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to have survived for most of the lifetime of the
cluster in its original orbit suggests that dynam-
ical disruption in clusters is not sufficient to
completely destroy any planetary population. It
appears then that the lack of close-in planets
may reflect a metallicity dependence in the
migration mechanism or is evidence for the
crowding in young clusters to suppress migra-
tion but not formation.
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Atomic Memory for Correlated
Photon States

C. H. van der Wal,” M. D. Eisaman,” A. André," R. L. Walsworth,?
D. F. Phillips,2 A. S. Zibrov,"23 M. D. Lukin'*

We experimentally demonstrate emission of two quantum-mechanically cor-
related light pulses with a time delay that is coherently controlled via temporal
storage of photonic states in an ensemble of rubidium atoms. The experiment
is based on Raman scattering, which produces correlated pairs of spin-flipped
atoms and photons, followed by coherent conversion of the atomic states into
a different photon beam after a controllable delay. This resonant nonlinear
optical process is a promising technique for potential applications in quantum

communication.

The realization of many basic concepts in
quantum information science requires the use
of photons as quantum information carriers
and matter (e.g., spins) as quantum memory
elements (/). For example, intermediate
memory nodes are essential for quantum
communication and quantum cryptography
over long photonic channels (2). Thus, meth-
ods to facilitate quantum state exchange be-
tween light and matter are now being actively
explored (3—5). We report a proof-of-princi-
ple demonstration of a technique in which
two correlated light pulses can be generated
with a time delay that is coherently controlled
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via the storage of quantum photonic states in
an ensemble of Rb atoms. This resonant non-
linear optical technique is an important ele-
ment of a promising approach to long-dis-
tance quantum communication, proposed re-
cently by Duan et al. (6). This proposal is
based on earlier theoretical suggestions (7, §)
for storing photonic states in atomic ensem-
bles [for a recent review see, e.g. (9)].

Our approach involves coherent control of
the optical properties of an atomic ensemble and
is closely related to studies involving electro-
magnetically induced transparency (EIT ) (10—
12) and resonantly enhanced nonlinear optical
processes (13, 14) in a highly dispersive medi-
um (/5, 16). The use of such processes for
nonclassical light generation has been exten-
sively studied theoretically (/7-27) and is
probed experimentally in the present work. Stor-
age of weak classical light pulses has been
demonstrated (22—24); also, nonclassical spin
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Fig. 1. (A) 8Rb levels used in the experiments (D, line Zeeman sublevels are not shown in this simplified
scheme; the ground-state hyperfine splitting is 6.835 GHz). With optical pumping, the atoms are prepared
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in the |g) = [52S,,,, F = 1) state. The write step (red) is a spontaneous Raman transition into the |s) =|52S, .,

F = 2) state. The transition is induced with a control beam with Rabi frequency Q,,, that couples |g) with
detuning A, to the excited state |e) (two nearly degenerate hyperfine levels |52P/,, F' = 1) and |52P, ,, F' = 2)). This Raman process creates a Stokes signal
field (S) and a small population in the |s) state with a corresponding |g) (s| coherence. In the retrieve step (blue), this coherence is mapped back into an
anti-Stokes field (AS) via a second Raman transition induced with a near-resonant retrieve control beam with Rabi frequency Q. (B) Schematic of the
experimental setup. Two lasers provide the write (W) and retrieve (R) control beams, with acousto-optic pulse modulation (AOM). The volumes of the two
control beams overlap in the Rb vapor cell. The Stokes and anti-Stokes signal fields copropagate with the write and retrieve control beams, respectively, and
a small angle between the control beams allows for spatially separated detection of the Stokes and anti-Stokes signals. The vapor cell is placed in an oven
inside three layers of magnetic shielding. Filters after the lasers are used to suppress the spontaneous emission background and spurious modes of the lasers.
Filters before the detectors block the transmitted control beams such that only the Stokes and anti-Stokes fields are detected.

states have been prepared in atomic ensembles
(25, 26) and entanglement of two macroscopic
ensembles has been observed (27).

Our experiment can be understood qualita-
tively by considering a three-state “lambda”
configuration of atomic states coupled by a pair
of optical control fields (Fig. 1A). A large en-
semble of atoms is initially prepared in the
ground state |g). Atomic spin excitations are
produced via spontaneous Raman scattering
(28), induced by an off-resonant control beam
with Rabi frequency (), and detuning A,
which we refer to as the write beam. In this
process, correlated pairs of frequency-shifted
photons (so-called Stokes photons) and flipped
atomic spins are created (corresponding to
atomic Raman transitions into the state |s)).
Energy and momentum conservation ensure
that for each Stokes photon emitted in a partic-
ular direction, there exists exactly one flipped
spin quantum in a well-defined spin-wave
mode. As a result, the number of spin-wave
quanta and the number of photons in the Stokes
field are strongly correlated. These atom-pho-
ton correlations closely resemble those between
two electromagnetic field modes in parametric
down-conversion (29, 30).

The state stored in the spin wave can be
retrieved with a second Raman transition: A
coherent conversion of the spin state into a
different light beam (referred to as the anti-
Stokes field) is accomplished by applying a
second control beam (the retrieve beam) with
Rabi frequency () (Fig. 1A). This Raman
transition is not spontaneous; rather, it results
from the atomic spin coherence interacting
with the retrieve beam to generate the anti-
Stokes field. The physical mechanism for this
process is identical to the retrieval of weak
classical input pulses (37) discussed in the con-
text of “light storage” experiments (22, 23). As
a result of the suppression of resonant absorp-
tion associated with EIT, the retrieved anti-
Stokes field is not reabsorbed by the optically
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-.é ; mode. The bandwidth of the fluc-
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° 9 bandwidth. (C) The first 25 ps of
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Time  ((QyQp/AWT") & multiplied by 5.167 and given a
small intensity offset (to correct for a weak constant background signal from the control beam leaking
through the filter) to match the Stokes signal. The anti-Stokes signal is delayed with respect to the
Stokes signal (here measured to be 292 ns) as a result of the finite time the atoms spend in state |s)
before conversion of the spin coherence into an anti-Stokes field. (D) Theoretically simulated propa-
gation dynamics of Stokes (red) and corresponding anti-Stokes (blue) intensities in the continuous-wave
excitation regime. An initial Stokes fluctuation propagates and evolves into an amplified pair of Stokes
and anti-Stokes light pulses with locked propagation. The delay between the two Raman fields
originates from the time it takes to convert the |g) (s| spin coherence into an anti-Stokes light pulse. This
semiclassical simulation represents the solution of a boundary-value problem and is based on equations
38 to 41, 48, and 49 of (74), in which the effects of group velocities are included. The intensities are
normalized to the amplitude of the initial Stokes fluctuation. The simulations assume nondecaying spin
coherence, resulting in 100% retrieval efficiency. The propagation distance is in units of the four-wave
mixing gain length Ly, = vg(Qw ) /Aw) ™", and time is in units of the inverse Raman bandwidth
(2, Q:/A,) " T; see (74) and Fig. 1A.
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dense cloud of atoms. Hence, this retrieval pro-
cess allows, in principle, for an ideal mapping
of the quantum state of a spin wave onto a
propagating anti-Stokes field, which is delayed
but otherwise identical to the Stokes field in
terms of photon number correlations. The vari-
able delay (storage time) and the rate of retriev-
al are controlled by the timing and the intensity
of the retrieve beam.

In our experiment, we explore correlations
between the photon fields associated with the
preparation and retrieval of the atomic spin
state. The onset of quantum-mechanical corre-
lations between the photon numbers of the
Stokes and delayed anti-Stokes light [analogous
to twin-mode photon number squeezing (32,
33)] provides evidence for the storage and re-
trieval of nonclassical states. A schematic of the
experimental apparatus is shown in Fig. 1B. An
87Rb vapor cell with external antireflection-
coated windows and a length of 4 cm is main-
tained at a temperature of typically ~85°C,
corresponding to an atom number density of
~10'2 ¢cm 3. Long-lived hyperfine sublevels
of the electronic ground state are used as the
storage states |g) and |s) (34).

We first present the results of simultaneous,
continuous-wave (cw) excitation by both the
write and retrieve control beams. Figure 2 pre-
sents an example of synchronously detected
signals at the Stokes and anti-Stokes frequen-
cies (Fig. 1A) in modes that copropagate with
the control beams. The observed Stokes light
(Fig. 2A) is a sequence of spontaneous pulses,
each containing a macroscopic number of pho-
tons but with substantially fluctuating intensi-
ties and durations. The pulses were observed to
have 10° to 107 photons, with an average de-
pending on the write beam intensity and detun-
ing and the atomic density. We estimate that the
Raman gain coefficient could be varied over a
broad range from ~e' to 2° by relatively small
changes of these parameters (/4).

The observed fluctuations are due to the
spontaneous nature of the Raman scattering pro-
cess, which corresponds to super-Poissonian
photon number statistics (see also Fig. 3C). The
observation of such photon statistics indicates
that the transverse mode structure of the Raman
fields is approximated reasonably well by a
single spatial mode (28). In essence, each pulse
corresponds to a spontaneously emitted Stokes
photon that subsequently stimulates the emis-
sion of a number of other photons. As each
Stokes photon emission results in an atomic
transition from the state |g) into the spin-flipped
state |s), the Stokes light fluctuations are mir-
rored in the anti-Stokes light (Fig. 2B). Striking
intensity correlations between the two beams are
evident. The ratio between the observed Stokes
and anti-Stokes fields was generally smaller
than unity because of incomplete retrieval. We
experimentally determined that the observed re-
trieval efficiency (10 to 30%) was limited by (in
order of decreasing relevance) imperfect spatial
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mode matching, power limitation of our retrieve
beam laser, the ground-state coherence time,
and possibly by the multilevel Zeeman structure
of rubidium.

These observations can be viewed as result-
ing from a resonant four-wave frequency mix-
ing process in a highly dispersive medium (21,
35). A high degree of intensity correlations is
common for nonlinear parametric processes (as
is well-known, e.g., for parametric down-con-
version) (29, 32, 33, 36). However, the effect
demonstrated here has one important distinc-
tion. In down-conversion, photon pairs are emit-
ted simultaneously to an exceptionally high ac-
curacy (30). Close examination of the data in
Fig. 2C indicates that this is not true in the
present case: The anti-Stokes fluctuations are
delayed with respect to Stokes fluctuations. Ex-
perimentally, this delay could be varied in the
range of 50 ns to about 1 ps; for example,
increasing the intensity of the retrieve beam
gave a shorter delay.

The delay in Fig. 2 corresponds to the finite
time required for the retrieve beam to convert
the atomic excitation into anti-Stokes light. To
further illustrate this point, we theoretically an-
alyzed the propagation dynamics of a fluctua-
tion of the Stokes field in the presence of cw
control beams (Fig. 2D). The delay originates
from the time interval after the atomic spin flip
(from |g) to |s)) in which the anti-Stokes pulse
components are still weaker than those of the
Stokes light. During this interval, the group
velocity of the Stokes field is close to the speed
of light in vacuum ¢, whereas the group veloc-
ity v, of the near-resonant anti-Stokes field is
greatly reduced (v, << ¢). After this initial
retrieval stage, the two pulses lock together and
propagate with equal group velocities, being
simultaneously amplified further in a four-wave
mixing process. Theoretical estimates from Fig.
2D for parameters corresponding to our exper-
iment yield delays from 100 ns to 1 ps, com-
parable with the experimental observations.
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Fig. 3. Spontaneous Stokes signals (A) and retrieved anti-Stokes signals (B) from light storage with
pulsed control beams. The retrieve control beam is first used for optical pumping, followed by
nonoverlapping write and retrieve control pulses that create and retrieve Stokes and anti-Stokes
signals. The traces below the data plot represent the modulation of the control beams. Consecutive
realizations of the experiment with identical control parameters (solid, dotted, etc.) show strong
fluctuations in the Stokes signal pulse energy and correlated fluctuations in the anti-Stokes pulse.
Without the write control pulse or without the pump pulse, both the Stokes and anti-Stokes signals
vanish. Removing the retrieve control pulse after the write control pulse showed results with only
Stokes signals. (Weak background signals from control beams leaking through the filters are
subtracted; the signal pulse shapes are limited by the detection bandwidth.) (C) Histogram of
Stokes pulse energies. The distribution closely resembles a negative exponential as a function of
pulse energy, confirming super-Poissonian photon number statistics of the spontaneous Stokes
transition. (D) Retrieval efficiency (ratio of the average energy in anti-Stokes and Stokes pulses) as
a function of the time delay between the end of the write control pulse and the onset of the
retrieve control pulse. The exponential decay in retrieve efficiency agrees with the time scale for
diffusive motion of atoms out of the control beam volume.
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Thus, the observed delay corresponds to a tem-
poral storage of the excitation in spin states.
The essential feature of the present technique
is that the delay, and hence the storage time, can
be controlled using time-varying write and re-
trieve control beams. Figure 3 shows the results
of pulsed experiments in which a write pulse is
followed by a retrieve pulse after a controlled
time delay. We find again that, at fixed control
pulse intensities and durations, the Stokes and
anti-Stokes pulses strongly fluctuate from pulse
to pulse in a highly correlated manner. The
average amplitude of the anti-Stokes pulses de-
creases with increasing time delay as a result of
atomic diffusion out of the control beam vol-
ume. We could observe retrieved pulses for up
to 3 ws, and the fall-off in retrieve intensity is in
good agreement with the atomic diffusion—lim-
ited coherence time for the present setup. Previ-
ous related experiments have been carried out
for weak, coherent, classical pulses (22, 23); the
present results demonstrate storage and retrieval
of a spontaneously created hyperfine coherence.
We now turn to investigating the degree of
correlations between the Stokes and anti-Stokes
beams. To this end we obtained Raman signals
with cw control beams, recorded signal intensi-
ties with high resolution, and analyzed the spec-
tral densities of the Raman signal fluctuations
by discrete Fourier transform. The fluctuation
spectra of the Stokes and anti-Stokes fields are

peaked at low frequencies, with the large noise
reflecting the super-Poissonian nature of single-
mode spontaneous Raman excitations (Fig. 4A).
The spectral half-width of this spontaneous
noise could be tuned in the range 100 kHz to 1
MHz (with tails up to about 2 MHz) by varying
the write and retrieve beam intensities and the
write beam detuning. At higher frequencies, the
measured spectra generally approach a flat noise
floor. Correlations between the two beams result
in a large noise reduction in the spectrum of the
signal that is formed by subtracting the Stokes
and anti-Stokes signals in the time domain. In
this difference intensity analysis, it was essential
to compensate for the unbalanced intensities and
the delay between the Stokes and anti-Stokes
beams (37). We routinely observed 30 dB of
intensity correlations over a broad range of low
frequencies. The degree of subtraction is limited
by the precision of the electronic components
used in our detection system. Although this
level of subtraction was not sufficient to elimi-
nate spontaneous noise entirely at low frequen-
cies, this was readily achieved in the higher
frequency range where fluctuations in the Ra-
man fields were smaller. Whereas at large fre-
quencies the difference intensity noise ap-
proaches a flat noise floor, at intermediate val-
ues (near the high end of the Raman bandwidth)
the difference intensity noise consistently drops
a few percent below that level.
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Fig. 4. Quantifying correlations between Stokes and anti-Stokes signals as in Fig. 2. (A) The fluctuation
spectral density of the anti-Stokes field (blue) and of the signal formed by subtraction of the Stokes and
anti-Stokes signals in the time domain [green (37)]. The spectrum of the Stokes fluctuations is not
shown but is nominally identical to that of the anti-Stokes signal. The super-Poissonian character of the
Raman signals leads to strong fluctuations at low frequencies (within the Raman bandwidth). At high
frequencies (outside the Raman bandwidth), the fluctuation spectrum of the subtracted signal is flat and
set by the shot-noise level for photon detection, and agrees with the independently determined level
for the PSN. At frequencies near the high end of the Raman bandwidth (around 1.6 MHz; see the inset),
the fluctuations in the subtracted signal fall bellow the measured PSN (gray curve in the inset). The
observed onset of nonclassical correlations is limited by the finite retrieval efficiency and by the
dark-noise levels of the detectors. The data point at 1.6 MHz shows an error bar of +1 SD. The data are
the result of averaging over 23 data sets, each of duration 2 ms and retrieval efficiency 10%, taken with
identical control parameters over the course of 1 hour. The spectra have an averaging bandwidth of 200
kHz. (B) The fluctuation spectral density levels at 1.6 MHz (green) for the green line in (A), for different
values of the time shift between Stokes and anti-Stokes signals before subtraction (37). The level at 1.6
MHz only drops below the measured PSN level (gray line) for time shifts around 81 ns, in agreement
with the observed delay between the Stokes and anti-Stokes signals for this data set.
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To quantify the degree of correlations in this
intermediate regime, we performed several ex-
perimental tests. The benchmark level repre-
senting nonclassical effects is set by the pho-
tonic shot noise (PSN) associated with the Pois-
sonian photon number statistics of coherent
classical light (38), and it corresponds to a flat
fluctuation spectrum. We performed several
checks to define the PSN level. The difference
signal for two output beams from a single laser
beam on a beam splitter had a flat fluctuation
spectrum at a level that was linearly (rather than
quadratically) dependent on beam intensity, as is
characteristic for PSN. The measured level of
the fluctuation spectrum is in excellent agree-
ment with PSN values calculated using the shot-
noise formula and independently determined de-
tector and amplifier parameters (taking into ac-
count an offset from the detector dark-noise
levels; the data in Fig. 4 represent noise with
contributions from both detected fields and de-
tector dark noise). In addition to this PSN cali-
bration, we performed a control experiment by
measuring the difference signal between two
beams formed by splitting the Stokes field on a
beam splitter. In this measurement, the average
intensity in each detection channel was carefully
adjusted to match the Stokes and anti-Stokes
channels in the correlation measurement of Fig.
4. This control experiment yielded a flat noise
spectrum in agreement with the PSN level (gray
line in inset, Fig. 4A) and, unlike the green line
in Fig. 4, did not show the reduced noise level
around 1.6 MHz. This confirms that the Stokes/
anti-Stokes difference spectrum in Fig. 4A
(green) drops at intermediate frequencies about
4% below the PSN level. Finally, Fig. 4B shows
that the degree of correlations depends sensitive-
ly on the delay compensation between the
Stokes and anti-Stokes signals: The onset of
nonclassical correlations appears only when
one properly compensates for the time that the
atoms spend in a spin-flipped state. This sen-
sitivity to delay compensation represents evi-
dence for temporal storage of nonclassical
states in atomic ensembles.

Several factors limit the degree of the ob-
served quantum correlations. One of the most
important limitations is associated with the in-
complete retrieval process. The retrieval effi-
ciency (10 to 30%) does not allow for large
quantum correlations to be observed. In the
present experiment, the retrieval efficiency was
limited by imperfect spatial mode matching and
the available laser power. We believe that a
significant improvement in the efficiency can be
realized using stronger laser fields with well-
defined spatial modes. Finally, at lower light
levels [as required for many applications (6)],
the relative magnitude of the super-Poissonian
noise is lower. This will in practice greatly
extend the bandwidth of the nonclassical corre-
lations. Our approach enables the generation
and temporary storage of spin wave states in an
atomic ensemble as well as retrieval of these
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states by mapping onto correlated nonclassical
states of light, raising the possibility of applica-
tions in quantum information science.

Note added in proof: We have been made
aware of related work recently published by
Kuzmich et al. (39).
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Superluminal and Slow Light
Propagation in a
Room-Temperature Solid
Matthew S. Bigelow,* Nick N. Lepeshkin, Robert W. Boyd

We have observed both superluminal and ultraslow light propagation in an
alexandrite crystal at room temperature. Group velocities as slow as 91
meters per second to as fast as —800 meters per second were measured and
attributed to the influence of coherent population oscillations involving
chromium ions in either mirror or inversion sites within the crystal lattice.
Namely, ions in mirror sites are inversely saturable and cause superluminal
light propagation, whereas ions in inversion sites experience conventional
saturable absorption and produce slow light. This technique for producing
large group indices is considerably easier than the existing methods to
implement and is therefore suitable for diverse applications.

Propagation of light pulses through materi-
al systems has been studied quantitatively
for almost a century (/). It has been under-
stood that the group velocity (v,) of a pulse
passing through a resonant system could be
slower than the velocity of light in a vacu-
um (c) or could even be faster than ¢ with-
out contradicting the causality principle
(2-5). Recently, techniques have been de-
veloped that have brought the control over
the group velocity of light to such extremes
as ultraslow light (v, << ¢) (6-9), fast
light (v, > c or v, is negative) (10-13), and
“stored” or “stopped” light (14, 15). These
techniques hold promise for uncovering
new physical phenomena and for practical
applications such as controllable optical de-
lay lines, optical data storage, optical mem-
ories, and devices for quantum information.

In the first experimental observation of
slow and fast light propagation in a resonant

The Institute of Optics, University of Rochester, Roch-
ester, NY 14627, USA.

*To whom correspondence should be addressed. E-
mail: mbigs@optics.rochester.edu

system (/6), laser pulses propagated without
appreciable shape distortion but experienced
very strong resonant absorption (~10°
cm '), To reduce absorption, most of the
recent work on slow light propagation has
used electromagnetically induced transparen-
cy (EIT) to render the material medium high-
ly transparent (/7, 18) and still retain the
strong dispersion required for the creation of
slow light. Using this technique, a group
velocity of v, = ¢/165 in a 10-cm-long Pb
vapor cell was observed (6). More recently, a
group velocity of 17 m/s was found for prop-
agation in a Bose-Einstein condensate (7),
and a modulation technique was used to mea-
sure a group velocity of 90 m/s in Rb vapor
(8). Using similar techniques, group veloc-
ities as low as 8 m/s have been inferred (9).
Solid-state materials have also been used to
observe the propagation of slow light with
a velocity of 45 m/s through Pr-doped
Y,SiO4, maintained at a cryogenic temper-
ature of 5 K (79).

There also has been considerable work
in the production of fast light. Electromag-
netically induced absorption has been used
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