N

N
N

HAL

open science

The coherence of superradiance

Raphael Lopes, Almazbek Imanaliev, Marie Bonneau, Josselin Ruaudel, Marc
Cheneau, Denis Boiron, Christoph I Westbrook

» To cite this version:

Raphael Lopes, Almazbek Imanaliev, Marie Bonneau, Josselin Ruaudel, Marc Cheneau, et al.. The

coherence of superradiance. 2013. hal-00922184v1

HAL Id: hal-00922184
https://hal.science/hal-00922184v1

Preprint submitted on 24 Dec 2013 (v1), last revised 1 Jun 2014 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00922184v1
https://hal.archives-ouvertes.fr

The coherence of superradiance

R. Lopes, A. Imanaliev, M. Bonneau,* J. Ruaudel, M. Cheneau, D. Boiron, and C. L. Westbrook '
Laboratoire Charles Fabry, Institut d’Optique, CNRS, Univ. Paris-Sud, 2 avenue Augustin Fresnel, 91127 Palaiseau, France
(Dated: December 24, 2013)

We have measured the 2nd order coherence, or 2-body correlations, of atoms from a Bose—Einstein conden-
sate participating in a superradiance process. We compare the statistics of the superradiant phenomenon with
the ordinary spontaneous emission and with a coherent source obtained via a stimulated Raman transition of a
Bose—Einstein condensate. Despite strong stimulated emission the correlation properties of the superradiance

are close to those of a thermal sample.

PACS numbers: 03.75.Kk, 67.10.Jn, 42.50.Lc

Ever since the publication of Dicke’s 1954 paper [1], the
problem of the collective emission of radiation has occu-
pied many researchers in the fields of light scattering, lasers
and quantum optics. Originally dubbed superradiance, this
process underlies much of the physics of lasers [2] and has
been observed in many different contexts: hot gases, cold
gases, solids and even planetary and astrophysical environ-
ments [3]. Collective emission is characterized by a rate of
emission which is strongly modified compared to that of the
individual atoms [4]. Research has shown that the details de-
pend on many parameters such as pumping configuration, de-
phasing and relaxation processes, sample geometry etc. and,
as a result, a complex nomenclature has evolved including
the terms superradiance, superfluorescence, amplified sponta-
neous emission, mirrorless lasing, and random lasing [2, 4-8],
the distinctions among which we will not attempt to summa-
rize here.

Although collective emission has been studied for at least
60 years, the problem has recently seen renewed interest in
the field of cold atoms [9-24]. 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 en-
semble of excited atoms at a well defined time and then al-
lowing 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 reference [9] however, have argued that there
is a close analogy to the Dicke problem, and we will follow
them in designating this process as superradiance.

An important method to characterize the emission of ra-
diation consists in considering its coherence properties. The
term coherence is often applied to the atomic dipoles which
emit the radiation. In this paper however, we use it only for
the radiation itself. Thus, coherence allows one to distinguish
lasers from other sources such as thermal or chaotic ones [25].
We tend to characterize a laser by its high phase coherence,
measured by the st order correlation function, and a stable
intensity, corresponding to a flat 2nd order correlation func-
tion. In the literature on superradiance however, there has
been relatively little discussion about the coherence and cor-
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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 y axis. After emission, the atoms fall 46 cm to a position-
sensitive micro-channel plate (MCP). The atom cloud forms a sphere
with enhanced occupation of the endfire modes. b) Atomic level
scheme. The atoms, initially in the 23S, m = +1 state, are excited
to the 23 Py state. From there, they can decay with equal branching
ratios to the 3 sub-levels of the ground state. We detect only the
atoms which scatter into the m = 0 state.

relation properties of the light. The theoretical treatments we
are aware of show that the coherence of collective emission
can be quite complicated and does not resemble that of a laser
[4, 12, 19, 26-28]. Experimentally, there has been even less
published work, but it corroborates the view that superradi-
ance is not coherent in the sense of laser emission [23, 29].
In this work we study collective emission of light from
atoms in a Bose-Einstein condensate (BEC). Starting from
initially nearly motionless atoms, we observe their recoil upon
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 measure-
ments as by observing it directly. In doing this, we are fol-
lowing the approach pioneered in experiments such as [9, 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 use measure-
ments of individual atomic recoils to construct 2-particle cor-
relation functions (2nd order correlation functions). We are
able to make time-integrated measurements of the emission,
resolved in transverse and longitudinal momentum as well as
in polarization. We will show that in the configuration of our
experiment, the 2nd order correlation of the recoiling atoms is
close to that of a thermal sample, and very different from the
correlation properties of the initial, condensed atomic state.

Our experimental configuration corresponds to “Raman su-
perradiance” [14, 30], by which we mean that an absorption
and emission cycle is accompanied by a change of the inter-
nal state of the atom. 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 opti-
cal thickness. Superradiance is therefore expected to occur
along the long axis of the BEC, in so called “endfire” modes
[31]. We use helium in the 2351, m = +1 state confined in a
crossed dipole trap (see Fig. 1a) with frequencies of 1300 Hz
in the x and y directions and 130 Hz in the (vertical) z direc-
tion. The dipole trap wavelength is 1.5 ym. The atom number
is approximately 50 000 and the temperature of the remaining
thermal cloud is 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, —
23 P, transition at A = 1083 nm. The excitation laser prop-
agates in a plane nearly orthogonal to the quantization axis.
Its polarization is linear and approximately orthogonal to the
quantization axis. The pulse length is 5 us and it is applied
with a delay 7 after switching off the trap. The level scheme
is shown in Fig. 1b. 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 ra-
tios to the 3 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. An important parameter in superradiance is the Fres-
nel number of the sample [4], F = 2R3 /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 multimode superradiance
regimes (' > 1). In our case, R; ~ 5 pum and R, ~ 50 pum,
yielding a Fresnel number of about unity.

When the trap is switched off, the atoms fall toward a
micro-channel plate detector which detects individual atoms
with 3 dimensional imaging capability and a 10 to 20 % quan-
tum efficiency [32]. 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
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FIG. 2: (color online) Momentum distribution of scattered atoms in
the plane of the emission dipole. Both figures show the distribution
in the yz plane, integrated between k, = =40.1 kyec and summed
over 100 shots. Left: Excitation laser applied 500 us after the trap
has been switched off. Only the radiation pattern for a y-polarized
dipole is visible. Right: Excitation laser applied immediately after
the trap has been switched off. Strong superradiance is visible in the
vertical, endfire modes.
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FIG. 3: (color online) Angular distribution of scattered atoms in the
plane of the emission dipole for different values of the delay 7 before
the excitation pulse. The data for 7 = 0 and 500 ps are the same as
those shown in Fig. 2. The images were integrated along the z axis
between £0.1 krec. The delays 7 = 0, 200 and 500 s correspond to
peak densities of ~ 8, 2, 0.4 x 10"®m™ and to aspect ratios of 10,
5 and 2.5, respectively. The endfire modes are located at +7 /2. The
half-width at half-maximum of the highest peak is 0.14 rad. Typical
error bars are shown and denote the 68% confidence interval. Away
from the endfire modes the error bars would not be visible on that
scale.

detector reflect the atomic momenta after interaction with the
excitation laser. Conservation of momentum requires that the
scattered atoms lie on a sphere with a radius equal to the recoil
momentum kyec = 27/ .

Typical images are shown in Fig. 2, for 7 = 500us (left
panel) and 7 ~ 0 (right panel). Strong scattering in the end-
fire modes is evident for the short delay. Moreover, from
7 = 500 us to 7 = 0, the total number of scattered atoms
is increased by a factor of ~ 5. This demonstrates the col-
lective nature of the superradiant emission when the sample
is dense and anisotropic. At long delays, the condensate has
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FIG. 4: (color online) Correlation functions along the z (a) and y
axis (b) for 7 & 0. Blue circles correspond to the superradiant peaks
(defined by |k.| > 0.95k.cc). Orange circles correspond to atoms
from the scattering sphere away from the superradiant peaks (defined
by |k-| < 0.92kec). Solid lines are Gaussian fits constrained to
approach unity at large separation. Gray solid 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.

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 = direction
(perpendicular to the plane of Fig. 2), we have verified that,
away from the endfire modes, the scattering rate varies by less
than 10% for different delays [33].

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 is shown for three different delays 7 before appli-
cation of the excitation pulse. The angles 0 and 7 correspond
to the orientation of the emission dipole and thus the scatter-
ing rate vanishes. For short delay the half width of the su-
perradiant peaks is 0.14 k., or 0.14 rad, consistent with the
diffraction angle and the aspect ratio of the source. In the ver-
tical direction, the superradiant peaks are 10 times narrower
than in the horizontal direction [33]. In the strongly superra-
diant case, the heights of the two peaks differ slightly. On a
shot-to-shot basis we observe even greater fluctuations in this
difference and the data shown may partly reflect the imperfect
averaging of these fluctuations.

We investigate the coherence of the scattered atoms by mea-
suring the normalized 2nd order correlation function defined

as

9@ (ak) =

<:ﬁ(k)f<z(k+Ak):> - )

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

Here 7 is the atomic density and :: denotes normal ordering.
The experimental realization of this function consists in a his-
togram of pair separations as a function of Ak normalized to
the autoconvolution of the average particle momentum distri-
bution [34, 35]. Figure 4 shows the experimentally measured
correlation function integrated over the momentum along two
out of three axes both for the superradiant peaks and on the
scattering sphere away from the peaks [33].

We see that in both cases the correlation function at zero
separation reaches a value close to 2. For the superradiant
peaks, the correlation is even slightly larger than 2, a behav-
ior which has appeared already in calculations [19, 36]. This
shows that, despite strong stimulated emission in the end-
fire modes, the atoms undergoing a superradiant process have
statistics consistent with those of a thermal sample. We at-
tribute these large intensity fluctuations to the fact that super-
radiant emission is triggered by spontaneous emission. This
does not prevent the superradiant process to be used as a co-
herent matter wave amplifier [37, 38] since in this case the
process is seeded by a coherent (BEC) pulse.

Figure 4 also shows that the correlation widths of the super-
radiant peaks are somewhat broader than those of the sponta-
neously scattered atoms. The effect is a factor of about 1.5 in
the vertical direction and about 1.25 in the horizontal direc-
tion [33]. The broadening indicates that the effective source
size for superradiance is slightly smaller than for spontaneous
scattering. A decreased vertical source size for superradi-
ance is consistent with the observations of Ref. [39, 40] which
showed that the superradiant emission is concentrated near the
ends of the sample. In the horizontal direction, one also ex-
pects a slightly reduced source size relative to the atom cloud
since the gain is higher in the center. The fact that the cor-
relation widths are close to the widths of the momentum dis-
tribution [33] indicates that the superradiant peaks are almost
single mode as expected for samples with a Fresnel number
close to 1 [4].

The spontaneous superradiant scattering process should be
contrasted with stimulated Raman scattering. To character-
ize the latter, we applied the excitation beam together with
another beam polarized parallel to the magnetic field and de-
tuned by the Zeeman shift (26 MHz) with respect to the o-
polarized beam, inducing a stimulated Raman transition. The
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 for
a BEC [34, 41, 42]. The superradiant atom peaks also appear
to exhibit a sort of longitudinal gain narrowing effect [27]. We
observe them to be 2.8 times narrower in the vertical direction
than the vertical width of the transferred condensate [33], but
we have not yet made a careful study of this effect.

We also investigated the case when the atomic sample was



excited with a longer and stronger pulse (10 s, 3.2 W/cm?),
so that the initial condensate was entirely depleted. The cor-
relation function of the superradiant peaks were practically
identical to the one measured for a weaker depletion. Finally,
we have measured correlation functions for a few other config-
urations: the Rayleigh scattering regime, in which the atoms
scatter back to their initial internal state, and for a trapped
BEC with a longitudinal confinement frequency of 7 Hz, lead-
ing to a much greater aspect ratio. These configurations also
led to approximately thermal correlations.

We emphasize that our observations have been on the atoms
undergoing superradiance rather than on the radiation itself.
Because each atomic scattering event corresponds to a photon
emission, however, we infer that the emitted light should also
resemble thermal radiation. Nonetheless the temporal char-
acteristics of the light pulse in the longitudinal direction will
be very different from those of the atomic pulse (~ 300 us
at the detector). The light pulse will have a total duration
essentially equal to that of the excitation pulse, although its
temporal shape might be complex as shown in Ref. [9]. 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 [43].
It has been predicted [12, 13, 44] that the modes propagating
in opposite direction are entangled, similar to those produced
in atomic four wave mixing [45-47]. A similar measurement
technique should be able to reveal them.
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I. SUPPLEMENTARY MATERIAL

Distribution of atoms in the xz plane The distribution of
scattered atoms in the yz plane showed a vanishing population
along the direction of the emission dipole (angles 0 and 7 in
the Fig. 3 of the main text). In the zz plane on the other hand,
the angular distribution is, as expected, uniform between the
superradiant peaks, see Fig. S1. The signal is zero on one
side of each superradiant peaks because the atomic cloud in
the zz plane is off center with respect to the detector due to
the photon recoil and the part of the distribution &k, > 0.4 kyec
misses the detector, as shown in Fig. S2.

Calculation of the correlation functions The quantity ac-
tually displayed in Fig. 4 of the main text is not the correlation
function as defined in Eq. 1, but the one defined by Eq. S1:

i k)a(k + Ak):)
@ (Ak / dAk,dAk /d3k< (k)
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FIG. S1: (color online) Angular distribution of scattered atoms in the
plane perpendicular to the emission dipole for different values of the
delay 7 before the excitation pulse. The data shown are the same as
those discussed in the main text. Error bars not shown.

The volume 2; is defined by the boundary conditions
|Aky| < 3 X 1072 kyec, |Aky| < 3 x 1072 kyee and Q2 by
|Aky| < 3 x 1072 kpec, |Ak,| < 3 X 1073 kyee. Integration
in momentum space is performed over a specific volume €2y
for each of the three cases showed in Fig. 4:

e superradiant peaks: |k;| < 0.5 kyec, |ky| < 0.5 kyec and
k2| > 0.95 kyec:

e scattered sphere away from the superradiant peaks:
|k.| < 0.92 ke and no constraint in the zy plane;

e stimulated Raman transfer: {2y is the volume centered
on the cloud with a width along z of 0.1 k. and no
constraint in the zy plane.
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FIG. S2: (color online) Momentum distribution of scattered atoms in
the plane perpendicular to the emission dipole. Both figures show the
atom distribution in the x z plane, integrated between ky, = +0.1 krec
and summed over 100 shots. Left: Excitation laser applied 500 us
after the trap has been switched off. Only the radiation pattern for a
y-polarized dipole is visible. Right: Excitation laser applied imme-
diately after the trap has been switched off. Strong superradiance is
visible in the vertical, endfire modes.

Widths of the superradiant peaks In order to obtain the
widths of the superradiant peak, we first derive the contri-
bution of ordinary spontaneous emission from the data with
longest delay 7 = 500 us. These are well described by a
pure spontaneous emission profile sin2(9), where 6 is the po-
lar angle in the yz plane, as can be seen in Fig. S3 (green
curve). Since the contribution of the spontaneous emission
should be the same for all delays, we subtract this background
from the atomic signal before fitting the distribution with a
Lorentzian function. The sum of the background and the fit is
also displayed in Fig. S3 (blue and red curves). The choice of
a Lorentzian fitting function is empirical and we expect the ex-
act shape of the superradiant contribution to be more complex
[36]. From this fit we obtain half-widths at half-maximum of
0.14 and 0.25rad for 7 = 0 and 200 us, respectively.
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FIG. S3: (color online) Close up of the momentum distribution of
scattered atoms around one superradiant peak in the plane of the
emission dipole (yz plane). The data shown are the same as those
discussed in the main text. Plain lines are fits to the data (see text for
details). Error bars not shown.



Table I summarizes the various widths measured in this ex-
periment. The first three lines refer to the widths of the ob-
served atomic distribution in momentum space. The "BEC"
entry corresponds to the configuration in which the m = 0
sublevel of the 235 state was populated by stimulated Ra-

man transfer (see main text).

TABLE I: Half-widths at half-maximum of the momentum distribu-
tion and correlation function in units of krec. The number in paren-

thesis denotes the uncertainty on the last digit.

Configuration vertical horizontal
BEC density 0.039(1)  0.190(2)
Superradiance density, 7 = 0 0.014(2) 0.14(2)
Superradiance density, 7 = 200 us 0.032(2) 0.27(2)
Superradiance correlation, 7 = 0 0.021(2) 0.15(1)
Scattered sphere correlation, 7 = 0 0.014(2) 0.12(2)




