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Second-order coherence of superradiance from a Bose-Einstein condensate
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We have measured the two-particle correlation function of atoms from a Bose-Einstein condensate participating
in a superradiance process, which directly reflects the second-order coherence of the emitted light. We compare
this correlation function with that of atoms undergoing stimulated emission. Whereas the stimulated process
produces correlations resembling those of a coherent state, we find that superradiance, even in the presence
of strong gain, shows a correlation function close to that of a thermal state, just as for ordinary spontaneous

emission.

DOI: 10.1103/PhysRevA.90.013615

Ever since the publication of Dicke’s 1954 paper [1], the
problem of the collective emission of radiation has occupied
many researchers in the fields of light scattering, lasers, and
quantum optics. Collective emission is characterized by a
rate of emission which is strongly modified compared to
that of individual atoms [2]. It occurs in many different
contexts: hot gases, cold gases, solids and even planetary
and astrophysical environments [3]. The case of an enhanced
rate of emission, originally dubbed superradiance, is closely
connected to stimulated emission and gain and, as such,
resembles laser emission [4]. Lasers are typically characterized
by high phase coherence but also by a stable intensity,
corresponding to a Poissonian noise, or a flat second-order
correlation function [5]. Here we present measurements
showing that the coherence properties of superradiance, when
it occurs in an ultracold gas and despite strong amplified
emission, are much closer to those of a thermal state, with
super-Poissonian-intensity noise.

Research has shown that the details of collective emission
depend on many parameters such as the pumping configura-
tion, dephasing and relaxation processes, sample geometry,
presence of a cavity, etc., and, as a result, a complex
nomenclature has evolved including the terms superradiance,
superfluorescence, amplified spontaneous emission, mirrorless
lasing, and random lasing [2,4,6-9], the distinctions among
which we do not attempt to summarize here. The problem
has recently seen renewed interest in the field of cold
atoms [10-25]. This is partly because cold atoms provide a
reproducible, easily characterized ensemble in which Doppler
broadening effects are small and relaxation is generally limited
to spontaneous emission. Most cold-atom experiments differ in
an important way from the archetypal situation first envisioned
by Dicke: instead of creating an ensemble of excited atoms at
a well-defined time and then allowing this ensemble to evolve
freely, the sample is typically pumped during a period long
compared to the relaxation time and emission lasts essentially
only as long as the pumping. The authors of Ref. [10], however,
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have argued that there is a close analogy to the Dicke problem,
and we follow them in designating this process superradiance.

In the literature on superradiance there has been relatively
little discussion about the coherence and correlation properties
of the light. The theoretical treatments we are aware of
show that the coherence of collective emission can be quite
complicated but does not resemble that of a laser [2,13,20,26—
28]. These results, however, were obtained for simple models
that do not include all parameters relevant to laboratory
experiments. Experimentally, a study performed on Rydberg
atoms coupled to a millimeter-wave cavity [29] showed a
thermal mode occupation, and an experiment in a cold atomic
vapor in free space [24] observed a nonflat second-order
correlation function. In the present work, we show that even if
the initial atomic state is a Bose-Einstein condensate (BEC),
the second-order correlation function looks thermal rather than
coherent.

Such behavior, which may seem counterintuitive, can be
understood by describing superradiance as a four-wave mixing
process between two matter waves and two electromagnetic
waves. The initial state consists of a condensate, a coherent
optical pump beam, and empty modes for the scattered atoms
and the scattered photons. If we make the approximation that
the condensate and the pump beam are not depleted and can
be treated as classical fields, the matter-radiation interaction
Hamiltonian is given by

ﬁ = Z[Xi &Zt.i &;h,i + X,'* &al,i &ph,i]v (D
i

where &L’i (Gq,;) and &gh,i (@ph,i) denote atom and photon

creation (annihilation) operators for a specific pair of momenta
i fixed by energy and momentum conservation and x; is a
coupling constant. Textbooks [30] show that, starting from
an input vacuum state, this Hamiltonian leads to a product
of two-mode squeezed states. When one traces over one of
the two modes, a = {at,i} or {ph,i}, the remaining mode S
has a thermal occupation with a normalized two-particle or
second-order correlator
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whereas it is unity for alaser. The problem has also been treated
for four-wave mixing of matter waves [31]. We emphasize
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that, when starting from initially empty modes, the occupation
remains thermal regardless of the gain.

In the experiment, we start from initially nearly motionless
atoms of a BEC and observe their recoil upon photon emission.
To the extent that each recoil corresponds to the emission
of a single photon, we can obtain essentially the same
information about the radiation from such measurements as
by observing it directly. In doing this, we are following the
approach pioneered in experiments such as [10] and [29]
and followed by many others, which uses highly developed
atom detection and imaging techniques to glean most of the
experimental information about the process. We are able to
make time-integrated measurements of the emission, resolved
in transverse and longitudinal momentum as well as in polar-
ization, and reconstruct the two-particle correlation function
of the recoiling atoms or, equivalently, the second-order
correlation function of the scattered light. We show that in the
configuration of our experiment, the second-order correlation
is close to that of a thermal sample and very different from the
correlation properties of the initial, condensed atomic state.

We use helium in the 2 3S;, m = 1 state confined in a crossed
dipole trap [see Fig. 1(a)] with frequencies of 1300 Hz in the
x and y directions and 130 Hz in the (vertical) z direction.
The dipole trap wavelength is 1.5 um. The atom number is
approximately 50 000, and the temperature of the remaining
thermal cloud 140 nK. A 9-G magnetic field along the y axis
defines a quantization axis. After producing the condensate, we
irradiate it with a laser pulse of 2.4 W/cm? tuned 600 MHz to
the red of the 235, — 2 3P, transition at A = 1083 nm and with
natural linewidth 1.6 MHz. The excitation beam propagates
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FIG. 1. (Color online) (a) Sketch of the experiment. A 9-G
magnetic field B applied along the y axis defines the quantization
axis. The excitation beam propagates with an angle of 10° (not shown)
relative to the x axis and its polarization is linear, with the same
angle relative to the z axis. After emission, the atoms fall 46 cm
to a position-sensitive microchannel plate (MCP). The atom cloud
forms a sphere with enhanced occupation of the endfire modes. (b)
Atomic level scheme. The atoms, initially in the 2 35, m = +1 state,
are excited to the 2 3P, state. From there, they can decay with equal
branching ratios to the three sublevels of the ground state. We detect
only the atoms which scatter into the m = 0 state.
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with an angle of 10° relative to the x axis and its polarization is
linear, with the same angle relative to the z axis [see Fig. 1(a)].
The pulse length is 5 us and it is applied with a delay t after
switching off the trap. The expansion of the cloud during this
delay is a convenient way to vary both the optical density
and the anisotropy of the sample at constant atom number.
The absorption dipole matrix element is of the o~ form and
thus one-half of the laser intensity is coupled to the atomic
transition corresponding to a Rabi frequency of 56 MHz. The
excited atoms decay with equal branching ratios to the three
ground states. During the pulse, less than 10% of the atoms are
pumped into each of these states. Because of the polarization
selection rules, the atoms which are pumped into the m =
0 state cannot reabsorb light from the excitation laser. By
focusing on these atoms, we study the regime of “Raman
superradiance” [15,32], by which we mean that an absorption
and emission cycle is accompanied by a change in the internal
state of the atom. When the trap is switched off, the atoms fall
toward a microchannel plate detector which detects individual
atoms with three-dimensional imaging capability and a 10%
to 20% quantum efficiency [33]. A magnetic-field gradient is
applied to sweep away all atoms except those scattered into
the m = 0 magnetic sublevel. The average time of flight to the
detector is 310 ms and is long enough that the atoms’ positions
at the detector reflect the atomic momenta after interaction with
the excitation laser. Conservation of momentum then requires
that these atoms lie on a sphere with a radius equal to the
recoil momentum k.. = 27 /A. Any additional scattering of
light, whether from imperfect polarization of the excitation
laser or from multiple scattering by the atoms, will result in the
atoms lying outside the sphere. We see no significant signal
from such events, but in order to completely eliminate the
possibility of multiple scattering we restrict our analysis of the
data to the spherical shell with inner radius 0.8 k. and outer
radius 1.2 kpec.

We excite atoms in an elongated BEC in such a way
that an allowed emission dipole can radiate along the long
axis. In an anisotropic source, collective emission builds up
more efficiently in the directions of highest optical thickness.
Superradiance is therefore expected to occur along the long
axis of the BEC, in so-called “endfire” modes [10,34]. An
important parameter, then, is the Fresnel number of the
sample [2], F = 2Ri /AR, where R and R, are the horizontal
and vertical Thomas-Fermi radii of the condensate. The
Fresnel number distinguishes between the diffraction limited
(F < 1) and the multimode superradiance regimes (F > 1).
In our case, Ry =5 um and R, & 50 um, yielding a Fresnel
number of about unity.

Typical cuts through the atomic momentum distribution in
the yz plane are shown in Fig. 2, for = 500 us (left) and
T ~ 0 (right). In both cases, the spherical shell with radius
1 ke appears clearly. For the short delay, when the atomic
sample remains dense and anisotropic, we observe strong
scattering in the endfire modes at the top and bottom poles
of the sphere. In addition to this change in the profile of the
distribution, we measure an increase in the rotal number of
atoms on the sphere by a factor of ~5 from t = 500 us to
T ~ 0. Because each atom has scattered a single photon, this
increase directly reflects an increase in the rate of emission
in the sample and therefore demonstrates the collective nature
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FIG. 2. (Color online) Momentum distribution of scattered

atoms in the yz plane (containing the emission dipole). Both
panels show the distribution in the yz plane, integrated between
k, = £0.1 k. and summed over 100 shots. See the Supplemental
Information for a cut in the xz plane [35]. Left: Excitation laser
applied 500 us after the trap switch-off. Only the radiation pattern
for a y-polarized dipole is visible. Right: Excitation laser applied
immediately after the trap switch-off. Strong superradiance is visible
in the vertical, endfire modes.

of the scattering process. At long delays, the condensate has
expanded sufficiently that the optical thickness and anisotropy
have fallen dramatically, suppressing the collective scattering.
By looking at the number of scattered atoms in the x direction
(perpendicular to the plane in Fig. 2), we have verified that,
away from the endfire modes, the rate of emission varies by
less than 10% for different delays [35].

To see the distribution in a more quantitative way, we show
in Fig. 3 an angular plot of the atom distribution in the yz plane.
Data are shown for three delays t before application of the
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FIG. 3. (Color online) Angular distribution of scattered atoms in
the yz plane (containing the emission dipole) for different values of
the delay t before the excitation pulse. From bottom to top: light-gray
(green) circles correspond to T = 500 us; dark-gray (blue) circles, to
7 = 200 us; and light-gray (red) circles, to T = 0 us. Data for T =
0 and 500 pus are the same as those shown in Fig. 2. Images were
integrated along the x axis between +0.1 k.., and only atoms lying
inside a shell with inner radius 0.8 k... and outer radius 1.2 k... were
taken into account. The delays T = 0, 200, and 500 ps correspond to
peak densities of ~8, 2, and 0.4 x 10" m~3 and to aspect ratios of 10,
5, and 2.5, respectively. The endfire modes are located at £ /2. The
half-width at half-maximum of the highest peak is 0.14 rad. Error
bars are shown, denoting the 68% confidence interval.
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excitation pulse. For the 500-us delay, the angular distribution
follows the well-known “sin? 6” linear dipole emission pattern,
with the angles & = 0 and 7 corresponding to the orientation
of the dipole along the y axis [35]. For the 200-us delay, the
superradiant peaks are already visible at the top of the dipole
emission profile. For the shortest delay, the half-width of the
superradiant peaks is 0.14 k., or 0.14 rad, consistent with
the diffraction angle and the aspect ratio of the source. In the
vertical direction, the superradiant peaks are 10 times narrower
than in the horizontal direction [35].

In the strongly superradiant case, we observe large and
uncorrelated fluctuations of the heights of the two superradiant
peaks on a shot-to-shot basis. These fluctuations directly reflect
the fluctuations of the population of the superradiant modes.
We investigate these fluctuations further by measuring the
normalized two-particle correlation function of the scattered
atoms, defined as

¢D(AK) = (.An(k)n(Ak + AK) .). 3)

(n(k)) (i(k + Ak))

Here, 7 is the atomic density and : : denotes normal ordering.
In practice, this function is obtained from a histogram of
pair separations Ak normalized to the autoconvolution of
the average particle momentum distribution [36,37]. Figure 4
shows the experimentally measured correlation functions
integrated over the momentum along two of three axes, both
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FIG. 4. (Color online) Correlation functions along the (a) z and
(b) y axis for t & 0. Darker (blue) circles correspond to superradiant
peaks (defined by |k, | > 0.95 k). Lighter (orange) circles corre-
spond to atoms from the scattering sphere away from the superradiant
peaks (defined by |k,| < 0.92k..). Solid lines are Gaussian fits
constrained to approach unity at large separation. Filled gray circles
correspond to a fraction of the initial condensate transferred to the
m = 0 state via a stimulated Raman transfer. The dashed gray line
shows unity. Error bars denote the 68% confidence interval.
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for the superradiant peaks and on the scattering sphere away
from the peaks [35].

We see that in both cases the correlation function at zero
separation reaches a value close to 2. This shows clearly
that, despite strong amplified emission in the endfire modes,
the atoms undergoing a superradiant process have statistics
comparable to that of a thermal sample. As emphasized in the
introductory section, these large fluctuations can be simply
understood by modeling the superradiant emission as a four-
wave mixing process; they arise from the fact that the emission
is triggered by spontaneous emission. For the superradiant
peaks, the correlation actually is slightly larger than 2. Similar
behavior has appeared in some models [20,38], but these
models may not be directly applicable to our situation.

Figure 4 also shows that the correlation widths of the
superradiant modes are somewhat broader than those of the
atoms scattered in other modes. The effect is a factor of about
1.5 in the vertical direction and about 1.25 in the horizontal
direction [35]. The broadening indicates that the effective
source size for superradiance is slightly smaller than that for
spontaneous scattering. A decreased vertical source size for
superradiance is consistent with the observations in Refs. [39]
and [40], which showed that the superradiant emission is
concentrated near the ends of the sample. In the horizontal
direction, one also expects a slightly reduced source size
relative to the atom cloud since the gain is higher in the center,
where the density is higher. The fact that the correlation widths
are close to the widths of the momentum distribution [35]
indicates that the superradiant peaks are almost single mode as
expected for samples with a Fresnel number close to unity [2].

The spontaneous superradiant scattering process should
be contrasted with stimulated Raman scattering. In terms of
the model described by Hamiltonian (1), stimulated Raman
scattering corresponds to seeding one of the photon modes
with a coherent state. In this case, vacuum fluctuations do
not initiate the scattering process, and the resulting mode
occupation is not thermal but coherent. To study stimulated
scattering, we applied the excitation beam together with
another beam polarized parallel to the magnetic field and
detuned by the Zeeman shift (25 MHz) with respect to the
o-polarized beam, inducing a stimulated Raman transition.
The laser intensities were adjusted to transfer a similar number
of atoms to the m = 0 state as in the superradiance experiment.
The normalized correlation functions in this situation, shown
in Fig. 4, are very nearly flat and equal to unity as we expect
foraBEC [36,41,42]. The complementary experiment, seeding
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the atomic mode with a coherent state has also been observed
to produce a coherent amplified matter wave [43,44]. As a
side remark, we have also observed that the superradiant atom
peaks are 2.8 times narrower in the vertical direction than the
vertical width of the transferred condensate [35]. We attribute
this to a longitudinal gain narrowing effect [27].

We also investigated the influence of several other ex-
perimental parameters on the second-order coherence of the
superradiant emission: We have excited the atomic sample with
a longer and stronger pulse (10 us, 3.2 W/cm?), so that the
initial condensate was entirely depleted. We have explored the
Rayleigh scattering regime, in which the atoms scatter back to
their initial internal state. We also changed the longitudinal
confinement frequency of the BEC to 7 Hz, leading to a
much higher aspect ratio. These different configurations led
to two-particle correlation functions which were very similar
to the one discussed above. We believe that similar fluctuations
will occur in superradiance from a thermal cloud provided that
the gain in the medium is large enough. We were unable to
confirm this experimentally in our system, precisely because
of the vastly reduced optical density. However, noncoherent
intensity fluctuations have been observed using magneto-
optically trapped atoms [24]. This seems to confirm our
interpretation that the large fluctuations of the superradiant
mode occupation is an intrinsic property of superradiant
emission, reflecting the seeding by spontaneous emission. The
only way to suppress these fluctuations would be to restrict the
number of scattering modes to one by means of a cavity and
to saturate the gain by completely depleting the atomic cloud.
The occupation of the superradiant mode would then simply
reflect that of the initial atomic sample.

An interesting extension of the techniques used here
is to examine superradiant Rayleigh scattering of a light
pulse short enough and strong enough to populate oppositely
directed modes [45]. It has been predicted [13,14,46] that
the modes propagating in opposite directions are entangled,
similar to those produced in atomic four-wave mixing [47-49].
A similar measurement technique should be able to reveal
them.
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