) FIG. 3. Calculated evolution of the on-axis temporal profile of
the laser pulse as a function of the propagation distance. A white-
FIG. 2. On-axis temporal profile for the final puldgop) noise component was added in the input pulse, the amplitude of
and corresponding Fourier transform(bottom  (NXL which was 1% of the input field amplitude. For more details about
=1.210°% atoms/cr). the interaction conditions, see the main text.
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FIG. 4. Fourier transform of the calculated on-axis intensity
profile forL=80 cm(see Fig. 4 for the corresponding profile in the
time domain.

detuning 6=27XAX,, length »=2z/L, and gaing

=w,_N,u27pL0/(2800h) (wherer, andL, are, respectively, . L : FRE S i
a characteristic pulse time and a characteristic lentth e : e ke 400
paraxial MB equations are o -

J,e+iFA e=—igp, ) 2
c
and g
s
d.p=—idp+ieWw, 2 2
8
9.W=Re(ep). 3

p andW are, respectively, the atomic cohererioelated
to the slowly varying atomic polarizatio®® through P
=2Nup) and population inversion. The paramekeris the
inverse of the Fresnel numbér= )\L/477r,2), wherer , is the
beam radius and the laser wavelength.

The atomic coherencp can be formally separated into
linear and nonlinear partp=p, + pyn. . The linear contribu-
tion to p can be inferred forcingV=—1 in Eq. (2). Taking
the Fourier transform of the resulting equation, the linear
susceptibility y(w) can be expanded into a Taylor series _ 19 g 19
about w, [x(w) is defined from the envelopgs, ande dye+tiFA e= 3¢ ?Le— ;aie, ©
through the relatiomp (0 — o )=¢gx(w)e(w—w,)]. Ter-
mination of the series after the second term and back trans-

FIG. 5. Calculated spatiotemporal profile fior=0 (top) andL
=70 cm(bottom). ForL=70 cm (region of initial growth of the
modulational instabilitythe spatial profile is almost left unchanged.

formation into the time domain yield for the linear polariza- ig o2 3g o2
i - —le|e+ —|e|“9,e.
tion p_, 253 254
e i 1,
PL="%~ §ﬁ79+§f779- (4) The last term on the right-hand side of Ef) is respon-

sible for an intensity-dependent correction to the pulse ve-

. o . . locity in our experimental conditions and will not be consid-
The nonlinear contribution tp can be estimated using the eredyfurther P

second-order quasiadiabatic approximation given in Ref.

[12] in the limit of moderate applied fielde., |e|?/ 5°<1): Setting
1 3i ig
=——|e|?e+ —|e|?s,e. 5 e=sexy{z) , @)
PnL 2b\a,| | 254| | 5 )
Finally, Eq. (1) reduces to Eq. (6) becomes
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where7’ is the retarded time;’ = 7— g/ 6% 5. Finally, Eq.(8)

i
8ns+iFAis=——§%ﬁis |s|?s, ®)
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o(77)= %ls(o,ﬂlzn. 1)

As seen from Egs.(100 and (11), SPM spectral

is the well-known nonlinear Schadinger equation and de- Proadening—given by the maximum value @fp( 7, 7)—is

scribes for6<0 beam defocusing in a cubic mediuftihe
nonlinear index of refraction of which is,=Nu*/4%eq6°

<0) in the regime of normal GVD K'=d*k/dw?=

—koNu?/fieq8°>0). Neglecting transverse effedtsee the
concluding remark at the end of this secdioit has been
shown[13] that the cw solutiors, of Eq. (8) is unstable for
a small perturbatioior modulation s;, where|s;|<|s,| and

linearly proportional to the propagation distance. For the ini-
tial pulse gaussian in time(0,7) corresponding to our ex-
periment, one finds that SPM spectral broadening is only 20
MHz for L=80 cm.

Sideband generation in the course of laser propagation has
been extensively discussed in the context of conical emission
(CE), a topic that has attracted considerable attention for
more than two decadegl4—-1§. In related experiments,

s;>exp(df), as a result of the interplay between GVD yrgpagational FWM of Rabi sidebands—i.e., generated in

(mi&f,s) and SPM (xi|s|?s). Maximum amplitude growth

the vicinity of the time-varying generalized Rabi frequencies

oceurs at) .= w, = Q, /2. In our experiment, the maxi- Q' = w, = (Q2+A2)Y2—has often been exhibiteld7—21.
mum Rabi frequency},, was almost constant before the Other works, including the present one, report experimental
splitting stage, i.e ),/ \2=cst=2 GHz. Thus, this simple observation[22] or numerical exhibition[23] of sideband
analysis predicts that MI sidebands are expected to bgeneration at a distinctly different frequency frani [24].
roughly located aiw,,,=w =2 GHz, in close agreement We now briefly discuss that point.

with our experimental and numerical resulége Figs. 2 and

4).

As already pointed out in Ref25] and[26], in most of
the experiments where sideband generation in the vicinity of

The analytical treatment mentioned above is only valid in{)’ was reported, the incident laser beam has broken up into
the linear growth region of perturbations, where the ampli-many self-trapped filaments, resulting in ratio§)/()?
tude of modulatiors; is much smaller than the amplitude of greater than two. Conversely, in the present paper, but also
the electric fields,. From Fig. 3, this is roughly verified for Ref. [23], the input field strength is such thaf)(A)?
L=<70 cm. In these early stages of propagation, the trans=0.25. Sideband generation appears to originate from dis-

verse profile of the pulse does not significantly evolsee

tinct processes in these two regimes. Under strong applied

Fig. 5 and diffraction can be ignored when determining thefield conditions, any broadband background radiation can be

preferentially amplified frequencies.

V. DISCUSSION

amplified by a FWM process. This leads to an intense radia-
tion located in the vicinity of the maximum of the time-
varying generalized Rabi frequen¢27]. For moderate ap-
plied fields(regime probed here but also in RE23)), ' is

The growth of the MI requires initial spectral feed at the not significantly detuned from the atomic transition fre-
amplified frequencies. In our experiment, Ml more likely quencyl[i.e.,(Q2+A2)Y2=A]. As a consequence, resonant
started from a weak noise component in the input pulse thaghsorption strongly competes with FWM &' and MI is

from SPM-induced spectral broadenifsgttinge=0 in our

simulations inhibits MJ. This can be readily understood dis-

regarding diffraction and dispersion in E@). Thus

ig

5 éG|s|25 9)

J,5=—

and
s(n,7)=s(0,r)exd —i¢(7n,7)] (10

where

likely to become the leading process of sideband generation.

VI. CONCLUSIONS

To summarize, we have observed MI in the regime of
normal dispersion in a slightly defocusing atomic medium.
The absolute value of the measured modulation period is in
close agreement with numerical and analytical predictions.
This fundamental FWM process causes complete pulse split-
ting. For moderate applied laser field@3/A2<1), Ml may
represent the dominant mechanism of sideband generation in
the course of near resonant propagation in atomic vapors.
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