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Superfluorescence from optically trapped calcium atoms
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~Received 27 January 1998!

We have studied superfluorescence~SF! under highly unfavorable conditions of rapid collisional and radia-
tive distribution in a Doppler-broadened medium. Nanosecond SF pulses at 5.5mm were generated on the Ca
4s4p 1P1– 3d4s 1D2 transition from a column of calcium vapor buffered with Ar by optically pumping the
4s2 1S0– 4s4p 1P1 transition. The Rabi frequency associated with the intense pump pulse prevents the oc-
currence of SF while the pump laser is on. As a result, the predicted scaling laws that describe the properties
of SF in a transversely excited system, such as peak heights, pulse widths, and delay times, are shown to apply
in our situation in which the conditions resemble swept excitation. The delay times were found to be in
agreement with a fully quantum mechanical calculation which describes the initiation of SF. Measurements of
the densities of the three levels, the absolute SF photon yield, and the spatial distribution of the excited states
indicate that the system has a quantum yield of unity. The SF intensity increases with an increase in Ar
pressure due to collisional redistribution until the collisional dephasing rate inhibits SF. The conditions de-
scribing the transition of SF to amplified spontaneous emission allow us to measure the collisional broadening
rate for the SF transition.@S1050-2947~98!02611-0#

PACS number~s!: 42.50.Fx, 42.50.Gy, 42.50.Md, 42.65.Tg
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I. INTRODUCTION

A collection of two-level atoms may be prepared in
coherent state by using an external source to establish
coherence. Alternatively, an initially inverted populatio
may evolve from spontaneous emission into a coherent s
by coupling through the common electromagnetic field
emitted radiation. The former is referred to as superradia
~SR!, after Dicke who first calculated an enhanced radiat
decay rate for microscopic arrangements of phased array
dipoles @1#. The latter process is now called superfluore
cence~SF! @2#. Initially, SF begins as spontaneous emiss
with intensity proportional to the total number of excite
radiatorsN, but as the dipoles couple, the intensity sca
rapidly asN2, analogous to SR. SF is distinguished by
finite delay timetD}1/N in which the coherence builds up

In typical experiments, a population inversion is crea
in a three-level amplifier~Fig. 1!. A pulsed laser~frequency
vL) transfers population from levelu0& ~ground state! to an
excited stateu1&, which has a dipole-allowed transition to
lower level u2&. The population inu1& is contained in a cylin-
drical column or atomic beam. SF pulses that are hig
directional evolve from quantum noise at the atomic f
quencyv12. Since the peak intensity scales asN2, the tem-
poral width scales as 1/NG12 whereG12 is the spontaneou
emission rate of uncoupled atoms.

SF has been extensively reviewed@3–6#. We will briefly
describe aspects of SF that pertain to our results. Allen
Peters@7# differentiated Dicke superradiance from SF a

*Present address: Research Laboratory of Electronics, M
Building 26, Room 268, 77 Massachusetts Ave., Cambrid
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derived the threshold condition at which pure cooperat
emission is expected to make a transition to a regime wh
the effects of propagation become important. This is
same as the Schawlow-Townes condition@8# for stimulated
emission and holds for a mirror less single pass laser.
difference between a laser where the peak intensity is}N
~stimulated emission! and SF where it is}N2 was described
by Feld @9#. Stimulated emission will terminate when th
population difference betweenu1& and u2& becomes zero,
whereas all the atoms can be transferred tou2& by SF. Other
examples ofN2 emission in large samples include optic
free induction decay@10#, and photon echoes@11#, phenom-
ena in which a very small fraction of the energy is radiat
collectively @9#. These systems behave like an array of cl
sical dipole oscillators that are driven in phase during
excitation, and therefore have an initial nonzero dipole m
ment ~as in SR!.

Calculations of SF pulse shapes distinguished a regim
‘‘pure’’ SF @2#, where, the evolution of the system is d
scribed by the sine-Gordon equation, which gives soliton
lutions @(sech2) pulse shapes#. The statistical properties o
such pulses showed that large scale fluctuations in SF in
sity are a manifestation of quantum noise@12,13#. For this

T,
,

FIG. 1. Three-level system.
4153 ©1998 The American Physical Society
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reason, the stochastic properties of both SF, and stimul
Raman scattering~SRS!, which occurs at the frequencyvL

2v02, have been studied for their potential as macrosco
amplifiers of quantum fluctuations@14#. Analytical descrip-
tions of the competition between SRS and SF are descr
in @15,16#.

The properties of SF are usually quantified@17# in terms
of the radiative coupling timetR , the propagation time for
light through the mediumtE5L/c, the time delaytD for
onset of cooperative emission, and the dephasing timeT2 in
which the coherence is destroyed. The earliest SF exp
ments were performed in HF gas@18#. SF was generated
with tE,tR!tD,T2 which satisfied the conditions fo
‘‘pure’’ SF. In both the HF experiment@18# and later experi-
ment in Cs@19#, the dominant dipole dephasing mechanis
was the Doppler effect. SF was also observed in Na@20#, and
Tl @21# when T2 ~due to Doppler dephasing! was less than
tD . SF experiments in CH3F @22# provide an alternate tes
where Doppler dephasing was negligible but the collisio
dephasing time was smaller thantD . Studies in collisionally
perturbed Ba (61S0– 6 1P1– 5 1D2) @23# showed that strong
SF emission can occur even when the natural radiative
time T1(;6 ns) of the1P1 states leads toT2,T1,tD . This
was due to rapid collisional redistribution~;1 ns!, which
increased the population transfer to the1P1 level.

We report experimental studies of SF in a C
(4 1S0– 4 1P1– 3 1D2), which extends these findings t
even more extreme conditions. We show that SF can oc
with a quantum gain of order unity even whenT2,tD and
the branching ratioAP2S /AP2D of the pump and SF transi
tions is extreme (;105) @24#. An interesting aspect of the
large oscillator strength for the pump transition is that
Rabi frequencyV for pumping seems to preclude the occu
rence of SF while the pump laser is on. Although our syst
is pumped longitudinally, it behaves like a transvers
pumped configuration.

Our results are best described in terms of the ratioL/Lc
following @6#. Here, L is the sample length andLc is the
cooperation length that satisfies the Arecchi-Courtens@25#
criteria for pure SF.Lc is the maximum length over which
collection of uncorrelated excited atoms can attain a ma
scopic polarization via spontaneous emission. To date, m
SF experiments have studied the temporal ringing in
pulse shapes, peak heights, and delay times in the regim
‘‘pure’’ SF with L/Lc,1. Our experiment reports studies
these properties as well as quantum yields in the reg
L/Lc.1. Under these conditions, we show that the pe
heights scale asN and the delay times scale as (1/N1/2). In
particular, we show that the delay times agree with pred
tions of a fully quantum-mechanical model that describes
initiation of SF.

The Ca experiment involves an optically trapped medi
that increases the efficiency of SF. This is also the cas
incoherently excited~by electron impact! copper vapor,
which produces cooperative emission (}N2) @26#. SF-like
phenomena have recently been observed in laser ionized
dia pumped by electron impact@27,28#, in a magnetically
confined recombining plasma column@29#, and in Auger-
pumped short-wavelength lasers@30#. References@26,30# are
also examples of samples in which optical trapping result
cooperative emission on a less favorable radiative transit
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Related cooperative effects involving relativistic electro
have also been found to occur@31# in a free-electron laser.

The body of this paper is divided into three sections. S
tion II introduces background concepts. Section III describ
experimental details and Sec. IV is a discussion of resul

II. CRITERIA FOR SF

The radiative coupling timetR @11# is the characteristic
time in which the quantum-mechanical initiation of SF r
sults in a classical field. It is the enhanced rate of emiss
due to a cooperative effects and is given by

tR5
1

NG12m
. ~1!

Here,N is the total number of participating atoms,G12 is the
spontaneous emission rate for the SF transition, andm is a
geometrical factor that defines the diffraction solid angle
the interacting volume. The effect ofm ~typically 1026 in the
mid-IR region! is to reduce the rate of cooperative emissi
except along certain preferred spatial modes. For a thin
lindrical disk m5(3/8p)l2/A; here,l is the SF wavelength
andA is the area of cross section of the excited states.
expression form has to be modified for a long cylindrica
column~radiusr! or for a thin slab withL@r @l. However,
the correction is small~of order unity! and is not required for
a discussion of our results. Thus, the usual form of Eq.~1! is

tR5
8pAT12

3l2N
, ~2!

whereT1251/G12 is the radiative lifetime of the SF trans
tion. The delay timetD for the onset of SF is functionally
related totR ; its exact expression depends on the geome
and the dephasing.

The threshold for SF occurs whentR is equal to the di-
pole dephasing timeT2 @32#. Thus, tR5T2 gives T12/Nm
5T2 . ReplacingN by the threshold number of atomsNT and
writing the volume of the sample asVC5AL, we find

NT5
8pT12VC

3T2l2L
. ~3!

For swept excitation in a Doppler-broadened column, no
per limit on the number of atoms that can couple radiativ
is expected@33# since SF initiated in timetR follows the
pump pulse at nearly the same speed. However, for tra
verse excitation in an atomic beam, pure SF can take plac
a column of lengthL only if tE,tR @25#. This would enable
atoms at one end of the sample to communicate with ato
at the other end during the evolution of the system. Thus
required thatL/c,1/NG12m. This yields an upper limit for
the maximum cooperation numberNc , which is the largest
number of atoms that can emit cooperatively. Thus,

Nc,
8pAcT12

3l2L
. ~4!

Equation~4! derived in @25# is equivalent to the threshold
condition derived by Schawlow and Townes@8#. A number
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of regimes for SF can be argued around this limit for the c
of transverse pumping@2,6#. As previously noted, our system
behaves as if transversely pumped because SF is ra
dephased by the Rabi frequency of the pump pulse.

So long astE,tR we can have pure SF. The SF pe
intensity is}N2 and the pulse width scales as 1/NG12. In
this case, it has been shown that the delay timetD}1/N @34#.
When tE.tR , i.e., N.Nc , the effects of propagation be
come important and the SF peak intensity becomes}N.
These are the conditions addressed in our work.

In the latter case, we follow@6#, and consider the column
of lengthL to be divided intoSnoninteracting slices, each o
which emits cooperatively. The emission from the sam
can be treated as an incoherent sum of these emissions.
slice of lengthLc containsN8 atoms such that

S5
L

Lc
5

N

N8
5

tR8
tR

. ~5!

Here, the SF evolution timetR8 in each slice just satisfies th
condition derived in@25#, i.e., Lc /c5tR8 . Lc is the maxi-
mum value of the Arecchi-Courtens length@25#. The number
of slices can now be expressed as

S5S tE

tR
D 1/2

. ~6!

From Eqs.~5! and~6!, it can be seen thattR8 is the geometri-
cal mean oftE andtR , i.e., tR85(tRtE)1/2. For L.Lc , the
SF pulse width from the entire sample was shown to scal
(1/N1/2G12) and the delay time, being proportional totR8 ,
scales as (1/N1/2) @6#.

It is now possible to describe SF in terms ofLc , L, and
the SF threshold lengthLT ~which corresponds toNT) @2#.
1/LT5a0 is the gain coefficient at frequencyv12. Let us
first consider the caseLT!L,Lc . LT!L implies that the
dipole dephasing timeT2 is larger than the system evolutio
time tR , i.e., tR!T2 . This means that the small signal ga
along the excited column@35# given by

a0L5
2T2

tR
~7!

is much larger than unity. For pure SF, there is virtually
dephasing during the delay time in which the system evol
~typically, tD;100tR). If T2,tD SF can still occur as long
as the gain is sufficiently large and this is referred to
damped SF. The delay times and pulse widths are expe
to be larger than in the absence of dephasing. It has b
shown@36# that the emission is SF if

T2.~tRTD!1/2, ~8!

whereTD is the delay timetD in the absence of dephasin
When

tR,T2,~tRTD!1/2, ~9!

the emission reverts to incoherent spontaneous emissio
which case the dipoles are dephased before cooper
emission can take place. The excited column behaves li
collection of independent dipoles. The emission also lo
e
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the highly directional character of SF and the signal intens
detected along the column axis can decrease by severa
ders of magnitude. It is, however, possible that the spon
neous emission can be amplified along the length of the
umn, in which case it can be directional. This is known
amplified spontaneous emission~ASE!. In this case, the
pulse is expected to have no time delay and consist o
series of random spikes, which on averaging, gives the
ponential decay of the upper level population. The transit
from SF to ASE has been discussed in@36–38# and has been
observed in@39#. L,Lc implies that cooperative emissio
dominates effects of propagation. The peak intensity is}N2.

When the conditionsLT!Lc,L are fulfilled, the effects
of propagation can be expected to dominate. It must
noted, however, that SF from a collection of uncorrela
slices is fundamentally different from pure stimulated em
sion. Whereas in the former situation, allN atoms in levelu1&
can be transferred to levelu2&, in the latter, the emission end
when the populations of the two levels are equalized. O
measurements at high density in this regime show that
has a quantum gain of unity rather than 0.5. It has b
argued@40# that SF must satisfy the conditiona0Lc@1 in all
regimes, whereas stimulated emission occurs whena0L
@1,a0Lc!1.

It has so far been assumed that the initiation of SF beg
after an incoherent excitation of levelu1&, i.e., there is no
initial dipole moment at the SF frequencyv12. This corre-
sponds to a very restrictive condition that the pump pu
should have an areap and an infinitesimally small duration
tP such thattP,tR @41#. A pump pulse with Rabi frequency
V such that

tP.tR , VtR.1, VT1 , VT2.1 ~10!

can produce an initial coherence at the SRS frequencyvL
2v02 that can significantly alter the evolution of the pop
lation of level u1&. The situation is then analogous to S
rather than to SF. The peak intensity of the pulse is}N2 and
its delay timetD is expected to be shortened.tD becomes a
function of bothtR and tP in this case@41#, and the pulse
shapes and statistics of the fluctuations are consider
modified. Emission in the ‘‘forward direction’’ was expecte
to dominate.

The calcium experiment

The experiment was done in a 50-cm column of Ca va
buffered with argon. When the 4s2 1S0– 4s4p 1P1 transi-
tion is pumped near resonance with a pulse 12 ns in durat
collisionally aided SF is observed at 5.5mm on the
4s4p 1P1– 3d4s 1D2 transition~Fig. 2!. The estimated val-
ues for NT @Eq. ~3!# and Nc @Eq. ~4!# are 331010 and
1.331011, respectively. The scaling laws for peak intensiti
and delay times were studied by varying the SF photon nu
ber ~N! between 231011 and 131014 at an Ar pressure of 1
Torr. N was varied by changing the pump laser detuning
by varying the ground-state density. The correspond
variation in the number of slicesS was between 1.5 and 30
The peak intensity was observed to scale asN2 when S is
small. AsS increases, the peak intensity scales asN and the
delay times and pulse widths show a 1/AN dependence.
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The duration of the pump pulse~12 ns! is of the same
order as the natural lifetime of the1P1 level (T154.6 ns
@42#!, and the dephasing timeT2 ~for the SF transition!. The
branching ratio for the decay from1P1–1S0 is ;105 times
larger@24# than that of the decay from1P1–1D2 ~the radia-
tive rate for the SF transitionG12 has been measured@43# to
be 3.683103 s21; the lifetime of the metastable1D2 state is
;1 ms @44#!. Although SF evolves under conditions whe
T2,tD , it was found to have a quantum gain of unity
high density. This is consistent with estimates fora0Lc using
Eq. ~7! (a0Lc varies between 10 and 250!.

Also significant is the observed range intD , which varies
from ;12 ns for largeN to ;50 ns for smallN, i.e., tD
@T1 . SF can occur with high efficiency over this time sca
because radiation trapping preserves the column of exc
states. The mean free path of photonsl , at the pump wave-
length, estimated as the inverse of the absorption coeffic
K0 at line center, varies between;350 mm ~at low density!
and;15 mm ~at high density!. Consequently, the initial are
of cross section of excited states (2.831022 cm2) defined by
the pump laser can be expected to increase by about 3
12 ns and by;50% in 50 ns. This is consistent with predi
tions for an infinite slab of optically trapped atoms@45#. The
saturation oftD at ;12 ns is attributed to the Rabi rateV
(;331011 Hz) at the pump frequency (1/V,tR ,tR8). This
factor as well as the small radiative rate for the SF transit
probably prevent the occurrence of SF for the duration of
pump pulse. Hence the scaling laws correspond to a tr
versely excited sample.

The intensity of SF was observed to increase substant
with an increase in Ar pressure until the value ofT2 is small
enough to preclude cooperative emission. The propertie
the transition from SF to ASE described by Eqs.~8! and~9!
allow us to infer the collisional broadening rate for the S
transition.

III. EXPERIMENTAL DETAILS

The calcium vapor column was effectively constrain
between knife edge baffles in a heated stainless steel
pumped by a diffusion pump. The cell was pumped
831028 Torr and sealed with a small amount of buffer ga
usually 1 Torr of Ar~research purity.99.9995%!. The Ar
was necessary for preventing the cell windows from be
coated with Ca. The Ar pressure was measured by a cap

FIG. 2. Ca three-level system showing energy levels for pum
probe experiment to measure number densities.
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tance manometer calibrated to60.2%. The temperature o
the cell was held uniform~62 °C!. Figure 3 shows the ex
perimental setup.

The Ca column was longitudinally pumped by puls
from a multimode~1–2-GHz bandwidth! homemade dye la-
ser tuned to the 4s2 1S0– 4s4p 1P1 principal resonance line
at 4227 Å. The dye laser was pumped by a frequency trip
~355 nm! commercial YAG laser with a repetition rate of 1
Hz. The excitation pulses~.99% linear polarization! had a
Gaussian spatial profile, a full width at half maximu
~FWHM! of 6 ns, and an average pulse energy of 1.5 mJ
measured with a Thermopile~62%!. The pump was aper
tured to produce a top hat profile in the cell and collimated
have a confocal parameter greater than the length of the

The SF pulses were incident on a Ge:Hg detector, wh
had a home-built transmission line. The crystal was coole
;30 K by a cryorefrigerator. The bandwidth of the detec
was assessed to be>350 MHz, which is probably an under
estimate of its true performance in the mid IR. The detec
output was connected to a 1 Gsample/s digitizing oscillo-
scope. The pump pulse was detected by a 1.8-GHz comm
cial photodiode or a homemade photodiode assembly~;500
MHz bandwidth!. The peak height and area under the pum
pulse were held constant to within610% during the experi-
ment. Several different IR emissions were induced under
ferent experimental conditions. These emissions were s
trally resolved with suitable IR bandpass filters and/or a3

4-m
spectrometer with a 75-groove/mm grating blazed for
mm.

The absolute yield of SF photons was measured wit
LiTaO3 pyroelectric detector calibrated~615%! against the
Thermopile. This detector and its home-built pulse shap
amplifier had;1-nJ energy resolution at a signal-to-noi
ratio51. This was sufficient to study the 5.5-mm SF, which
produced combined forward and backward emissions
pulse energies;3.5 mJ when@Ca(4 1P1)#;1014 cm23. The
ground-state density was determined by measuring the i
grated linewidth@46# of the pump transition. This involved
scanning the pump laser across the absorption profile
measuring the transmitted intensity.

The photon yields and temporal pulse shapes were
corded for various pump laser detunings at several value
the ground-state density. This made it possible to meas
the time delays as a function ofN. These measurements we
done at the back end of the cell. It was difficult to determi
the SF intensity at the front end of the cell since a suita
dichroic mirror was not available. Efforts to use a Ge filter
a mirror were only partially successful since the intensity
the pump laser was sufficient to damage the filter. In som
our studies, we used CaF2 beam splitters to deflect the S
onto the detector at both ends of the cell. A comparison

-

FIG. 3. Schematic of experiment.C, cell with Ca and Ar; BS,
beam splitter; PD, photodiode;M, mirror; MO, spectrometer or
bandpass filter;D, detector;S, oscilloscope.
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TABLE I. Representative measurements for 5.5-mm SF with 1 Torr Ar @1S0#-ground-state density;N, SF photon yeild;tR , dipole
coupling time for entire column;S, number of slices;N8, number of SF atoms in slice;tR8 , dipole coupling time for slice;D, pump laser
detuning.

@1S0#

~cm23! N
tR

~s! S N8
tR8
~s!

D
~cm21!

1 8.831012 2.931011 7.2310210 1.5 1.931011 1.131029 21
2 8.831012 5.831011 3.6310210 2.2 2.631011 7.8310210 0
3 7.431013 1.331013 1.6310210 10 1.331012 1.6310210 0
4 2.331014 5.231013 4310212 20 2.631012 8.2310211 0
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pulses from both ends obtained on a single shot showed
the time delays were nearly identical. In addition, the tim
delays were the same for time-averaged pulses. The ave
photon yields measured at both ends after the SF was
flected by the Ge beam splitter were found to be ident
within 625%. We therefore assume that the photon yie
from both ends of the cell are the same.

Absolute measurements of the excited-state dens
@Ca(4 1P1)# and @Ca(3 1D2)# were made to compare th
photon yield with the number of excited atoms. The densi
were measured by the equivalent width technique usin
second, tunable, pulsed~probe! laser. This laser produced
ns ~FWHM! pulses. The probe laser was scanned o
the 4s4p 1P1– 4p2 1S0 line at 5512 Å and the
3d4s 1D2– 3d4p 1F3 line at 5349 Å~Fig. 2!, respectively.
By delaying the probe suitably with respect to the pump,
densities of the excited states could be monitored before
after the evolution of the SF pulse. A detailed discussion
these measurements and experimental uncertainties is
sented in@47#.

The density of excited states was also measured by
tially translating the probe beam with respect to the pu
beam. Thus, we were able to confirm that the size of
distribution of excited states was consistent with estima
based on the initial cross section defined by the pump las
spatial profile. The SF divergence also gave an indepen
estimate of the size of the excited column. This estimate
important at low densities (1010– 1012 cm23) for which the
equivalent width method was error prone.

IV. RESULTS AND DISCUSSION

A. Experimentally observed regimes

The number of independent slicesL/Lc in the column was
varied between;1.5 and 30 by varyingN. Table I shows
shows the ground-state density, the measured photon y
N, the coupling timetR for the column, the number of slice
S, the number of participating atoms in each sliceN8, and
the coupling time for the slicetR8 for a few measurements
As expected, the SF peak height scaled quadratically whS
is small~rows 1 and 2! and linearly whenS is larger~rows 3
and 4!.

Figure 4 shows the average SF peak intensity as a fu
tion of pump detuning. The ground-state density w
;331014 cm23. In this case, the SF was imaged onto
Ge:Au detector after passing through a filter. With a 50
neutral density filter placed in the pump beam, the SF p
intensity decreases linearly at small detunings~largeS! and
at
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quadratically at large detunings~smallS!. This provides evi-
dence for the change in scaling of the peak heights a
function of N.

B. Quantum yield

The ground-state density measured as a function of
cell temperature@47# was verified to agree within error bar
with values from vapor pressure curves@48#. Table II sum-
marizes measurements for the size of the column of exc
states~along one dimension! at three cell temperatures. Th
collimated pump beam had a top hat profile that was de
mined by scanning a pinhole across the beam. This meas
ment was corroborated by spatial profiles of the exci
states measured by the probe laser at high cell tempera
and is shown in rows 2 and 3. The profile of1P1 states was
measured by probing just before the SF pulse. The1D2 pro-
file was probed within 10 ns after the peak of the SF pul
Due to radiation trapping, the volume of the excited1P1
column was estimated to change by less than 5% in the t
the SF evolved. The spatial profiles of the excited states
consistent with these estimates. At lower temperatures,
density of excited states measured using the method
equivalent widths was error prone. In this case, the cr
section of the excited column was inferred from measu
ments of the SF divergence. Its value in row 1 reflects

FIG. 4. Average SF peak intensity~512 pulses! as a function of
pump laser detuning with 1 Torr Ar.@1S0#;331014 cm23; dots,
with unattenuated pump; triangles, with 50% neutral density fi
in pump; points have been connected to aid the eye; SF peak in
sity scales quadratically at large detunings and linearly at sm
detunings.
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TABLE II. Summary of measurements of the size of the excited column along one transverse dime
Profiles of1P1 and 1D2 states were measured by probing before and after the SF pulse, respectively; a
cross section of the pump beam gives the initial size of the excited column.

Cell
temperature

~62 K!

Pump beam
~cm!

~610%!

1P1 Spatial
profile
~cm!

~650%!

1D2 Spatial
profile
~cm!

~650%!

From SF
divergence

~cm!
~610%!

1 798 0.19 0.36
2 848 0.19 0.2 0.2 0.14
3 923 0.19 0.25 0.15 0.07
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expansion of the column in;50 ns in which the SF evolves
and is once again consistent with estimates.

Table III shows the 5.5-mm SF photon yield, the densitie
of the ground and excited states, and the number of1P1

atoms in the column just before SF emission for the sa
cell temperatures as in Table II. The pump laser was tu
on resonance for these measurements. The data have
corrected for systematic errors and the random errors
given separately for each measurement. In all cases,
probe laser delay was adjusted to measure the1P1 density
just before the evolution of SF. The initial volume of th
column of excited states was estimated as 1.4 cm3 for a
length L550 cm using measurements of the area of cr
section (2.831022 cm2) of the pump beam. This was use
to estimate the number of1P1 atoms in the column jus
before SF emission~for data in rows 2 and 3!. For row 1, the
SF divergence was used to estimate this number.

Our measurements show that the system has a qua
yield of unity at high density. In the presence of the lar
Rabi frequency of the pump, the system supports multip
ton processes which transfer population between levelsu0&
and u1&. In addition, collisionally aided absorption populat
the mJ levels of the1P1 state during the pump pulse. Afte
the pump turns off, typically1

5 of the population of the
ground state was measured in the1P1 level. Nearly all the
atoms in the1P1 state are then transferred by SF emission
the 1D2 level. At low density, the quantum yield is reduce
to about 0.2 presumably on account of dephasing. This
periment reports systematic measurements of SF quan
yield.
e
d
een
re
he

s

um

-

o

x-
m

C. Time delays

Figure 5 shows a representative single shot trace of
pump pulse and the SF pulse. The observed time delaystD
~with 1 Torr Ar! are shown in Fig. 6~a! as a function of the
total number of SF photonsN. Values for the time delay
represent the time between the onset of triggering the os
loscope at the leading edge of the pump pulse~10% point!
and the peak of the SF pulse averaged over 512 repetiti
The errors in these measurements are assessed as60.7 ns—
one-half the quadrature sum of the digitization period and
rise time of a 500-MHz bandwidth-limited signal. The valu
of N have uncertainties of615%.

Polderet al. @49# have calculated the SF delay time in th
absence of dephasing as

TD.tR@ 1
4 ln2pN#2 ~11!

for the regimeL/Lc,1 using a fully quantum-mechanica
model. The model assumes a delta-function excitationt
50 and a constant number of participating atomsN. For
L/Lc.1, we have replacedtR by the slice evolution timetR8
and N by the number of atoms in each slice,N8. The time
delays for each slice calculated from

TD5tR8@
1
4 ln2pN8#2 ~12!

are shown in Fig. 6~a! as the solid curve. For smallN, the
experimental time delaystD show the expected 1/AN depen-
dence predicted by Eq.~12! and lie consistently above thi
e
ited
TABLE III. Measurements of the SF quantum yield. The1P1 density was measured just before th
evolution of SF. The number of1P1 atoms was estimated from measurements of the volume of exc
atoms. The quantum yield is of order unity for entries 2 and 3.

Cell
temperature

~62 K!

@1S0#
~cm23!
~630%!

@1P1#
~cm23!

Photon yield
NSF

~615%!

1P1 atoms
in column

SF Delay
time
~ns!

~60.7%!

1 798 1.131013 5.231011 5.831011 2.831012 46
~675%! ~695%!

2 848 9.631013 1.131013 1.331013 1.531013 15
~635%! ~655%!

3 923 3.031014 3.831013 5.231013 5.331013 12
~635%! ~655%!



-
og

th
h

l r

o-
ed
of
a

of

-
ica
r
he
e

it
du
or
fo

e

r

e
u

the
de-

lay

ects
ncy
d
ob-

on
ion
e

ted
x-

SF

-

n

PRA 58 4159SUPERFLUORESCENCE FROM OPTICALLY TRAPPED . . .
value. The dashed line represents the 1/N dependence pre
dicted by Eq.~11!. The same data are displayed on a log-l
plot in Fig. 6~b!.

The experimental delay times in Fig. 6 are a result of
time (;tR8) in which the dipole moment builds up in eac
uncorrelated slice. The long delays are due to the smal
diative rate (G12.3.683103 s21) of the (1P1–1D2) SF tran-
sition. At early SF initiation times, the effects of both hom
geneous and inhomogeneous dephasing can be expect
result in tD.TD . However, the Doppler dephasing rate
the SF transition is much larger than the collisional deph
ing rate at an Ar pressure of 1 Torr~as shown later!.

The Doppler width of the SF transition (gD;186 MHz at
a temperatureT5925 K) and the radiative dephasing rate
u1&(G1/2;1.13108 s21) suggest a dephasing timeT2
;3.3 ns. In Appendix A of@47#, we discuss the role of ra
diation trapping on the evolution of SF based on numer
simulations@50#. At low density, only atoms in a particula
velocity group corresponding to the natural linewidth of t
SF transitionGSF5G1/2p;35 MHz, are expected to tak
part directly in SF. This is a fractionF5GSF/gD;1/5.3 of
the atoms under the Doppler profile. Atoms in other veloc
groups are reshuffled in and out of this dominant group
to radiation trapping at the pump frequency and theref
participate indirectly. Thus the the actual dephasing rate
SF should probably be given byG25G1/21gD/5.3;
1.43108 s21. This corresponds to a dephasing timeT2
;7 ns. Our experiments thus fall in the regime of damp
SF wheretR8,T2,tD .

Schuurmanset al. @4# accounted for the effect of Dopple
dephasing on the delay timesTD in Eq. ~12!. Their expres-
sion for the experimental delay time is

tD5TDF11
AtR8TD

T2 Doppler
G . ~13!

The value oftD from Eq. ~13! with T2 Doppler529 ns @or
1/(35 MHz)] is shown as the dotted line in Fig. 6. While th
agreement with experiment appears satisfactory, it wo

FIG. 5. Single shot oscilloscope record; number of slicesS
510; ~a! pump pulse,~b! corresponding SF pulse.
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still be necessary to quantify additional effects due to
coherence induced by the pump pulse on shortening the
lay times.

In this context, we note that the predictions of@51# based
on a mean field theory significantly underestimate the de
time. Therefore, the modification of this theory in@41# to
account for the coherent effects of the pump pulse~which are
expected to shorten the SF delay! does not provide a valid
quantitative estimate. We have also inferred that such eff
are small since no tunable emission at the SRS freque
vL2v02 or significant asymmetry between forward an
backward emissions were observed. SF time delays were
served to level off at 12 ns, which is nearly the total durati
of the pump pulse. This is consistent with the expectat
that the Rabi frequency of the pump laser will modify th
evolution of SF.

D. Transition to ASE

Figure 7 shows a log-log plots ofAtR8tD ~data! and
AtR8TD ~solid line! as a function ofN, at an Ar pressure of 1
Torr. The horizontal dashed line is the previously estima
value (T257 ns) at which the SF-ASE transition was e

FIG. 6. ~a! SF delay time as a function of the measured
photon yieldNSF ~error bars of615%!. Solid curve, 1/AN depen-
dence predicted by Eq.~12!. Dotted curve, includes effect of Dop
pler dephasing given by Eq.~13!. Dashed curve, 1/N dependence
predicted by Eq.~11!. ~b! Same data on a log-log plot. The duratio
of the pump pulse is 12 ns.
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pected to occur. The data suggest thatT2 is larger than the
estimated value. This would only improve the agreement
tween the predictions of Eq.~13! and the experimentally ob
served delay times in Fig. 6.

We were able to test the effects of collisional dephas
by increasing the Ar pressure and observing the transi
from SF to ASE. Figure 8~a! shows the time averaged S
peak intensity as a function of Ar pressure at a ground-s
density of 831013 cm23. Initially, the SF intensity increase
due to increased collisional transfer of population to all m
netic sublevels of the1P1 level from the dressed levels cre
ated by the pump laser. The ratio of populations in themJ
50 andmJ561 levels are governed by collision cross se
tions for the transfer of populations from the dressed lev
These cross sections are parametrized byV/D, whereV and
D are the Rabi frequency and detuning of the pump la
respectively. At higher pressures, collisional dephasing s
presses SF. The SF intensity also shows a nonzero inte
at zero Torr, suggesting that multiphoton processes play
important role in populating the1P1 level. SF recorded with-
out Ar also supports this conclusion. Figure 8~b! shows cor-
responding SF time delays as a function of Ar pressure.
initial decrease is due to the increase inN effected by colli-
sional transfer. The time delays and pulse widths sub
quently increase on account of collisional dephasing.

As discussed in Sec. II@Eq. ~9!#, it has been shown@36#
that whentR8,T2,AtR8tD, SF changes to ASE. We hav
used this to estimate the collisional dephasing rategC5CP
by measuring the Ar pressureP at which SF is dephased
Here,C is a constant. Assuming that

1

T2 ASE
;

1

AtR8tD

5
gD

5.3
1

1

2T1
1gC ~14!

we can find the value ofC ~in units of s21/Torr) from the
pressureP at the transition to ASE. We estimategC;
7.93105 s21 at 1 Torr, using the photon yields for the da
in Fig. 8~a! and the measured time delays in Fig. 8~b!. Simi-
lar estimates forgC were also obtained at other ground-sta
densities. Thus, the inferred value of the collisional deph

FIG. 7. Log-log plot ofA tR8 tD as a function of the measure
SF photon yield.tD is the average experimental delay time sho

in Fig. 6. The solid line representsA tR8 TD with TD , given by Eq.
~12!. The horizontal dashed line representsT257 ns.
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ing rate at 1 Torr is;50 times smaller than the Dopple
dephasing rate as mentioned previously.

E. Conclusions

Our results confirm scaling laws predicted in@6# for the
regimeL/Lc.1. This experiment also confirms the predi
tions for SF time delays based on a fully quantu
mechanical model@49# in the above regime. Our measur
ments at high densities indicate that after the termination
the pump pulse, almost all the atoms in the1P1 level are
transferred to the1D2 level. This constitutes a quantum ga
of unity and demonstrates that SF is a robust process eve
the presence of rapid dephasing effects@52#. The Ca SF am-
plifier could be potentially useful in achieving efficien
sources of radiation in the mid-IR for use as a diagnostic t
to determine species concentration in diverse environm
such as the upper atmosphere~Raman LIDAR systems! and
plasma torches. The uncertainties in our density meas
ments may be improved by time-resolved studies of1P1 and
1D2 populations with cw tunable diode lasers, which ha
now become available at suitable wavelengths. We h
measured the SF dephasing time using the results of@36# and
shown that the properties of the SF-ASE transition may
used to measure collisional broadening rates. Related ex
ments include studies of level degeneracy on SF polariza

FIG. 8. ~a! SF peak intensity~average of 512 pulses! as a func-
tion of Ar pressure;@1S0#;831013 cm23; pump laser detuningD
50.5 cm21. ~b! Average SF delay time as a function of Ar pressu
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@53#, and temporal ringing in collisionally induced SF puls
at 1.9 mm on the 3d4S 3DJ– 4s4p 3PJ21 transitions@54#
~temporal ringing is an intrinsic property of SF even f
L/Lc,1 as shown in@55#!. A survey of SF cascades gene
ated by populating near Rydberg levels is summarized
@56#.

The effect of anomalous light scattering by quantum fl
ids in the vicinity of a phase transition is now a well-know
effect. Since SF is very sensitive to dephasing paramete
could be used to monitor abrupt changes in order parame
of these systems. This property of SF may become rele
following the recent demonstration of Bose-Einstein cond
sation @57# using laser cooling techniques. With the adve
of efficient atomic traps@58#, the possibility of demonstrat
M

v.
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is

. A
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S.

s

in

-

, it
rs
nt
-
t

ing striking effects in small sample SF@6# may have become
realistic. These include the effects of Van der Waals deph
ing on the coherent evolution of small samples and the c
lective behavior of just two or three atoms.
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