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Linearly aligned superradiant Bose-Einstein condensates diffracted by a single short laser pulse
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Multiorder bidirectional superradiant Bose-Einstein condensates (BECs) were generated in a straight line by
an irradiation of a single unidirectional short laser pulse along the long axis of a cigar-shaped sodium BEC in a
magnetic trap. The probabilities of the diffracted BECs as a function of the laser intensity were well explained
by the square of the Bessel functions and it was estimated that the intensity of the end-fire beam was 25% of
the laser intensity. The backward diffractions disappeared at pulse duration longer than 5 μs because of energy
conservation. The probability for the + first-order diffraction grew exponentially with pulse duration when the
backward diffractions disappeared. We observed the linearly aligned diffracted BECs along the propagation
direction of the laser beam, regardless of the aspect ratio of the condensates. This fact indicates that the end-fire
beam is triggered by the small backreflection from the vacuum window.
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I. INTRODUCTION

Coherent matter-wave superradiance, which is the matter-
wave analog of Dicke optical superradiance [1], is a promising
tool for matter-wave amplification and matter-wave inter-
ferometry. The first discovery of a superradiance using a
Bose-Einstein condensate (BEC) of 23Na atoms was in 1999
[2], which was followed by many experimental studies [3–6]
and theoretical studies of matter-wave superradiance [7–10].
In those experiments, when a single far-red-detuned, long
laser pulse impinged along the short axis of a cigar-shaped
BEC, multiple condensates with different momenta formed a
highly regular and distinctive unidirectional scattering pattern
spreading in the propagation direction of the laser. The
observed matter-wave scattering pattern was explained as the
result of spontaneous and stimulated Rayleigh superradiant
scattering along the long axis (the so-called end-fire beam).
Recently, the strong suppression of matter-wave superradiance
using a blue-detuned pump laser was observed experimentally
[11].

On the other hand, the diffraction of a matter wave by
standing-wave light is well known as Kapitza-Dirac diffraction
[12]. Gould et al. scattered a thermal atomic beam to
several diffraction peaks of the forward and backward recoil
momentum with even multiples by a near-resonant standing-
wave laser field [13]. They showed that the probabilities of
diffraction peaks are well described by Bessel functions with
Rabi frequencies. Ovchinnikov et al. reported clear Kapitza-
Dirac diffraction patterns using released sodium BECs with
a pulsed standing-wave laser [14]. They observed periodic
focusing and collimation of the condensates as a function of
the pulse duration. Recently, the collapse and recurrence of
the bidirectional momentum distribution and the matter-wave
self-imaging were demonstrated using counterpropagating
beams with a significant intensity difference [15]. Thus, it
is established that the bidirectional momentum distributions
are in good agreement with Bessel functions for relatively
short-pulse duration in the standing-wave laser field [16,17].
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Instead of the standing-wave laser, in 2003, Schneble et al.
observed Kapitza-Dirac diffraction of superradiant atoms
using a single short laser pulse along the short axis of a
cigar-shaped 87Rb BEC [18]. They proposed the explanation
that the backward scattering of the atoms results from the
reabsorption of spontaneously scattered photons (end-fire
beam) and stimulated emission back into the pump beam.
The end-fire beam and pump beam form an optical standing
wave and diffracted atoms in a stimulated scattering process
between momentum states. The qualitative difference in the
diffraction patterns for the short- and long-pulse regimes
is attributed to the transition from the Raman-Nath regime
to the Bragg regime of diffraction, that is, to the onset
of energy-momentum conservation for a sufficiently long
interaction time. Subsequently, Pu et al. proposed a correlated
pair production picture using four-wave mixing to correlate the
backward- and forward-scattered atoms [19]. Deng and Hagley
presented an analytical small-signal propagation theory on
short-pulse, matter-wave superradiant scattering [20]. Such
methods have been applied to realize coherent matter-wave
amplifiers [21].

In this paper, the features of the superradiant BEC generated
by the excitation of a single unidirectional short laser pulse
are quantitatively investigated using sodium BECs with a
relatively large number of atoms. The differences of this study
compared to the previous study by Schneble et al. [18] are as
follows: BECs are irradiated by a single circularly polarized
laser pulse along the long axis of a cigar-shaped BEC [10,20],
including a cold gas with an inversion shape from the cigar
shape, before or after the release from a magnetic trap. The
probabilities of superradiant BECs with different diffraction
orders are measured as functions of the laser intensity, the
pulse duration, the number of initial atoms in the BEC, and
the time at which the irradiation takes place.

II. EXPERIMENTAL PROCEDURES

The experiments were performed with 23Na condensates
in the ground hyperfine |S1/2, F = 1,mF = −1〉 state, where
F and mF are the quantum numbers of the total spin and
its z component, respectively. The experimental setup we
used for creating BECs was similar to our previous setup
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[22]. Thermal sodium atoms were decelerated by a Zeeman
slower and trapped by a dual-operation magneto-optical trap
(MOT) [23], a temporal dark MOT, and a polarization gradient
cooling. Next, the spin of the trapped atoms was polarized
in the |1,−1〉 state using the spin-polarization technique
[24] and cold atoms were captured directly in a compressed
cloverleaf-type magnetic trap, whose trap frequencies were
ωr = 2π × 173 Hz and ωz = 2π × 21 Hz. The horizontal
z axis is the elongated axis of the condensates. Finally, by
an rf-induced forced evaporative cooling for 30 s, a cigar-
shaped 23Na condensate was produced at the phase transition
temperature of 1.2 μK. We were able to produce BECs in the
|1,−1〉 states, typically with 2.5 × 107 atoms and a density
of 3 × 1014 atoms/cm3, every 3 min. The number of atoms
in the condensate fluctuated by about 20% in each trial. The
initial axial length of the condensate was about 0.3 mm and an
aspect ratio of the axial length to the radial diameter was 8.5.
After the release from the magnetic trap, the aspect ratio of
the condensate decreased during the expansion, in accordance
with the Thomas-Fermi approximation [25]. At a time of 9 ms
after the release the shape was almost spherical and at a time of
21 ms after the release the aspect ratio was 0.5 and the pattern
was reversed.

To generate superradiant scattering, the condensate was
irradiated by a circularly polarized red-detuned laser pulse
with a variable duration τ , which propagated along the z axis,
at a time of T ms before or after the release from the magnetic
trap. The typical pulse duration τ was 1 μs. The detuning
frequency of the laser was fixed to �/(2π ) = −2.27 GHz from
the S1/2, |1,−1〉 → P3/2, |2〉 D2 transition at λ = 589 nm. The
diameter of the laser beam was 3 mm and the beam intensity at
its center I was changed from 1 to 590 mW/cm2. The intensity
of the laser beam backreflected from the window of the vacuum
chamber was about 8% of that of the incident beam. (Even if the
two laser beams reflected from the two surfaces of the window
interfere constructively, the intensity is 16% at the maximum.)
The window was located at 18 mm from the location of BECs.
We aligned the laser beam carefully so that the reflection beam
from the chamber window returned back at an angle more than
2◦ from the incident beam. Then the separation of the reflected
beam and the incident beam was about 0.6 mm at the location

of BECs. As the released condensates moved downward, the
position of the illumination was realigned.

To probe the momentum distribution of the scattered atoms,
the horizontal spatial distribution of the atoms was observed
using an absorption imaging method. After an additional time
of flight (TOF), the condensates were optically pumped to the
state S1/2, F = 2 and were illuminated vertically by the probe
beam, whose frequency was resonant to the transition from
the F = 2 state to the P3/2, F ′ = 3 state. The probe beam
passed through BECs was detected using a charge-coupled
device (CCD) camera with a spatial resolution of 10 μm.

III. EXPERIMENTAL RESULTS

First, the pulse duration of the pump beam was fixed to
1 μs. The condensates were irradiated by the pump beam
at a time of 5 ms after the release from the magnetic trap,
and absorption images were taken after an additional TOF
of 9 ms. In Fig. 1 we present several images of the spatial
distributions of BECs diffracted in a horizontal plane for
different laser intensities. The laser beam propagates along
the z axis, namely, from top to bottom in Fig. 1. As shown in
Figs. 1(b)–1(e), with an increase of the laser intensity, a single
condensate splits into several condensates, which are aligned in
a straight line along the propagation direction of the laser pulse.
We observed forward BECs with velocities parallel to the
propagation direction of the pump beam and backward BECs
with velocities antiparallel to that, which are symmetrical
around the static condensate at the center. These condensates
are called the plus or minus j th-order diffracted BECs and the
original 0th-order condensate, respectively. We measured the
velocities of the diffracted BECs by varying the TOF from 5 to
17 ms. As a result, the velocities were measured to be 12.4 ±
1.0, 6.3 ± 0.7, − 6.6 ± 0.8, and − 12.8 ± 1.0 cm/s for the
+ second, + first, − first, and − second-order diffractions,
respectively. Therefore, we could confirm that the diffracted
BECs have a sodium recoil velocity of 2.9 cm/s multiplied
by 2j , namely v = 2jh̄k/M (j = 1,2,3. . .), where k is the
wave number of the pump beam and M is the mass of
a sodium atom. In the present experiment, we used a σ−
circularly polarized light as the excitation pulse. However,

FIG. 1. (Color online) (a) Condensate is irradiated in a horizontal plane by a single circularly polarized short laser pulse with pulse duration
of 1 μs propagating along the long axis (z axis) of the cigar-shaped sodium BEC at a time of 5 ms after the release from the magnetic trap.
Absorption images (b)–(e) are taken after an additional TOF of 9 ms. Detuning frequency is 2.27 GHz. Laser intensities are (b) 26 mW/cm2,
(c) 130 mW/cm2, (d) 260 mW/cm2, and (e) 590 mW/cm2.
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FIG. 2. (Color online) Probability of the diffracted condensates
Nj/N versus laser intensity. (a) j = 0. Solid curve is the square of
the Bessel function j 2

0 . (b) ( ) j = + 1, (◦) j = − 1, ( ) j = + 2,
(�) j = − 2, ( ) j = + 3, and (�) j = − 3. Solid, dotted, and
dashed curves are the square of the Bessel function of j 2

1 , j 2
2 , and

j 2
3 , respectively. The dimensionless argument of the Bessel functions

is 5.4 × 10−3 I/(mW/cm3), which were chosen to fit the data of
j = ±1 and + 2.

the probabilities for diffracted BECs did not change, even if
we used a σ+ circularly polarized light or linear polarized
light. It was identified using the two-photon transitions that
the diffracted BECs were almost in the |1,−1〉 state [26].

Figure 2 shows the probability of the j th-order diffracted
BECs as a function of the laser intensity at pulse du-
ration of 1 μs. The probability Pj is the ratio of the
number of atoms in the j th-order diffraction, Nj , on
the number of atoms in the original condensate, N .
The probability distributions of the diffracted BECs with
j = + 1 and j = − 1 are almost the same over a span of intensi-
ties and they increase to a laser intensity of 350 mW/cm2, then
decrease at higher intensities, but that with j = + 2 increases
till 590 mW/cm2. On the other hand, the probability of the
0th-order condensate decreases to 400 mW/cm2 and increases
again [see Fig. 1(e)]. It should be noted that the probability
of the diffracted BECs with j = − 2 (or − 3) is smaller than
that with j = + 2 (or + 3), although we will discuss this later.
The dependence of Nj on the number of initial atoms in the
condensate N was examined at a pulse duration of 1 μs and a
fixed laser intensity of 200 mW/cm2. The number of diffracted
atoms for j = + 1 and + 2 was proportional to N , as shown
in Fig. 3.

Next, the pattern of diffracted BECs was examined for
different pulse duration τ at a weak intensity of the laser beam.
The condensate was irradiated by a laser with an intensity
of 13 mW/cm2 at a time of 5 ms after the release, and
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FIG. 3. (Color online) Number of atoms in the diffracted conden-
sates for j = 1 ( ) and j = 2 ( ) versus the number of atoms in the
condensate.

the absorption image was taken after an additional TOF of
13 ms. As shown in Fig. 4, with a 1-μs pump pulse, the
diffracted BECs with j = ±1 were observed with the same
weak probability; however, at τ = 3 μs, the probability of
j = 1 became greater than that of j = − 1. At 5 μs, the
probability of j = − 1 decreased. At 8 μs, the diffracted
BEC with j = − 1 completely disappeared and that with
j = 1 became more and more large. We examined the pattern
for further pulse duration τ up to 70 μs. We observed only the
forward diffractions for j = + 1 with almost the same proba-
bilities for j = 0 and j = 2 with a small probability, but their
patterns were smeared out and their numbers decreased as the
pulse duration increased. Figure 5 shows the probabilities for j

= + 1 and j = − 1 as a function of pulse duration up to 8 μs.
Lastly, we examined the dependence of the diffracted

patterns on the irradiation time T at which the irradiation
takes place. The origin of T was defined as the moment that
BECs were released from the magnetic trap. Figure 6 shows
the absorption images for various T taken after an additional
TOF of 13 ms. The intensity of the pulse was 200 mW/cm2 and
the pulse duration was 1 μs. Figure 6(b) shows the diffracted
BECs which were released from the magnetic trap immediately
after irradiation of the pump beam (T = 0), as in the original
experiment by Schneble et al. [18]. We see that the pattern
of the diffractions becomes more distinctive when the BECs
were irradiated by the pump beam after the release from the

FIG. 4. (Color online) Diffraction pattern versus laser pulse
duration. Laser beam with intensity of 13 mW/cm2 propagates from
top to bottom in the figure and condensates are irradiated at 5 ms
after the release from the magnetic trap. Absorption images were
taken after TOF of 13 ms. (a) Pulse duration of 1 μs, (b) 3 μs,
(c) 5 μs, and (d) 8 μs.
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FIG. 5. (Color online) Probabilities for j = 1 ( ) and j = − 1 ( )
versus laser pulse duration τ . Dashed curve is the square of the Bessel
function j 2

1 (x) at x = 0.070τ/μs. Solid curve is the exponential curve
fitted to the data for j = 1.

magnetic trap. However, as shown in Fig. 7, the probability for
j = 1 was almost constant (∼32%) for any irradiation time.

IV. DISCUSSIONS

A. Pump beam intensity

It is known that the probability Pj of Kapitza-Dirac
scattering in a standing wave is given by [13]

Pj = J 2
j [�1�2τ/(2�)], (j = 0, ± 1, ± 2, · · · ), (1)

where Jj are Bessel functions of the first kind, �1 and �2 are
the Rabi frequencies of two counterpropagating laser beams, τ
is the pulse duration of the laser beam, and � is the detuning of
the beams. The formula is valid on the assumption of |�| � �i

and τ 	 π �i(|�|ωr )1/2. The Rabi frequency is obtained from
the laser intensity Ii using

�i = 	
√

Ii/(2Is), (2)

where 	 is the natural linewidth and Is is the saturation
intensity. In the case of a unidirectional laser excitation,
Schneble et al. explained that the pump beam and the end-
fire beam form an optical standing wave [18]. Therefore,
we assume that the intensity of the end-fire beam as I2 is
proportional to the intensity of the pump beam I1 = I with

FIG. 6. (Color online) Diffraction pattern versus irradiation time
T at which irradiation takes place after the release from the magnetic
trap. Laser beam propagates from top to bottom in the figure.
Pulse duration of laser is 1 μs and laser intensity is 200 mW/cm2.
Absorption images were taken after an additional TOF of 13 ms.
(a) T = − 2 ms, (b) 0 ms, (c) 1 ms, and (d) 21 ms.
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FIG. 7. (Color online) Probability of diffracted condensate of
j = 1 as a function of the irradiation time T at which irradiation
takes place after the release from the magnetic trap.

a proportional coefficient α. Then, the probability of the
diffracted BECs is given by

Pj = J 2
j [	2√αIτ/(4�Is)]. (3)

For the sodium D2 transition, 	 is 2π × 9.79 MHz and
Is is 6.26 mW/cm2 [27]. In the present experiment, the
largest laser intensity used was about one hundred times the
saturation intensity. However, the detuning frequency of � =
2.27 GHz was sufficiently larger than the Rabi frequency, so
that we could ignore the power broadening effect caused by
the saturation. The measured probabilities of the diffracted
BECs for j = 0, ±1, +2, and + 3 were compared with
the curves calculated using Eq. (3). When the proportional
coefficient α is 0.25, an overall coincidence between the
experimental data and calculated curves were obtained without
other scalable factors, as shown in Fig. 2(b), although the
experimental probabilities for j = ± 1 are somewhat larger
than their calculated curves at the higher side of the intensities.
Figure 2(a) shows the probability for j = 0, together with the
curve of the square of the Bessel function for j = 0 with
α = 0.25. These coincidences confirm that the multiorder
bidirectional diffractions occur also in the short unidirectional
laser beam excitation, as well as the case of the standing wave.

The present results show that the intensity of the end-fire
beam was 25% of that of the irradiation laser beam. Thus, the
value of α is constant, not depending on the laser intensity. In
the Rb experiment reported by Schneble et al., the population
in the j = − 2 peak was 50% of that in the j = − 1 peak
at the intensity of 63 mW/cm2, detuning of 420 MHz, and
a pulse duration of 5 μs [18]. This means that the argument
of the Bessel function is about 2.2, so that we estimated that
the α was roughly 0.05, using Eq. (3) with the parameters of
Rb [15]. Therefore, the present value is five times higher than
that in the Rb experiment.

B. Pulse duration of pump beam

Li et al. reported that the multiorder bidirectional diffrac-
tions were observed in the short-pulse regime using the
standing-wave laser with a strong beam and a weak coun-
terpropagating beam, whose intensity was only 6% of the
former one [15]. Therefore, the weak reflection beam from
the chamber window (∼8%) may form the standing wave with
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the unidirectional pump beam in the present experiment. If it
occurs, the multiorder bidirectional diffractions will collapse
and reappear, and the matter-wave self-imaging will appear,
as the pulse duration increases [15]. However, as shown in
Fig. 4(e), the pattern for long pulse duration showed the
unidirectional diffraction observed by Schneble et al. using
a single traveling laser excitation [18]. We did not observe
the revivals of the negative momentum distribution for pulse
duration up to 70 μs. Thus, the reflection beam from the
window did not form the standing wave.

The above experiments show that the transition from the
Raman-Nath regime to the Bragg regime occurs as a function
of the pulse duration. In sodium atoms excited by D2 lines,
the single-photon recoil frequency is ωr = 1.5 × 105 s−1,
which corresponds to a recoil time of ω−1

r = 6.7 μs, while the
energy mismatch in the backward case is 8h̄ωr [10]. Therefore,
Kapitza-Dirac scattering can only take place when the energy
uncertainty, h̄/τ > 8h̄ωr = 1.3 × 10−28 J, is satisfied, that is,
for pulse lengths of up to τ ∼ 1 μs. The emergence of this
asymmetry at 5 μs in Fig. 4(c) is a clear signature for the
transition from the Raman-Nath regime to the Bragg regime,
that is, for the onset of energy conservation. For higher-order
diffractions, the onset of energy conservation occurs at shorter
pulse duration, so that the probability for j = − 2 (or j = − 3)
was smaller than that for j = + 2 (or j = + 3), as shown in
Fig. 2. Thus, we conclude that the atoms spontaneously emit
photons along the propagation axis of the laser beam, which
forms the end-fire beam whose energy is less than the energy
of the pump beam.

C. Atom number of diffracted BEC

The experimental results of Fig. 2 show that the probability
of diffracted BECs in the short laser pulse varies according
to the Bessel function Jj . On the other hand, the number of
the diffracted atoms Nj was proportional to the initial atom
number of BEC in the condensate N , as shown in Fig. 3.
Therefore, the number of atoms in the j th-order diffracted
BECs are given by Nj = NJ 2

J . Thus, it was confirmed that the
probability of the diffracted BECs is constant in the Raman-
Nath regime.

Contradictorily, in the Bragg regime, Inouye et al. [2]
suggested that the gain equation is

Ṅj (t) = GNNj (t). (4)

Then the number of diffracted BECs grows exponentially as a
function of pulse duration or the initial atom number N . This
exponential growth of the diffraction probability for j = 1 is
shown in Fig. 5, as a function of pulse duration. We can see that
the probability for j = + 1 grows as an exponential function
(solid curve) much larger than the square of the Bessel function
calculated using Eq. (3) (dashed curve), for the pulse duration
more than 5 μs, while that for j = − 1 decreases rapidly. Thus,
the exponential growth of the probability for j = 1 starts when
the diffracted BECs for j = − 1 have disappeared because of
energy conservation.

D. Irradiation time

The probabilities of the diffracted BECs for the different
irradiation time T were almost constant, as shown in Fig. 7.
Furthermore, the atoms for j = ± 1 at T = 21 ms were
still diffracted along the propagation direction of the pump
beam, as shown in Fig. 6(d). When the pump is fired at this
time, condensates expand due to the mean field energy and
the density of atoms becomes very low. The aspect ratio
of the condensate is inverted and the length of the BECs
along the propagation axis of the laser beam becomes half
of that along the radial axis. Without a pronounced aspect
ratio and reflection of the pump beam, the scattered photons
go in all directions. Therefore, the present result seems to
be contradictory to known superradiant scattering theory that
the end-fire beam is generated along the long axis of the
condensates [2,18]. However, the fact that the scattering
is still in the direction of the pump beam indicates to us
that the end-fire beam is primarily triggered by the small
backreflection from the vacuum window, and the probabilities
of the diffracted BECs indicates that the end-fire beam grows
up to 25% of the intensity of the pump beam. Thus, the
diffraction observed using a cold gas with a low density will
be superradiant scattering caused by the presence of a small
backreflection.

V. CONCLUSION

In conclusion, we have examined quantitatively Kapitza-
Dirac superradiant BECs aligned in a straight line induced by
a single unidirectional short-pulse excitation, using a relatively
large number of sodium BECs. Symmetrical multiorder
backward- and forward-diffracted BECs are generated as the
laser intensity increases. The probabilities of the diffracted
BECs were well explained by the square of the Bessel
functions, and it was deduced that the intensity of the end-fire
beam was 25% of the laser intensity. The disappearance of
the backward diffraction for pulse duration more than 5 μs
is a clear signature for the transition from the Raman-Nath
regime to the Bragg regime, that is, for the onset of energy
conservation. This is proof that the superradiances observed
in the present experiment occur in the unidirectional laser in
the excitation. The exponential growth of the probability for
the + first-order diffraction starts when the diffracted BECs
for j = − 1 disappeared because of energy conservation. The
pattern and probability of the diffracted BECs did not change
at different times at which the irradiation takes place.

At present, we are attempting to compose an atom interfer-
ometer using longitudinally aligned BECs which are irradiated
by multiple short laser pulses.

ACKNOWLEDGMENT

We are grateful to Dr. Hiromitsu Imai and Koichi Toriyama
for their observation of the linearly aligned superradiant
BECs.

[1] R. H. Dicke, Phys. Rev. 93, 99 (1954).
[2] S. Inouye, A. P. Chikkatur, D. M. Stamper-Kurn, J. Stenger,

D. E. Pritchard, and W. Ketterle, Science 285, 571 (1999).

[3] S. Inouye, T. Pfau, S. Gupta, A. P. Chikkatur, A.
Görlitz, D. E. Pritchard, and W. Ketterle, Nature 402, 641
(1999).

043627-5

http://dx.doi.org/10.1103/PhysRev.93.99
http://dx.doi.org/10.1126/science.285.5427.571
http://dx.doi.org/10.1038/45194
http://dx.doi.org/10.1038/45194


ICHIRO INANO, KEISUKE NAKAMURA, AND ATSUO MORINAGA PHYSICAL REVIEW A 87, 043627 (2013)
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