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Phase-Coherent Amplification
of Matter Waves

Mikio Kozuma," Yoichi Suzuki,” Yoshio Torii,2 Toshiaki Sugiura,’
Takahiro Kuga,” E. W. Hagley,? L. Deng?

Phase-coherent matter-wave amplification was demonstrated using Bose-
Einstein-condensed rubidium-87 atoms. A small seed matter wave was created
with coherent optical Bragg diffraction. Amplification of this seed matter wave
was achieved by using the initial condensate as a gain medium through the
superradiance effect. The coherence properties of the amplified matter wave,
studied with a matter-wave interferometer, were shown to be locked to those
of the initial seed wave. The active matter-wave device demonstrated here has
great potential in the fields of atom optics, atom lithography, and precision

measurements.

Advances in laser science and technology
have been supported by the development of a
variety of optical elements that can be cate-
gorized as either passive or active. Mirrors,
beam splitters, and polarizers are typical ex-
amples of passive elements, whereas devices
such as optical pulsed-dye amplifiers (/) are
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active ones. By passing through such an ac-
tive device, a weak laser beam can be ampli-
fied while maintaining its phase coherence:
the mechanism of lasing itself.

In the field of atom optics it has long been
speculated, in direct analogy with optical am-
plifiers, that it should be possible to coherently

amplify a matter wave by using an appropriate
gain medium. Bose-Einstein condensation (the
macroscopic occupation of a single quantum
state) in dilute alkali gases (2, 3) has the poten-
tial of being such a gain medium because it is
an ideal source of highly coherent matter
waves. What has long since happened for the
optical laser is now becoming a reality for
matter waves. In fact, many passive matter-
wave elements have already been demonstrat-
ed. For example, Bragg diffraction (4) of a
Bose-Einstein condensate (BEC) by a moving,
optical standing wave (5) can be used to coher-
ently diffract any fraction of;,a BEC into a
selectable momentum state, makihg it an ideal
mirror or beam splitter. These passive elements
were key in the development “of a highly effi-
cient (nearly 100% contrast) Mach-Zehnder
BEC interferometer (6, 7). In addition, most

TInstitute of Physics, University of Tokyo, 3-8-1
Komaba, Meguro-ku, Tokyo 153-8902, Japan. 2De-
partment of Physics, Gakushuin University, Mejiro
1-5-1, Toshima-ku, Tokyo 171-8588, Japan. 3Physics
Lab, National Institute of Standards and Technology,
Gaithersburg, MD 20899, USA.
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BEC atom lasers (§—/1) demonstrated thus far
rely on changing the internal spin state of the
atoms, and this can be thought of as a passive
matter-wave polarizer. What is lacking in this
otherwise complete group of passive atom-op-
tic elements are active ones.

An atom-light interaction that holds the key
to the development of such an active element
was recently observed. This process, called su-
perradiance (/2), occurs when a nonspherical
condensate is illuminated by off-resonant laser
light. Spontaneous emission initially causes at-
oms to scatter randomly into various momen-
tum states. These scattered matter waves inter-
fere with the condensate, forming a moving
matter-wave grating that further scatters the
laser beam. Because the condensate is not
spherical, specific matter-wave gratings grow
and become dominant (/2). The spontaneous
emission process (normal Rayleigh scattering)
gives way to a coherent process whose rate
grows as the depth of the matter-wave grating
increases. The process is self-amplifying be-
cause every scattered photon creates another
recoiling atom that increases the amplitude of
the matter-wave grating. This can be thought of
as a stimulated matter-wave generator, in anal-
ogy with parametric generation in optical laser
systems. However, because the process starts
from spontaneously generated noise, the phase
of the atomic grating is not controllable. Fur-
thermore, there has been no experimental evi-
dence as to whether this superradiant element
maintains the long-range coherence properties
of the condensate.

Here we report the first demonstration of an
active, phase-coherent, matter-wave amplifier
(13). Instead of relying on spontaneously gen-
erated noise, we established a small, coherent
atomic seed in the BEC in a high momentum
state using optical Bragg diffraction (5). The
superradiance effect was used solely as a gain
medium. Clear evidence of the increase in the

Fig. 1. (A) Direction
along which the elon- A
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population of the seed matter wave was ob-
served. We verified that the phase of the am-
plified matter wave was locked to that of the
injected seed, using a new type of Mach-
Zehnder interferometer (7).

The experiment was performed with a
condensate of ~2 X 10° 37Rb atoms formed
in a dc magnetic trap (/4) with a standard
evaporation technique (2). We first trapped
about 10° atoms in an ultra—high vacuum cell
using a double magneto-optical trap (15). The
atoms were then transferred into a dc mag-
netic trap and were further cooled by radio
frequency—induced evaporation. We created
aBECinthe5S,,,F=1,m= —1 state, in
a trap with a radial gradient, axial curvature,
and a bias field of 1.75 T/m, 185 T/m?, and
10~ T, respectively. The condensate in such
a trap is highly elongated. After forming the
BEC, we turned off the magnetic trap and
waited long enough that the magnetic fields
decayed completely away. We then applied
superradiance or Bragg laser pulses or both
(Fig. 1A). Both the superradiance pulse
(pulse A in Fig. 1A) and the Bragg pair pulse
(pulses B and C in Fig. 1A) were derived
from an optically amplified, grating-stabi-
lized diode laser. The spatial mode of the
laser was purified by passing it through a
single-mode optical fiber, and the intensity
at the exit of the fiber was actively stabilized.
The laser beams were detuned from the
58,, F=1—>5P,, F = 2 transition by
A2m = -2 GHz, had an intensity of 3
mW/cm?, and were applied along the axial
(long) direction of our cigar-shaped conden-
sate. The intensity was determined experi-
mentally from the measured 5.6-kHz two-
photon Rabi oscillation frequency of the
Bragg beams (7). Although the rate of spon-
taneous emission from such a beam is only
0.05 ms™!, the noise floor of our optical
amplifier caused this rate to be much higher.

BEC

C
O w—p- ) =t > — @ < C

gated condensate is A

illuminated by the su- - -

perradiance (pulse A) o+Ao [p=0> |p=2hk> ®
and Bragg (pulses B and B D

C) beams. (B through
E) Absorption images
showing the atomic mo-
mentum distribution 20
ms after the condensate
was exposed to various
laser pulses. The 20-ms
time ‘of flight (TOF) al-
lows the momentum
states enough time to
separate completely in
space. For these images,
the width of the field of
view is 940 um by 350
pm, and the duration of
pulse A is 520 ps.

B and C, then A
absorption
0% I

M 100%

We measured the spontaneous emission rate
to be ~1 ms™~! by fitting the decay of atoms
in the condensate under normal Rayleigh
scattering.

When only beam A was applied, the re-
coiled-atom growth rate from superradiance
was (12)
dN; 3 -

Z - o= RN, sin’0;, — L;|(N;+ 1)

8
0))

N, is the initial number of atoms in the conden-
sate and N, is the number that recoiled into the
jth mode. R is the single-atom Rayleigh scatter-
ing rate (proportional to the laser intensity), 6, is
the angle between the polarization of the inci-
dent light and the direction of light emission, (),
is the solid angle for light emission, and L, is the
loss term arising from the coherence time of the
atomic grating. Because of the BEC aspect ratio,
the dominant phase-matched grating causes
photons to backscatter, and these atoms thereby
acquire a momentum of 27k through superradi-
ance. The choice of applying the laser along the
axial direction only supports this single superra-
diance mode. Applying a single pulse A 500 ws
after turning off the magnetic trap, when the
BEC was still well elongated (Fig. 1B), resulted
in the coherent buildup of the matter-wave grat-
ing because of spontaneous superradiance, and
caused 62% of the atoms to be scattered into this
[2%k> momentum state.

In order to make a matter-wave amplifier,
we must suppress this spontaneous superra-
diance. That is, only an injected seed matter
wave should be amplified. To do this, we
increased the time before applying pulse A
after extinguishing the trap in order to change
the aspect ratio of the condensate. The con-
densate profile became more spherical be-
cause of the mean-field—driven expansion,
and thus there was less of a preferred grating
direction. When we applied pulse A 1.8 ms
after extinguishing the magnetic trap (Fig.
1C), the coherent buildup of atoms in the
|2Ak> state was greatly suppressed (the con-
densate aspect ratio was reduced by a factor
of 2, decreasing the gain term in Eq. 1 by a
factor of 4).

Coherent Bragg diffraction created the
small matter-wave seed that was used to test the
amplification process. The Bragg pulse was
formed by a pair of linearly polarized, counter-
propagating laser beams of slightly different
frequencies (5). The frequency difference be-
tween the two laser beams was chosen to fulfill
a first-order Bragg diffraction condition that
changes the momentum state of the atoms with-
out changing their internal state. In our case, the
atoms acquired a Kinetic energy of 4 E_(E, ~
h X 3.8 kHz is the 8’Rb single-photon recoil
energy), and the necessary relative detuning
was Aw/2m = 15 kHz. Figure 1D shows the
result of diffracting 6.5% of the atoms into the
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|27ik> state using a 15-us Bragg diffraction
pulse.

The amplification was accomplished by
successive application of the seed Bragg
pulse and of the superradiance pulse A, be-
fore the diffracted atoms left the region of
the condensate. Applying the superradiance
pulse A after creating the seed matter wave
(Fig. 1E) produced a striking increase of at-
oms in the |2%k> state to 66% of the original
condensate number. The population of the
injected coherent atomic matter wave was
thereby amplified by more than a factor of 10.
This increase can be seen in Fig. 2A, where
population in the |2Ak> state is plotted as a
function of the duration of the superradiance
pulse A. At each pulse duration, no superra-
diance growth occurred without the injected
seed (only normal Rayleigh scattering oc-
curred). However, with the seed wave inject-
ed, the |2hk> population increased as the
duration of pulse A increased, allowing us to
control the gain of the matter-wave amplifier.
The case where the duration of pulse A was
chosen so that at the end of the pulse pair
there were equal numbers of atoms (50%) in

-
o
o

= Without injection-seeding—
* With injection-seeding

N B [2] (2]
o o o (=]
T - T -

Population in 2hk state (%)

o
T

0 100 200 300 400 500
Duration of pulse A (ps)

absorption
0% I . 100%

Fig. 2. (A) Population growth in the |2hk>
state is plotted as a function of the duration of
pulse A both with (circles) and without
(squares) the matter-wave seed. The solid
curves are one-parameter fits (L) to Eq. 1. Here
€); is approximated to be \?/S, where S is the
cross-sectional area of the condensate perpen-
dicular to the direction of light emission, and \
is the optical wavelength. The best fit yielded
L; = 3.8 ms™" for both curves. (B) Absorption
|mage taken after 15 ms TOF for a 50% split
ratio. Although there are equal numbers of
atoms in the two momentum states, their den-
sity distributions are not the same. The width
of the field of view is 400 um by 260 pm.
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each momentum state is shown in Fig. 2B.

It is important to examine the coherence
properties of this amplified wave. The phase
coherence of the seed wave may have been
completely lost by the amplification process, a
phenomenon analogous to strongly amplified
spontaneous emission (ASE) (/6), frequently
seen in optical pulsed-dye laser amplifiers that
are not well aligned. We therefore needed to
determine whether the long range coherence
properties of the condensate were preserved in
the amplification process and, if they were,
whether the phase of the amplified matter wave
followed that of the seed. In order to determine
whether our amplified matter wave was phase-
coherent, we studied its phase with a novel
Mach-Zehnder interferometer (7) (Fig. 3).

We first applied a Bragg pulse to diffract
6.5% of the atoms into the [2%k> state and then
increased the population in this state to 50% of
the initial condensate population, using superra-
diance amplification (Fig. 2B). The |0> and
[27k> momentum states began to separate, and
after 350 ps we applied a second () Bragg
pulse. Because a T pulse inverts the two mo-
mentum states, the two spatially displaced
clouds then began to converge. When the two
clouds from the two different coordinate-space
paths overlapped completely, we applied a third
(m/2) Bragg pulse. If the long-range order were
maintained for the amplified matter wave, and if
the phase of this amplified wave followed that
of the injected wave, the initial Bragg seed and
superradiance pulse would together act as if they
were a single, coherent, /2 Bragg pulse. Con-
sequently, the probability of finding atoms in the
initial state |0> after all pulses had been applied
would be unity (7) if the phase of the moving

BEC magnetic trap
1

|0 [2hk> (6.5%)
0+A® o }mz

wereverf i |2hk> (50%)

o+A® o O [0} } %

(D+_A_(|J_.> ..q—m. } n/2
(phase shifted)

«— Q—

'

o () (o

Interferometer output

Fig. 3. Schematic of the Mach-Zehnder inter-
ferometer used to test the phase coherence of
the amplified matter-wave seed.

Bragg standing wave were not altered between
pulses. If we then varied the phase ¢ of this
moving standing wave just before the third
(m/2) Bragg pulse was applied, the probability
of finding atoms in the |2Ak> state would be
[1 — cos(¢))/2 (7). The interferometer fringes
mapped in this manner should have a contrast
of 100%.

However, if the long-range order were
lost in the amplification process, we would
expect to see a maximum interferometer con-
trast of only 36%, resulting from the interfer-
ence between the initial seed wave and the
rest of the condensate. If the long-range order
were maintained for the amplified wave but
the phase of the amplified wave was random
with respect to the seed, the interferometer
would not be stable because the probability of
finding atoms in the [2%k> state would fluc-
tuate randomly from shot to shot. The coher-
ence properties of the amplified matter wave
are therefore integrally linked to the contrast
of the interferogram.

We measured the interferometer contrast by
varying the relative phase ¢ of the third (7/2)
Bragg pulse in the range 0 < ¢ < 3.5 m. This
was accomplished by changing the phase of one
of the two Bragg beams composing the moving
standing wave with an electro-optic modulator.
After 20 ms of free evolution to allow the [0>
and [27k> components enough time to separate
significantly in space, an absorption image of
the resulting condensate was taken. The [24k>
state population oscillated as a function of ¢
(Fig. 4), and we observed an interference pattern
with a contrast of 71(6)%. The facts that the
fringe contrast exceeded 36% and that most of
the atoms came back to the |0> state when ¢ =
0 are direct evidence that the long-range order
was maintained and that the phase was locked to
that of the seed matter wave. The contrast was
not 100% because of the distortion of the atomic
density distribution caused by the superradiance
process. Superradiance is based on matter-wave
bosonic stimulation, and thus the probability of
superradiance is highest where the atomic den-
sity is greatest. Therefore, the atomic density
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Fig. 4. Interferogram from the interferometer
depicted in Fig. 3. The atomic population in the
|22k> momentum state is plotted as a func-
tion of ¢.
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distributions of the two momentum states are
not the same even though each momentum state
contains the same total number of atoms (Fig.
2B). Consequently, when the two momentum
states are combined with successive w and /2
Bragg pulses, it is not possible to establish com-
pletely constructive or completely destructive
interference. Three-dimensional numerical sim-
ulations that take into account the difference in
the atomic density distributions (Fig. 2B) predict
the maximum contrast to be 78%, which is in
good agreement with our measured contrast of
71(6)%. This is to be compared to a Mach-
Zehnder BEC interferometer (100% contrast)
(7) that splits the condensate into two momen-
tum states with identical density distributions,
using a single /2 Bragg pulse. The corrected
maximum contrast of 78% implies that 83(14)%
of the amplified wave is phase-coherent with the
initial seed.

The phase-coherent matter-wave amplifi-
er presented here is capable of amplifying a
matter wave whose momentum p is in the
range 0 < p < 2%k, provided the phase-
matching condition is respected. If ¢ is the
angle between the direction of propagation of
the superradiance beam and that of the seed
matter wave, the phase-matching condition
becomes p = 2%k cosd. This condition is
relaxed by the momentum spread of the
source condensate, which, for a particular
choice of ¢, can be thought of as the matter-
wave amplifier bandwidth.

In the present experiment, both the Bragg
and the superradiance pulses were illuminat-
ed along the same direction. If we injected a
small fraction of atoms along a different di-
rection, we would be able to study mode
competition in the matter-wave amplification
process. One could use phase-coherent mat-
ter-wave amplification to enhance the num-
ber of atoms in atom lithography or hologra-
phy (I7) experiments in order to reduce sig-
nal accumulation time. Furthermore, it should
be possible to make a ring cavity for matter
waves using multiple Bragg diffractions as
mirrors. By combining such a matter-wave
cavity and the phase-coherent amplification
mechanism demonstrated here, it should be
possible to construct a new type of high-
brightness atom laser.
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Exciton Storage in
Semiconductor Self-Assembled

Quantum Dots
T. Lundstrom, W. Schoenfeld, H. Lee, P. M. Petroff*

Storage and retrieval of excitons were demonstrated with semiconductor self-
assembled quantum dots (QDs). The optically generated excitons were dissociated
and stored as separated electron-hole pairs in coupled QD pairs. A bias voltage
restored the excitons, which recombined radiatively to provide a readout optical
signal. The localization of the spatially separated electron-hole pair in QDs was
responsible for the ultralong storage times, which were on the order of several
seconds. The present limits of this optical storage medium are discussed.

Storing information in a cheap way will require
ultrahigh packing densities as well as inexpen-
sive self-assembling techniques and fast meth-
ods for writing and retrieving the information.
Today, over 10 million atoms are required for
storage of a single bit of information, but de-
mands for faster addressing will require even
smaller structures. Semiconductor QDs, which
involve a few thousand atoms, may offer an
attractive path toward achieving these goals.
Charge storage devices based on the resistivity
changes of a two-dimensional electron gas lo-
cated near a layer of self-assembled QDs have
been demonstrated at low temperature (Z, 2).
Quantum well (QW) devices designed for op-
tical storage have been proposed and demon-
strated (3, 4). Their storage characteristics are
limited to short storage times (several hundred
microseconds) at low temperature. Here, we
present an approach for storing and retrieving
information in QDs that uses an optical method
and allows for exciton storage times of several
seconds.

The QDs (5) are produced by molecular
beam epitaxy (MBE). The size of the lens-
shaped QDs (~30 to 40 nm in diameter and ~3
to 5 nm in height) is on the order of the electron
wavelength, and the carrier energy levels are
quantized. The sequential loading of electrons
and holes and the three-dimensional confine-
ment character of the carriers in the QDs have
been demonstrated (6). The delta function den-
sity of states yields ultranarrow luminescence
lines, and several studies have recently shown
the importance and complexity of many body
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effects in the relaxation processes involved in
strongly excited QDs (7).

The device structure of QDs presented
here is based on the splitting of an optically
generated exciton into an electron-hole pair
for the write cycle. The electron and hole are
stored in closely spaced strain-coupled QD
pairs. The effects of this strain coupling are to
locally lower the band gap of the material and
to localize the electron-hole pair (8). After the
electron and hole are stored for a given time,
an applied voltage bias can bring them to-
gether in the same QD, where they recombine
radiatively for the readout cycle. We show
exciton storage times at low temperature,
which are more than a billion times longer
than the exciton lifetime in normal QDs.

The central part of the device structure con-
tains an InAs QD layer and a narrow GaAs QW
that are separated by a thin AlAs layer. The 7%
lattice mismatch between InAs and GaAs cre-
ates a strain field around the coherently strained
InAs QDs. This strain field extends through the
thin AlAs barrier into the narrow GaAs QW,
where it creates a buried strain-induced QD
(SIQD) (8). The cross-sectional micrograph
from a transmission electron microscope
(TEM) (Fig. 1) indicates that the strain field of
the InAs QD extends to the GaAs QW, where it
gives rise to a strain contrast. The QW thickness
is chosen to ensure that its lowest electron
energy level is above the X vall"eiz\ minimum in
the AlAs barrier. This approach allows one to
engineer the ladder of electronic levels shown
in Fig. 2. The cascaded energy level structure
ensures that the excitons created in the QW are
efficiently separated into electron-hole pairs un-
der the influence of an electric field. The relax-
ation of the electron from the SIQD to the X
valley is a rapid process that occurs in a few
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