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Dicke superradiance and stimulated electronic Raman scattering of indium

Santaram Chilukuri
Purdue University North Central, Westville, Indiana 46391
(Received 4 May 1995; revised manuscript received 20 February) 1996

Dicke superradiancéSR) and stimulated electronic Raman scatteriB§RS have been observed at 451.1
nm in atomic indium following optical excitation at the resonance line 410.2 nm. The SR and SERS charac-
teristics have been studied. The coherent population trapping state was observed. The pump to Raman con-
version efficiency is found to be up to 40% and a range of tunability of 30%rithe SR and SERS processes
have shown different optimum densities of indium atofig&l050-294{®6)04407-]

PACS numbds): 42.65.Dr, 42.50.Fx, 42.50.Gy, 42.50.Hz

SuperradiancéSR) is the cooperative emission from a rescence signal at 451.1 nm at indium densities oka.6®
large number of two-level atoms initially in an inverted state,atoms/cn? or higher. The fluorescence signal was monitored
with peak radiation power proportional to the square of theperpendicular to the tube axis using a monochromator set to
number of emitting atoms. Cooperative radiation was quali451 nm. However, at large enougdt, the dipoles of the
tatively predicted by Dickd1] and has been observed in different atoms start interacting with each other through their
several laboratorief2] since 1972. common coupling with the axial modes of the radiation field,

We report here our experimental results of the observethe characteristic coupling time beifg=8wAT;(A?N) !
superradiance and stimulated electronic Raman scatterirgkpressed in terms of the cross-sectional akeaf the ex-
(SERS of indium vapor. The experimental arrangement iscited region and the transition wavelengthand having a
shown in Fig. 1. Quartz cells of lengths 5 to 60 cm with flat value=0.05 ns. After a delay tim&p proportional toT, , all
windows were sealed with a small amount of indium metalthe dipoles strongly lock in phase with each other and radiate
held in an appendage. The tube was placed in a speciallylong the axis of the active medium, a light pulse with an
designed oven. There was provision in the oven to makéntensity proportional td\2. The phenomenon is observable
observations perpendicular to the tube axis. Two heat plugsnly if T, is shorter than the dephasing tiffie of the atomic
kept the windows clean. An yttrium aluminum garQ€AG)  dipoles. The dominating dephasing process is the Doppler
pumped Molectron dye laser aligned along the axis of theffect andT,=1 ns. The delay timd;, of the superradiant
tube provided the excitation. The pump pulse energy was 2&mission exceed$, and T,. In our experiments, coherent
wd, the linewidth L A | the duration 3 ns, and the repetition superradiant pulses of 1.5 to 2 ns in the forward direction
rate 20 Hz. A Corning plat€5128H filtered the pump pulse were observed at or above an indium density of 1"
at 410 nm but allowed the radiation at 451 nm. atoms/cni. The SR pulse intensity measured as a function

The low-lying levels of indium atoms are shown in Fig. 2. of the square of indium density is shown in Fig. 3. The data
The laser was tuned to the resonance line of indium at 410.¢epresent average values measured at the half maximum
nm, selectively exciting atoms to the?® state and produc- point of the pulses. It shows a threshold of aboix 10
ing inverted population between the ?6 state and atoms/cni for the onset of SR. In the density range of
the 5Py, state. At low excited atom density the atomic 3% 10 to 1.5x 1012 atoms/cni, the SR intensity shows a
dipoles remain independent of each other and the samplgear N? dependence, as expected for Dicke superradiance.
radiates an isotropic fluorescence signal proportionaNto The fluorescence signal at 451 nm monitored perpendicular
with delay timeT,, the inverse of the Einsteif coefficient  to the tube axis versus the number density of indium atoms is
of the usual spontaneous emission. This is ordinary fluoresshown in Fig. 4. The dots represent the experimental data
cence and the radiation is incoherent. We detected the ﬂquoints in all plots and the smooth, solid lines drawn to guide

the reader's eye. The fluorescence signal was detected at
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FIG. 1. Experimental arrangement. FIG. 2. Level scheme of indium for SR and SERS.
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FIG. 3. SR pulse intensity as a function of the square of the  FiG. 5. Time delay between the pump pulse and the SR pulse
number density of indium atoms. The indium cell length is 25 CM.piotted versus 1/ wherel is the intensity of the pump pulse. The

o N ) ) delays shown include the 3-ns contribution from the spatial separa-
indium densities of 8.8 10° atoms/cn? or higher. Thereis a  tion of the photodiodes. The indium cell length is 25 cm.

clear leveling off of the fluorescence intensity at the onset of

superradiance. When the sample is superradiant, the atom

are coupled to emit along the axis of the active medium an@%served in potassium vapor by Rokni and Yafsiy It has
as a result the normal isotropic fluorescence will level off.°€en demonstrated in several other studsthat useful

The polarizations of the SR pulse both parallel and perpenRaman radiati_on. is_enhanced by the resonant intermediate
dicular to the pump pulse were separately measured. THEVe!S. SERS in indium vapor was first reported by Takubo
parallel component is predominant, about 12 times stronge®t al- [5], who investigated behaviors 0fP3,,-5P3, SERS.
than the perpendicu|ar component. Two photodiodes] Spé/.\/e report the results of our StUdy of stimulated electronic
tially separated, one monitoring the pump pulse and other thRaman scattering of indium vapor, which generally confirm
SR pulse, were used with an oscilloscope to measure thiée earlier observations of Tabuks al. We observed SERS
time delay. The spatial separation of the photodiodes contribef indium 5P,,,-5P3, in the forward direction around an
uted a 3-ns delay. The time delay between the SR pulse ariddium density of 1&* atoms/cn? or higher. The levels in-
the pump pulse measured as a function of pump pulse interrolved are shown in Fig. 2. The oscillator strengthsof the
sity is shown in Fig. 5. Neutral density filters were used totransitions 5°P;,,—6 2S and 52P5,,—6 2S are 0.137 and
vary the pump pulse intensity. The time delay decreased witly.157, respectively, and the relative line stren8ip/S,, is
increasing pump intensity. At higher intensities of the pump,2.42[6]. The power gain of the SERS radiation for a length
N (the excited atom densityvould increase and the charac- | of vapor cell is exp§ll) where the gain coefficierg is
teristic coupling timeT, and consequentlfi, would de-  given by[4,7]
crease. The delay time was also found to scale inversely with
the number density of excited indium atoms. These results
are in agreement with the theoretical predictions of super-
radiance.

Stimulated electronic Raman scatterif8ERS was first
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either of side of the atomic line center. The dip at the line center is

FIG. 4. Fluorescence monitored perpendicular to the 25-cmdue to coherent population trapping. The range of tunability in-

long cell as a function of indium number density. The fluorescencesreased with increasing density of indium atoms. The indium cell
intensity levels off with the onset of SR. length is 45 cm. The output measured with a Power meter.
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FIG. 7. SERS pulse versus number density of indium. Note thaf‘r’l nm versus indium number density. Note that the pump pulse is

the pump pulse is tuned to the line center and the output measureéined o the line center. Density rangeto B is the SR regime.
with a photodiode. In the density range ok20 to 9x 102 both and beyond is the SERS regime. Fluorescence intensity drops in

SR and SERS are competing. SERS is totally responsible for thtehe SERS regime due to CPT. The cell length is 25 cm.
output around 18 atoms/cni. The subsequent decrease in inten-
sity is due to the evolution of a CPT state. The cell length is 25 cmency, lasing without population inversion, and the potential
generation of a large absorptionless index of refraction. A
Ne*vefiofis three-levelA system with two closely spaced ground levels
9= 32meghC®Mev vy vis— vp) T () optically coupled to a common excited level by two coherent
fields gives rise to trapping of population in a coherent su-
where all quantities are in standard metric ufiteter, kilo-  perposition of the ground levels, which is immune to further
gram, second, ampereN is the density of indium atomg,  excitation. The nonabsorbing coherent superposition state is
the intensity of the pumgW/m?), and all frequencies in- called the CPT state and this occurs whenever the frequency
cluding the stokes linewidth® are expressed in Hertz. A separation between the two fields is equal to the separation
Fabry-Peot interferometer was used to examine the SER$etween the ground levels. It is especially strong when the
output. It clearly showed expanding or collapsing fringes agletuning is zero and the two external fields are exactly on
the pump wavelength is tuned, demonstrating the tunabilityesonance with the respective atomic transitions. The evolu-
of SERS output. The SERS output pulse energy as a functiotion of the CPT state is dependent on the relative strength of
of detuning for two different indium densities is shown in the fields and the spontaneous decays involved. For strong
Fig. 6. The output is large on either side of the atomic linefields and for the spontaneous decay rate from state
center. There is a dip in the SERS output at the line centetl)«|2), greater than for statfl)«|3) the time taken to
Indeed, a similar dip at the line center was observed in seweach the steady stat€PT) is relatively lesq9]. Here the
eral other atomic systems. A power meter was used to medwo driving fields are the pump laser field and the Stokes
sure the output for Fig. 6. The power meter was not sensitivéield. Our experiments confirm the evolution of the CPT
at low powers, it read zero below a certain threshold. Thougistate. Figure 7 shows the SER&d SR output of indium
small, there always was a SERS output when the laser waseasured with a photodiode when the pump pulse is tuned to
tuned to the line center, seen both visually and observethe line center using a 25-cm-long indium cell. It shows an
using a photodiode. We show that coherent population trapncrease in intensity in the density range o 202 to
ping (CPT) is responsible for the dip8]. Quantum coher- 9% 10 atoms/cni. However, in this density regime, the
ence and interference in atomic systems have been shown twitput is no longer linear with? and barely begins to show
lead to interesting optical phenomena. Among the many rea tuning range for the pump pulse. Both SR and SERS pro-
cent discoveries are electromagnetically induced transpacesses coexisted in this range with the SERS process totally

FIG. 9. Photograph of the SERS output
viewed on a screen at the peak corresponding to
(a) positive detuning andb) negative detuning.
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FIG. 10. SERS output versus number density. The lower curve

shows the intensity measured at a peak corresponding to positivealculated using Eq(l) agrees well with the observed ex-
detuning. It shows saturation behavior. The upper curve is the inteperimental value. A Fabry-Pet interferometer having a free
grated intensity corresponding to the entire tuning range. The celpectral range of 2.5 cm' was used to measure the line-
length is 45 cm. width of the SERS output. The fringes are shown in Fig. 11.
The measured linewidth is 0.9 cm. This is significantly
responsible for the output around $0 atoms/ broader than the dye laser input or the Doppler broadened
cm?®. Beyond this density, once the Stokes field was strondinewidth at 451 nm. Measurements of the SERS in alkali-
enough, the system evolved to a CPT state. The fluorescentgetal vapors also showed a similar broadening of the Stokes
intensity at 451 nm monitored perpendicular to the tube axi®utput.
versus the indium number density from the same cell is The polarization characteristics of the Stokes output were
shown in Fig. 8. The density rangeto B is the SR regime, ©Observed. The output was found to be equally strong both
C and beyond is the SERS regime where the fluorescendearallel and perpendicular to the polarization of the pump
intensity drops_ The drop in the fluorescence level and th@Ulse. The Stokes radiation is generated within the medium;
SERS output beyon@ are caused by the evolution of the consequently, because of the high exponential gain, the
system to a nonabsorbing CPT state. Stokes output will have the polarization that experiences the

The SERS output viewed on a screen appeared as a Sﬁ@@ximum gain. The Stokes wave can take a general elliptical
with graininess and speckle. It showed interesting variationolarization, as was found also in cesi{ij.
in appearance with detuning as shown in F|g 9. At the peak Tubes Containing mixtures of indium and other inert gas-
corresponding to positive detuning, the central spot is brightike atoms, mercury, cadmium, or zinc, were also used in this
and well defined and at the peak corresponding to the nega-
tive detuning the central spot is more spread out and diffuse.
These variations in the spot appearance are likely due to the
changes in refractive index of the medium and the pump-
induced focusing and defocusing of the Stokes light.

SERS output at the peak corresponding to the positive
detuning versus the number density of indium using a 45-
cm-long cell is shown in Fig. 10. It shows saturation behav-
ior. Both atom depletion and pump depletion are responsible

. ! Hg(atoms/cm®)
for the saturation behavior. At 2aJ, the humber of pump

SERS pulse(arb. units)

photons are % 10'3 per pulse. At a density of 1® atoms/ *3)’:18::
cm? the number of atoms in the path of the exciting column :8)(1018

are nearly the same as the number of photons per pulse. Also

atom depletion is expected since the final leveLp is meta- T el ‘ ‘

stable, the recycling time to reach the initial states is s 0 '5Detuning( cm.1)5 10 15

large compared to the time duration of the pump pulse. How-

ever, the integrated intensity in the entire tuning range shown g 12 SERS pulse versus detuning. The indium mercury

also in Fig. 10 is found to increase with the number density cei's length is 57 cm. The indium density is kept constant around
The maximum Raman conversion efficiency was found to1g!3 atoms/cni. The three curves are for different mercury densi-

be 40%. The range of tunability increased with increasingies. Increasing the density of mercury has the effect of quenching

density of indium atoms and the length of the vapor columnthe SERS output. There is an asymmetry in quenching, the peak

and found to be about 30 cnt. The tunability rangg7]  corresponding to the negative detuning is quenched more rapidly.
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study and were observed to produce stimulated electroninegative detuning. Other mixtures InCd and InZn showed
Raman scattering of indium. Figure 12 shows the SERS outsimilar features.

put from a 57-cm-long tube containing indium and mercury. N summary, Dicke superradiance and stimulated elec-
The plots show the effect of mercury density on the Outpultronlc Raman scattering have been observed in indium vapor

while the indium density is maintained constant aroundand our experimental results confirm the evolution of a co-
Y herent population trapping state. The simultaneous observa-

10** atoms/cni. Increasing the mercury densities has thetion and measurement of the transverse fluorescence from the
effect of quenching the SERS output. The excii@Hg)  sample helped support our conclusions. The effect of inert
formation rate is expected to increase with increasing densitgaslike atoms, mercury, cadmium, or zinc, on the SERS of
of mercury, depleting indium atoms, and act as a source dﬂdi_um was investigated. It woulq be intergsting as a future
competition with the SERS process. There is asymmetry ifroject to carry out the theoretical modeling of processes
the quenching; the effect is more pronounced on the peaRCcurting in different indium density regimes.
corresponding to the negative detuning from the line center, The author thanks Professor Keith B. MacAdam of the
which gets almost completely quenched beyond a mercurlniversity of Kentucky for the hospitality and facilities
density of around 1% atoms/cnf. This asymmetry is likely ~Made available to him. The author also acknowledges valu-
due to collisions with the mercury atoms and excimer forma2Ple discussions with G. S. Agarwal and S. P. Tiwari of the
tion. We know that the excimer potential corresponding tOUnl_versny of Hyderabad and I V. qutsna for help n pre-

' R . o paring some of the figures. This work is supported in part by
the atomic limit €S lies below the limit and could have a the National Science Foundation under Grant No. PHY-
pronounced influence on the SERS corresponding to thg507532.
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