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Superradiant Light Scattering from Thermal Atomic Vapors
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Superradiant light scattering from noncondensed, thermal atomic vapors was experimentally studied.
We found that superradiant gain is independent of quantum degeneracy and determined only by the shape
of the atomic cloud and a contained number of atoms. Superradiant pump-probe spectroscopy was also
developed to measure the atomic correlation function, revealing the Doppler-width-limited coherence
time of the thermal gas and sudden buildup of long-lived coherence below the transition temperature.
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After the realization of Bose-Einstein condensation of
dilute gas, collective light scattering from condensates,
referred to as superradiant light scattering (SLS), has at-
tracted considerable attention [1-6]. This phenomenon
was regarded as a four-wave mixing between light and
matter waves [5], and developed to the demonstration of
coherent matter-wave amplification [7]. These experiments
have pioneered a new research field of coherent atom
optics; however, there is still a fundamental question of
whether the similar phenomenon would be observable in
noncondensed and fermionic atoms. While several authors
predicted that SLS occurs for such samples if its gain
exceeds the decoherence of the system [8,9], no experi-
mental demonstration has been reported so far, and it was
attributed to the low gain and short coherence time-of
momentum-spread atoms [1,9].

In this Letter, we report on the first observation of SLS
from evaporatively cooled, thermal rubidium (Rb) vapors.
We studied the gain properties of SLS both above and
below the phase transition temperature T to find, contrary
to the previous argument, less dependence on the atomic
temperature. We also performed superradiant pump-probe
spectroscopy to measure the correlation function of atoms,
identifying significant difference in coherence time be-
tween thermal and condensate component.

The experimental procedure is similar to that of our
previous work [3]. Briefly, a cigar-shaped cloud of evapo-
ratively cooled 3’Rb atoms in the state [2) = |5, /,; F =
2, mp = 2) was illuminated by a single, off-resonant pump
beam as shown in Fig. 1(a). The light wavelength A was
795 nm (tuned around the D; line), and the polarization
was set to be parallel to the long axis of the cloud, which is
equal to the quantization axis of the magnetic sublevels
(defined as z axis). This a-polarized pump beam induces
the Raman-type SLS that transfers the atoms into the state
[1) = 158/5; F =1, mp = 1) [10]. Raman photons are
emitted mainly along the z direction (so-called ‘“‘end-
fire” mode), due to the anisotropic gain of a cigar-shaped
atomic cloud [1,5]. The transferred atoms into the state |1)
thus received a photon-recoil momentum fig = 2h/A =
2hk along the direction of unit vectors (£ = )/ V2.
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In the Raman-type SLS, position- and state-dependent
energy shift, such as inhomogeneous Zeeman shift, causes
much shorter coherence time than that of the Rayleigh-
type SLS [2]. Hence, in the present work, we applied the
pump beam after turning off the magnetic trap. Instead,
a homogeneous magnetic field of ~0.3 G was applied
along the z direction to prevent unexpected spin flips. The
atomic velocity distribution was analyzed by state-
selective absorption imaging [3] along the y direction. In
addition, to monitor the evolution of SLS, one of the end-
fire modes was collected by two lenses of NA (numerical
aperture) = (.19 and detected with a photo-multiplier tube
(PMT).
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FIG. 1. (a) Schematic diagram of the experiment. Emitted

superradiant Raman photons were collected by lenses and im-
pinged upon a photo-multiplier tube (PMT). (b) Observed wave-
form of the end-fire mode emitted from a nearly pure condensate
(faster pulse) and noncondensed gas of T = 560 nK (slower
pulse) for a single-atom optical pumping rate R = 75 Hz.
Exponential growth rate obtained by initial rise of these signals
is plotted vs R in (c). Open and closed circles correspond to the
condensate and the thermal gas of T = 560 nK, respectively.
Solid lines are linear fits to the data.
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Figure 1(b) shows typical pulse shapes emitted from a
nearly pure condensate and a thermal gas of 7 = 560 nK
(in our setup, T, = 519(9) nK). The detuning from the
excited state 6 and the pump-beam intensity / was 27 X
—2.6 GHz and 180 mW/cm?, respectively, and the corre-
sponding single-atom optical pumping rate R was 75 Hz.
We note that increasing R around 400 Hz gives a similar
signal even for much hotter atoms up to ~3 uK.
Furthermore, we were also able to observe the Rayleigh-
type SLS [1], triggered by a y-polarized pump beam [11],
for a similar temperature range.

As can be seen in Fig. 1(b), the signal from the thermal
gas indicated a slower initial rise compared to that from the
condensate. We fitted these rises with an exponential
growth function and plotted the obtained growth rate ver-
sus R in Fig. 1(c). Open and closed circles correspond to
the pure condensate and the thermal gas, respectively. The
existence of a ‘“‘threshold” and linear dependence of the
growth rate on R is a common feature to both samples [1].
The slope of the data represents the gain factor of SLS
given as g =~ 3A2N,/(2mA), with A being the cross sec-
tion of the atomic cloud in the x-y plane and N; the total
number of atoms in the state |i) (i = 1, 2). Notice that both
A and N, of evaporatively cooled atoms are generally
larger for higher temperatures. As a result, the dependence
of g on T is weak, and g is still on the same order even
for T > T,. In fact, g for the condensate and the thermal
gas of 560 nK is predicted to be 3500 (A =120 um?,
N, =1.4X10%atoms) and 3200 (A = 1040 um? N, =
11 X 10% atoms), respectively. For Fig. 1(c), linear fit to
the data gives g = 2240 for the condensate and 1760 for
the thermal gas. Thus, one can see a small difference within
a factor of 2, probably due to localization of the SLS
process (discussed later). However, their ratio 0.79 shows
fairly well agreement with the theoretical value 0.91. This
means that g is indeed scaled as N,/A and independent of
whether the atoms are condensed.

In the wave mixing of momentum-spread atoms, the
initial momentum width Ap must be preserved in the
recoiling state because of momentum conservation
[9,12]. To verify this point, we compared the atomic ve-
locity distribution before and after the light scattering.
Figures 2(a) and 2(b) show time-of-flight images of the
initial atoms in the state |2) and recoiling atoms pumped
into the state |1), respectively. Their cross sections along
the x direction are plotted in Fig. 2(c). Here, by degrading
efficiency of evaporative cooling, we specially prepared a
pure thermal gas of 473(7) nK. The image of the state |2)
was taken with an off-resonant probe laser to effectively
reduce the optical density by a factor of 2.

The distribution of the recoiling atoms was similar to
that of the initial atoms, except for a center-of-mass dis-
placement and a slight long tail at the left side. The dis-
placement represents a translational velocity 5.60 mm/s,
in good agreement with the x component of the recoil
velocity 5.75 mm/s. Although the asymmetric distribution
is a bit troublesome to determine the temperature, here we

(a) 4 s+ (©)
Il
[
. 4 / \ F=2
/ (x1/2)
N g 34 \
) R} \
(b) § 2 s »N\J“ AP
. S V F=1
- / Vo
g
0- WM b\/\%cvw\/v\,ﬂ,
0 05 10 15 20
X - position [mm]
é‘ 4 | —
é
2
R / m
& o SN e

z- posmon [mm]

FIG. 2. Absorption images after 25-ms time of flight for (a) the
original F = 2 atoms and (b) the recoiling F' = 1 atoms. Field of
view is 1.2 mm X 1.2 mm. Cross sections of these density
distributions along the x direction are compared in (c). The
data on the F = 2 atoms were added by an offset of 2 for clarity.
Dashed lines are Gaussian fitting, leading to the temperature of
473(7) nK for the F = 2 atoms and 544(11) nK for the F = 1
atoms. (d) 10-times reduced optical density of the preexpanding
F =2 cloud (T = 650 nK). Dashed (solid) line represents the
atoms before (after) the SLS.

fitted it with a normal Gaussian function for simplicity. The
resulting temperature 544(11) nK indicates heating of only
about 70 nK, which is extremely smaller than that accom-
panied with spontaneous light scattering (on the order of
1 uK). We note that, in the time-of-flight image, two
momentum side modes separated by 2/ikZ could not be
distinguished. The main reason is simply the lack of mo-
mentum resolution, which is inevitable for atoms hotter
than the recoil-limited temperature 349 nK (the momen-
tum along the x direction can be highly resolved by state
selectivity of the imaging).

When we took an image of “preexpanding” density
distribution in the state |2), remarkable depletion at its
shoulders was found after the light scattering [Fig. 2(d)].
It may be a result of local stimulated Raman scattering
accompanied with propagation of the end-fire mode [13].
A similar phenomenon has been observed in the short-
pulse superradiance [4]. Such localization reduces the
number of atoms N, effectively and, accordingly, the net
gain g.

In the previous works [8,9], SLS was discussed in terms
of the atomic stimulation picture under the assumption of
Ap < hq. Then, a matter-wave grating is formed by two
atomic motional states (polarization grating for Raman
superradiance [2]) and stimulates the light scattering by
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diffracting pump photons into the end-fire mode.
Therefore, requirement for SLS was only the formation
of a grating. In contrast, the present experiment was carried
out in the regime Ap > fig, where the thermal de Broglie
length h/Ap is smaller than the expected grating wave-
length 277/g. This condition does not guarantee the for-
mation of high-quality grating, and thus, the conventional
picture of SLS mentioned above is inadequate.

However, if not the grating, the atomic coherence still
plays an important role in the stimulated Raman process of
SLS. In practice, it is the coherence time that is only the
major difference between thermal gas and condensate. The
simplest way to estimate the coherence time would be to
determine the threshold of SLS [see Fig. 1(c)], since the
stimulation is balanced with the decoherence at this mo-
ment [1]. Alternatively, here we performed pump-probe
spectroscopy using SLS to study the coherence properties
of the samples, involving classification of the decay line
shape and measurement of multiple decoherence in par-
tially condensed cloud.

Figure 3(a) shows an example of the timing sequence
and acquired PMT signal. When the scattered light inten-
sity reached its maximum, we turned off the pump beam at
once, and, after a variable time, turned it on again as a
“probe” of the atomic coherence (lower trace). The result-
ing PMT signal was split into two parts with different peak
heights (upper trace). The ratio of these heights represents
the remaining fraction of the coherence produced by the
first pump-beam pulse. A similar technique was also em-
ployed for the measurement of subrecoil atomic tempera-
ture [14], and for the demonstration of matter-wave Raman
amplifier [2].

To be more quantitative, we introduce the one-
dimensional atomic wave function in the state |i) as
W,(p), where p represents the momentum along the
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FIG. 3. (a) Scheme of superradiant pump-probe spectroscopy.

Lower trace is a timing sequence of the pump beam and upper
one is an obtained PMT signal. (b) Decreased fraction of the
second peak vs pulse separation. Open and closed circles corre-
spond to a bimodal cloud of 7 = 281 nK and a pure thermal gas
of T = 755 nK, respectively. Solid lines are fitting curves using
a Gaussian function with a constant offset. A decay of the
residual offset for 7 = 281 nK is shown in the inset.

photon-recoil direction. Neglecting the interatomic in-
teraction, this is explicitly written as W;(p) =
& (p)e~Leitp?/@mh) where ¢, (p) is the momentum dis-
tribution, w; is the eigen frequency of the state |i) at rest,
and m is the atomic mass. In the decorrelation approxima-
tion [6], the transition rate is generally given as N,(QXW),
where () is the two-photon Rabi frequency composed of
the pump beam and the scattered light in the end-fire mode,
W is the single-atom coherence, and the brackets represent
a volume average. In the presence of the pump beam, both
) and W are exponentially amplified in pairs, whereas
only W is deposited in the atomic cloud just after the pump
beam is turned off. This coherence then begins to decrease
according to the first-order correlation function W(r) =
[dp¥i(p + liq)W,(p)eaP/™  which represents an over-
lap of two atomic wave packets in real space [14].
Therefore, for higher temperatures, the overlap time de-
creases with their extents, i.e., the thermal de Broglie
length.

Once the pump beam is turned on again, the superradiant
pulse is immediately recovered to the level proportional to
[{W(1))|. Assuming Maxwell-Boltzmann distribution at the
same temperature T for ¢,(p) and ¢,(p), we obtain

2
(W = exp(~ 7). M)
where 7, is the e !-coherence time given as
1
=_—. 2
T 2k @

Here, © = \/kzT/m is the root-mean-square velocity of the
atoms. Evidently, the time scale of the decay ~1/(kv) is
determined by the Doppler width [8,9].

The decreased fraction of the second superradiant pulse
is plotted versus the pump-pulse separation in Fig. 3(b).
Open and closed circles represent the data taken from a
partially condensed cloud of 7 = 281 nK and a pure ther-
mal gas of T = 755 nK, respectively. For the thermal gas,
one can clearly see the Gaussian decay as predicted by
Eq. (1). Even below T, the initial decay is also fitted with a
Gaussian curve well, but it no longer drops to zero. This is
because the condensate component displays a much longer
coherence time than that of the thermal gas. The residual
offset is thus a clear signature of the phase transition
[15,16].

Figure 4 summarizes the temperature dependence of 7.
Filled circles are the experimental result obtained from the
thermal component, and the solid line is a theoretical
prediction given by Eq. (2). We can find their quantitative
agreement, which proves the Doppler-width-limited coher-
ence time for thermal-gas SLS.

It is worth emphasizing that the present scheme also
allows us to study coherence properties of the condensate
component. This is accomplished by monitoring the slow
decay of the residual offset, as shown in the inset of
Fig. 3(b). We found that the decay shape was also well
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FIG. 4. Coherence time 7, vs atomic temperature. Open
and closed circles correspond to the slow and the fast decay,
respectively. Solid line is a theoretical prediction given by
Eq. (2). Open square represents the coherence time of a trapped
condensate.

fitted with a Gaussian function, but its time scale was about
30 times longer than that of the initial decay. This long-
lived coherence steeply built up below 7. (open circles in
Fig. 4), and the fast decay disappeared for the pure con-
densate. The measured 7. for the pure condensate is
280(20) us, corresponding to the stimulated Raman spec-
trum of the full width at half maximum 1.9(1) kHz. This is
about three times wider than the finite-sized limit estimated
to be ~600 Hz [17], possibly owing to the mean-field
expansion during the interval of pump-beam pulses [18].
However, by the grace of the slow recoil velocity of Rb
atoms, it is still 2.5 times narrower than the linewidth of the
sodium experiment [1].

For comparison, we also measured the coherence time of
a “trapped” condensate (open square in Fig. 4). The
obtained value 7. = 9.6(8) us is comparable with the
result in Ref. [2] and demonstrates drastic improvement
of the coherence time in the absence of the inhomogeneous
magnetic field.

Let us mention that, for sodium atoms, the Doppler
width is 2.6 times larger than that of Rb atoms at the
same temperature so that thermal-gas SLS is somewhat
unfavorable to be carried out. This is presumably the
reason for which the thermal-gas SLS of sodium atoms
was not observed in the previous experiment [1,9].

In summary, superradiant Raman scattering from non-
condensed, thermal rubidium vapors was studied using
real-time detection of scattered light pulses and pump-
probe measurement of atomic coherence. We were able
to characterize various properties, statistical-state-
independent gain, conservation of momentum width of
the atoms in the amplification process, the Doppler-
width-limited coherence time, and sudden occurrence of
the long-lived coherence below the transition temperature.
This technique is thus a useful tool for the study of coher-
ent atom optics and offers an alternative way to monitor the
phase transition. Finally, the present work implies that the

superradiant light scattering even in much hotter systems is
still possible if enough gain is provided. Accordingly,
similar demonstration may be realizable for a more gener-
alized, large variety of samples, including atomic vapors at
room temperature, liquids, and solids.
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