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The coherence of superradiance
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We have measured the 2nd order coherence, or 2-body canslabf atoms from a Bose—Einstein conden-
sate participating in a superradiance process. We comparstatistics of the superradiant phenomenon with
the ordinary spontaneous emission and with a coherentsaltained via a stimulated Raman transition of a
Bose-Einstein condensate. Despite strong stimulatedsemithe 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 papér [1], the BEC a) b)
problem of the collective emission of radiation has occu- 23P,
pied many researchers in the fields of light scattering réase m ' \
and quantum optics. Originally dubbed superradiance, thi ® 1600 MHz
process underlies much of the physics of lasers [2] and he B e

been observed in many different contexts: hot gases, col !
gases, solids and even planetary and astrophysical enviro
ments l[__k]. Collective emission is characterized by a rate 0 % “
emission which is strongly modified compared to that of the “,
individual atoms|I|4]. Research has shown that the details de y ¥ «
pend on many parameters such as pumping configuration, d
phasing and relaxation processes, sample geometry etec. ar
as a result, a complex nomenclature has evolved includin =
the terms superradiance, superfluorescence, amplifiedsspon | =T
neous emission, mirrorless lasing, and random IaEirﬁ B4 —1
the distinctions among which we will not attempt to summa- MCP 2381
rize here.

Although collective emission has been studied for at leasf!G- 1: (color online) &) Sketch of the experiment. A 9-G metgn
60 years, the problem has recently seen renewed interest field B applied along they axis defines the quantization axis. The

. L excitation beam propagates with an anglé @f (not shown) relative
the field of cold atoms[[@4]. This is partly because COldto thez axis and its polarization is linear, with the same angletirnada

atoms provide a reproducible, easily characterized entgemby, the ; axis. After emission, the atoms fall 46 cm to a position-
in which Doppler broadening effects are small and relaxatio sensitive micro-channel plate (MCP). The atom cloud forrsghere
is generally limited to spontaneous emission. Most coldnato with enhanced occupation of the endfire modes. b) Atomicl leve
experiments differ in an important way from the archetypalscheme. The atoms, initially in tt2.51, m = +1 state, are excited
situation first envisioned by Dicke: instead of creating an e 10 the2’ /% state. From there, they can decay with equal branching
semble of excited atoms at a well defined time and then alf2ios t0 the 3 sub-levels of the ground state. We detect trdy
. . . . atoms which scatter into the = 0 state.

lowing this ensemble to evolve freely, the sample is typycal
pumped during a period long compared to the relaxation time
and emission lasts essentially only as long as the pumping.
The authors of referencel [9] however, have argued that theri@lation properties of the light. The theoretical treattseme
is a close analogy to the Dicke problem, and we will follow are aware of show that the coherence of collective emission
them in designating this process as superradiance. can be quite complicated and does not resemble that of a laser

An important method to characterize the emission of ra{@, E,Eqﬁ]zbgﬂ Experimentally, there has been even less
diation consists in considering its coherence properfléee  published work, but it corroborates the view that superradi
term coherence is often applied to the atomic dipoles whickance is not coherent in the sense of laser emis@rm& 29].
emit the radiation. In this paper however, we use it only for In this work we study collective emission of light from
the radiation itself. Thus, coherence allows one to disfisty atoms in a Bose—Einstein condensate (BEC). Starting from
lasers from other sources such as thermal or chaotic E}as [25nitially nearly motionless atoms, we observe their reapibn
We tend to characterize a laser by its high phase coherencemission. To the extent that each recoil corresponds to the
measured by the 1st order correlation function, and a stablemission of a single photon, we can obtain essentially the
intensity, corresponding to a flat 2nd order correlationcfun same information about the radiation from such measure-
tion. In the literature on superradiance however, there haments as by observing it directly. In doing this, we are fol-
been relatively little discussion about the coherence amd ¢ lowing the approach pioneered in experiments such [9, 29]
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and followed by many others, which uses highly developed ky(kre)
atom detection and imaging techniques to glean most of the 72 %> %
experimental information about the process. We use measure ™| .
ments of individual atomic recoils to construct 2-particte- o
relation functions (2nd order correlation functions). We a :
able to make time-integrated measurements of the emissionf </
resolved in transverse and longitudinal momentum as well ag |
in polarization. We will show that in the configuration of our 24 o
experiment, the 2nd order correlation of the recoiling atdsn
close to that of a thermal sample, and very different from the =
correlation properties of the initial, condensed atomatest
Our experimental configuration corresponds to “Raman suFlG. 2: (color online) Momentum distribution of scatteredras in
perradiance”@BO], by which we mean that an absorptioﬁhe plane of the emission dipole. Both figures show the distion
and emission cycle is accompanied by a change of the intef? "€ ¥= Plane, integrated betwed, = +0.1 ke and summed
. . -over 100 shots. Left: Excitation laser applied 509 after the trap
nal state of the atom. We exc'te_ atF’mS '.n an eIongatgd BEC 'Ras been switched off. Only the radiation pattern for-polarized
such a way that an allowed emission dipole can radiate alongipole is visible. Right: Excitation laser applied immeely after
the long axis. In an anisotropic source, collective emissio the trap has been switched off. Strong superradiance lsleisi the
builds up more efficiently in the directions of highest opti- vertical, endfire modes.
cal thickness. Superradiance is therefore expected toroccu
along the long axis of the BEC, in so called “endfire” modes
[|§1|]. We use helium in th@3S;, m = +1 state confined in a
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crossed dipole trap (see Fig. 1a) with frequencies of 1300 H% ot=0us ¢
in thex andy directions and 130 Hz in the (vertical)direc- = 15 k! °T=200ps o,
tion. The dipole trap wavelengthis5 zm. The atom number 5 . °T=500ps

is approximately 50 000 and the temperature of the remainin@ o

thermal cloud is 140 nK. A 9-G magnetic field along the = "o ’ 3
axis defines a quantization axis. E o o

After producing the condensate, we irradiate it with a Iaser‘é 5 0 o : 00°°
pulse of 2.4 W/crh tuned 600 MHz to the red of tf#&#S; — 8 S olafo s Do
23 P, transition at\ = 1083 nm. The excitation laser prop- | wﬁ i i
agates in a plane nearly orthogonal to the quantization axis i s Sy 2 o
Its polarization is linear and approximately orthogonattte Polar angle (radian)

guantization axis. The pulse lengthfigis and it is applied
is shown in FigdLb. The absorption dipole matrix elementis o plane of the emission dipole for different values of the geld®efore

theo— form and thus one half of the laser intensity is co Iedthe excitation pulse. The data for= 0 and 50Qus are the same as
g u ! Ity UP'€G0se shown in FidJ2. The images were integrated along; tids

to the atomic transition corresponding to a Rabi frequericy Opepweent0.1 kye.. The delays = 0, 200 and 50Qus correspond to
56 MHz. The excited atoms decay with equal branching rapeak densities of 8, 2, 0.4 x 10'*m 2 and to aspect ratios of 10,
tios to the 3 ground states. During the pulse, less than 10 % and 2.5, respectively. The endfire modes are locateekd®. The
of the atoms are pumped into each of these states. Becausetwif-width at half-maximum of the highest peak is 0.14 ragpital
the polarization selection rules, the atoms which are pumpe€Tor bars are_shown and denote €8&% confidence inter\_/a_ll. Away
into them = 0 state cannot reabsorb light from the excitationfrom the endfire modes the error bars would not be visible an th
laser. An important parameter in superradiance is the Fress'-cale'

nel number of the sampla[4}!? = 2R3 /AR,, whereR

andR. are the horizontal and vertical Thomas—Fermi radii of

the condensate. The Fresnel number distinguishes betweeetector reflect the atomic momenta after interaction with t
the diffraction limited ¢ < 1) and multimode superradiance excitation laser. Conservation of momentum requires tieat t
regimes ¢ > 1). Inour caseR; ~ 5pumandR, ~ 50 um,  scattered atoms lie on a sphere with a radius equal to thé reco
yielding a Fresnel number of about unity. momentunmk,.. = 2w /A\.

When the trap is switched off, the atoms fall toward a Typical images are shown in Figl 2, for = 500us (left
micro-channel plate detector which detects individuaheto panel) andr ~ 0 (right panel). Strong scattering in the end-
with 3 dimensional imaging capability and a 12@% quan-  fire modes is evident for the short delay. Moreover, from
tum efficiency ]. A magnetic field gradient is applied to 7 = 500 us toT ~ 0, the total number of scattered atoms
sweep away all atoms except those scattered interthe 0 is increased by a factor of 5. This demonstrates the col-
magnetic sublevel. The average time of flight to the detectolective nature of the superradiant emission when the sample
is 310 ms and is long enough that the atoms’ positions at thes dense and anisotropic. At long delays, the condensate has



as
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<
S5l Heren is the atomic density and :: denotes normal ordering.
o 1

The experimental realization of this function consists s
togram of pair separations as a functior/xdt normalized to
the autoconvolution of the average particle momentumidistr
bution @l,@]. Figur&l4 shows the experimentally measured
correlation function integrated over the momentum along tw
out of three axes both for the superradiant peaks and on the
scattering sphere away from the pe@ [33].

We see that in both cases the correlation function at zero
separation reaches a value close to 2. For the superradiant

0.0 ; : ; ; ;
0.00 0.01 0.02 0.03 0.04 0.05 0.06

& peaks, the correlation is even slightly larger than 2, a beha
;‘, ior which has appeared already in calculations |[Ib 36]sThi
Sol. 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 thigptes-
00 01 02 03 04 05 radiant emission is triggered by spontaneous emissions Thi
Aky(kree) does not prevent the superradiant process to be used as a co-
herent matter wave amplifier [377,/138] since in this case the
FIG. 4: (color online) Correlation functions along the(a) andy process is seeded by a coherent (BEC) pulse.
axis (b) forr & 0. Blue circles correspond to the superradiant peaks Figure4 also shows that the correlation widths of the super-
(defined bylk.| > 0.95k..). Orange circles correspond to atoms radiant peaks are somewhat broader than those of the sponta-
from the scattering sphere away from the superradiant feieksed  negusly scattered atoms. The effect is a factor of abouinl.5 i
by [k-| ﬁ 0‘.?2krtef)' Solid "”f.s arg Gausﬁ';‘”_ f'tls CO”StrZ'?ed 1 the vertical direction and about 1.25 in the horizontal cire
approacn unity at large separation. ray solia circie nato a . . . . .
frggtion of the)i/nitial (?onderilsate transfe¥red to the= me via a tlpn @]' The brpaden_lng .|nd|cates that the effective seur
stimulated Raman transfer. The dashed gray line shows. ugitgr ~ SiZ€ for superradiance is slightly smaller than for spoatars
bars denote thés% confidence interval. scattering. A decreased vertical source size for superradi
ance is consistent with the observations of @ 40FWwhi
showed that the superradiant emission is concentratedhresar
ends of the sample. In the horizontal direction, one also ex-
expanded sufficiently that the optical thickness and aropgt  pects a slightly reduced source size relative to the atonndclo
have fallen dramatically, suppressing the collectivetscaly.  since the gain is higher in the center. The fact that the cor-
By looking at the number of scattered atoms inthdirection  relation widths are close to the widths of the momentum dis-
(perpendicular to the plane of Fig. 2), we have verified thatgribution [33] indicates that the superradiant peaks ameoat
away from the endfire modes, the scattering rate varies By lesingle mode as expected for samples with a Fresnel number
than 10% for different delay5 [33]. close to 1[4].

To see the distribution in a more quantitative way, we show The spontaneous superradiant scattering process should be
in Fig.[d an angular plot of the atom distribution in the  contrasted with stimulated Raman scattering. To character
plane. Data is shown for three different delayisefore appli- ize the latter, we applied the excitation beam together with
cation of the excitation pulse. The angleandr correspond another beam polarized parallel to the magnetic field and de-
to the orientation of the emission dipole and thus the seatte tuned by the Zeeman shift (26 MHz) with respect to the
ing rate vanishes. For short delay the half width of the supolarized beam, inducing a stimulated Raman transitior. Th
perradiant peaks i8.14 k.., or 0.14 rad, consistent with the intensities were adjusted to transfer a similar numberahat
diffraction angle and the aspect ratio of the source. Intire v to them = 0 state as in the superradiance experiment. The
tical direction, the superradiant peaks are 10 times narow normalized correlation functions in this situation, shoinn
than in the horizontal direction [B3]. In the strongly super Fig.[4, are very nearly flat and equal to unity as we expect for
diant case, the heights of the two peaks differ slightly. On aa BEC [34] 41| 42]. The superradiant atom peaks also appear
shot-to-shot basis we observe even greater fluctuatiomssin t to exhibit a sort of longitudinal gain narrowing eﬁeIEI[ZWe
difference and the data shown may partly reflect the imperfembserve them to be 2.8 times narrower in the vertical dioecti
averaging of these fluctuations. than the vertical width of the transferred condensate (334,

We investigate the coherence of the scattered atoms by meae have not yet made a careful study of this effect.
suring the normalized 2nd order correlation function define  We also investigated the case when the atomic sample was




excited with a longer and stronger puld® (s, 3.2 W/cm),
so that the initial condensate was entirely depleted. The co
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I. SUPPLEMENTARY MATERIAL

Distribution of atomsin the zz plane The distribution of
scattered atoms in the plane showed a vanishing population
along the direction of the emission dipole (angles 0 arid
the Fig. 3 of the main text). In thez plane on the other hand,
the angular distribution is, as expected, uniform betwéen t

superradiant peaks, see Higl S1. The signal is zero on one 3
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> 0.4 k...
misses the detector, as shown in [Figl. S2.

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

A LA + A1)
e e RS
e 5 (A(k)i(k + Ak):)
TAR)= ARk JS ) G+ ax) OV
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FIG. S1: (color online) Angular distribution of scatterddras in the

plane perpendicular to the emission dipole for differemu®a of the ot1=0ps
delayT before the excitation pulse. The data shown are the same &g T =200 ps
those discussed in the main text. Error bars not shown. 15 o t=500 us

The volume(); is defined by the boundary conditions
|Aky| < 3 x 1072 Eyee, |Aky| < 3 x 1072 kyee andQ, by
|AK,| < 3 x 1072 kyee, |Ak.| < 3 x 1073 kyee. Integration
in momentum space is performed over a specific vol@ime
for each of the three cases showed in Fig. 4:

e superradiant peakk,;| < 0.5 krec, |ky| < 0.5 kyec and
k2| > 0.95 krec;

z(krec)

s
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FIG. S2: (color online) Momentum distribution of scatteegdms in
the plane perpendicular to the emission dipole. Both figsinesv the
atom distribution in the:z plane, integrated betweéf = £0.1 krec
and summed over 100 shots. Left: Excitation laser appliedl.S0
after the trap has been switched off. Only the radiationepatior a
y-polarized dipole is visible. Right: Excitation laser applimme-
diately after the trap has been switched off. Strong sugemae is
visible in the vertical, endfire modes.

Wi dths 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 delayr = 500 us. These are well described by a
pure spontaneous emission profite®(9), whered is the po-
lar angle in theyz plane, as can be seen in Higl] S3 (green
curve). Since the contribution of the spontaneous emission
should be the same for all delays, we subtract this backgroun
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.$3 (blue and red curves). The choice of
a Lorentzian fitting function is empirical and we expect tke e
act shape of the superradiant contribution to be more comple
[@]. From this fit we obtain half-widths at half-maximum of
0.14 and0.25rad forT = 0 and200 ps, respectively.

20

Normalized atom signal (a

Polar angle (radian)

e scattered sphere away from the superradiant peak&IG. S3: (color online) Close up of the momentum distributiaf

|k.| < 0.92 k. and no constraint in they plane;

e stimulated Raman transfe®2y, is the volume centered
on the cloud with a width along of 0.1 k... and no
constraint in thery plane.

scattered atoms around one superradiant peak in the platiee of
emission dipoleyz plane). The data shown are the same as those
discussed in the main text. Plain lines are fits to the dattése for
details). Error bars not shown.



Tablell 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= 0
sublevel of the23S, state was populated by stimulated Ra-
man transfer (see main text).

TABLE I: Half-widths at half-maximum of the momentum didtu-
tion and correlation function in units éf.... The number in paren-
thesis denotes the uncertainty on the last digit.

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




