
VOLUME 88, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 11 MARCH 2002

103
Transporting and Time Reversing Light via Atomic Coherence
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We study basic issues central to the storage of quantum information in a coherently prepared atomic
medium such as the role of adiabaticity. We also propose and demonstrate transporting, multiplexing,
and time reversing of stored light.
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Recent theoretical [1,2] studies have discussed the use
of coherently driven media to store the quantum state of
an optical pulse by simply switching off the driving field.
This information can then be retrieved by switching back
on the driving field. The restored optical pulse has the
same frequency, polarization, and direction of propagation
as the initial one. Experiments [3,4] support the theoretical
predictions. The switching is adiabatic in [1,4], while in
Refs. [3,5] it has been noted that the adiabaticity condition
can be relaxed.

In this Letter we explore, clarify, and extend the quan-
tum information storage technique for arbitrary time scale
and various configurations of writing and reading fields.
Our calculations and experiments support the conclusion
that even instantaneous switching of the writing and read-
ing fields allows one to store a light pulse in a coherently
driven medium. Furthermore, we suggest several ways to
significantly expand the capabilities of the quantum infor-
mation storage technique. In particular, we demonstrate
the possibility of transporting the state of light between
different spatial and temporal points. We show how to
transfer the state of light with one frequency and wave vec-
tor to another frequency and wave vector (multiplexing).
We also demonstrate possibilities for time reversal (phase
conjugation) of the restored pulse.

The question has been raised [6] as to the connection
between the recent work in Refs. [1,3,4] and early Ra-
man photon echo studies [7–10], as well as recent four-
wave mixing experiments [11–15]. The usual photon
echo experiments do not involve “photons,” in that they
involve only intense classical fields rather than single-
photon quantum fields. However, experiments involv-
ing electromagnetically induced transparency (EIT) are
capable of demonstrating nonlinear optical effects at the
few-photon level [13,16–18]. Unlike photon echo experi-
ments wherein the time delay is associated with the spin
restoration in an inhomogeneously broadened medium, our
experiments involve no time delay between reading and
restored pulses. The present Doppler-free configuration of
fields allows us to reproduce the signal pulse at any mo-
ment of time within the spin-coherence lifetime. Finally,
unlike other resonant four-wave mixing experiments, we
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spatially and temporally separate the writing fields (which
create the coherence grating in the atomic medium) from
the reading field.

We now turn to the issue of adiabaticity. To describe
the propagation of the light pulses through the atomic va-
por we use Maxwell-Bloch equations in the slowly varying
amplitude and phase approximation. We treat a homoge-
neously broadened gas of L-type atoms (levels ja1�, jb�,
and jc� as in Fig. 1). The results for adiabatic and instan-
taneous switching times are shown in Fig. 2.

We first consider the case of slow switching times T for
the writing and reading pulses, i.e., T is much longer thanp

kL g�jVj2 [14,16] and 1�g [1], where k21 is the Beer’s
law absorption length, L is the length of the medium, V

is the initial Rabi frequency of the writing pulse E1, and
g is the decay rate of both allowed atomic transitions.

The signal pulse Ein
1 , denoted as “in” in Fig. 2, enters

the medium which has interacted with the field E1 for a
long time so that all atomic population is optically pumped
into the state jc�. When the entire signal pulse enters into
the medium we switch off the writing field, and this leads

FIG. 1. Energy level scheme and experimental setup.
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FIG. 2. “Storage of light”: intensity of the signal field vs time
for different switching times T of the writing/reading fields.

to the absorption of the signal. The energy associated with
the signal pulse leaves the medium with the writing field.

After some delay, we launch the reading pulse (switch
on E1) probing the jb� ! ja1� transition and look for the
pulse emitted on the frequency of the jc� ! ja1� transition
Eout

1 , denoted as “out” in Fig. 2. The shape of this re-
trieved pulse coincides with the shape of the signal pulse.
Our exact numerical simulations support the approximate
analytical calculations presented in [1].

Let us consider next the short switching times T ! 0,
much less than

p
kL g�jVj2 and 1�g, such that there is

no adiabatic following of atomic coherence to the driving
field. Even in this case the shape of the retrieved pulse is
nearly the same as the shape of the signal pulse (Fig. 2).
This would support the conclusion [3] that nonadiabatic
writing and reading processes lead to the same results as
the adiabatic ones.

In the case of adiabatic passage, complete pulse restora-
tion appears for strong writing and reading fields, such that
the so-called “dark polariton” transforms to the signal field
almost completely [1]. The abrupt switching of the writ-
ing field leads to the absorption of the “free field” part of
the dark polariton. Only the “bound part,” i.e., the low
frequency atomic coherence, survives. The ratio between
the “free” and “bound” parts of the polariton is equal to
the ratio of the group velocity of the signal pulse [19] and
speed of light in vacuum c. The smaller the initial group
velocity of the signal pulse the better the writing-reading
quality.

As a result of our study of the adiabatic and nonadiabatic
information storage techniques we conclude that for any
switching time almost perfect information storage is pos-
sible if (i) the group velocity of the signal pulse is much
less than c and (ii) the bandwidth of the signal pulse is
much less then the width of the two-photon resonance, i.e.,
the signal pulse enters the medium without reflection and
absorption.

The slowly varying amplitude approximation of the
Maxwell-Bloch equations contains resonant terms which
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depend only on one- and two-photon detunings of the
fields from the relevant atomic transitions, but not the
actual optical frequencies. As a result, the reading pulse
may be applied to either one-photon transition. The
scattering of the reading pulse by the atomic coherence
excited by the writing pulses is independent of the fre-
quency of the writing pulse. For example, we can write
the information with E1 and E1 pulses and read it with an
E2 pulse applied to a different transition (see an example
in Fig. 1). This phenomenon could be used as an effective
multichannel optical switch, or image storage system.

This technique also enables us to time reverse the in-
cident signal pulse. There are two ways to do this. For
the same writing procedure as above, we send the reading
pulse in the opposite direction from the signal and writ-
ing pulses. But we can apply the reading pulse to either
transition jc� ! ja1� or jb� ! ja1�. In the first case, the
retrieved pulse leaves the medium reversed in time, i.e., the
head follows the tail. The result of numerical simulations
here looks the same as the result shown in Fig. 2. In the
second case, the restored field appears on the jb� ! ja1�
transition; its shape is time reversed compared to the ini-
tial signal pulse. Moreover, the retrieved pulse is the phase
conjugate of the signal pulse.

Concerning the case of phase conjugation or “time re-
versal,” we note that the atomic coherence ŝbc is governed
by 2Ê

�
1 �E1 (we assume here Ê1 ø E1� which yields

µ
≠

≠t
1 c

≠

≠z

∂
Ê2 � 2hÊ2 1 mŝbc�Ê �

1 , E1�E2 . (1)

Equation (1) shows that we can reproduce the time re-
versed operator field Ê

�
1 by taking the writing field E1

and the reading field E2 in the classical limit (coherent
states). This allows us to generate time reversed Ê1 quan-
tum pulses, and to do so on demand.

Generally speaking, the direction of the restored light
is determined by a phase matching condition between the
fields. Two writing fields E1 and E1 induce a coherence
with wave vector �kbc � �k1 2 �k1, producing a spatial grat-
ing. After some time delay, the reading pulse E2 interacts
with this grating and generates pulse E2, which propagates
in the direction determined by the phase matching condi-
tion �k2 � �k2 1 �k1 2 �k1. This phase matching condition
is similar to that in photon echo and four-wave mixing.

We next turn to the issue of transfer of quantum informa-
tion between two points in space; this is similar in spirit
to cw photon echoes [20]. Let us consider an idealized
physical picture of a beam of atoms moving in the 1�x di-
rection. The atoms first cross the light beam consisting of
the writing field E1 and the signal field E1, and then cross
the reading field E2. All light beams propagate in the 1�z
direction, and the writing and reading fields are separated
by a distance x0. As a result of the interaction with the
writing fields, the atoms acquire long-lived ground state
coherence that can be read in different space locations by
the reading field.
103601-2



VOLUME 88, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 11 MARCH 2002
In reality atomic cells often contain a buffer gas. In this
case, after the light beams are switched off the atoms freely
diffuse in space and the spatial distribution of the atomic
coherence ŝbc��r , t� changes according to Ref. [21]

D �=2ŝbc � Kŝbc 1

µ
≠

≠t
1 � �y �=�

∂
ŝbc , (2)

where D is the diffusion coefficient, K is a quantity re-
lated to the coherence decay due, and �y is the velocity
of the convective flow of the gas. We demonstrate such a
“diffusive” transport experimentally.

Hence, the atomic coherence provides a potentially new
tool for the storage and transfer of quantum information. It
may be used to multiplex information. It also allows us to
effectively time reverse light. All this can be done for very
weak light fields. In the following we report experimental
results in support of the theoretical predictions.

In our experiment we use one pair of pulses having the
same spatial and temporal shapes (called “writing” fields)
to prepare a grating in one component of the ground state
hyperfine manifold of 87Rb and another pulse (the “read-
ing” pulse) is used to retrieve information concerning the
original writing fields.

The experimental setup is shown in Fig. 1 and is simi-
lar to one of the recent experiments on “stopped” light
[4] and to our recent experiments on nonlinear magneto-
optic spectroscopy [22]. We perform the experiment in a
7.5-cm-long cylindrical glass cell containing atomic 87Rb
vapor at 77 ±C, which corresponds to an atomic density
N � 6 3 1011 cm23. The cell also contains 3 Torr of Ne
buffer gas and is placed into a three-layer magnetic shield.
The cell is made from Pyrex glass and sealed by opti-
cal quality windows with low birefringence. A solenoid
mounted inside the magnetic shield allows us to control a
static magnetic field along the propagation axis of the light
pulses. We use two low-power cw extended-cavity diode
lasers which are switched on and off with acousto-optic
modulators. The writing laser pulse has a 1.5 ms dura-
tion, whereas the reading pulse has a duration of about
10 50 ms. Rise and fall times of the pulse edges are
less than T � 2 ms. The beams are collimated and par-
allel to each other within �1024 rad. The cw power of
the reading and writing lasers is 1.3 and 0.62 mW, re-
spectively. The beam size inside the cell is 1.5 mm. Un-
der these conditions the cell transmission is only 5–10%.
The adiabaticity condition is not fulfilled here becausep

kL g�jVj2 � 3 ms . T .
The writing laser pulse is linearly polarized and tuned to

the 5 2S1�2F � 2 ! 5 2P1�2F � 1 transition of 87Rb (the
D1 line). This laser generates long-lived Zeeman coher-
ence in the 5 2S1�2F � 2 level. After some time delay fol-
lowing the writing pulse, we read the information stored in
the coherence by applying a right circularly polarized read-
ing pulse to the 5 2S1�2F � 2 ! 5 2P3�2F � 1 transition
(the D2 line). The transmitted reading light is blocked by
means of a l�4 wave plate and polarizer, which transmits
only left circularly polarized light. This is shown in Fig. 1.
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It is best to consider the linearly polarized writing laser
field as two opposite circularly polarized components (con-
trol and signal pulses in the language of Ref. [4]) which
create a coherent superposition of the Zeeman sublevels of
the ground state of the transition. This superposition is re-
ferred to as the dark state of the atomic medium [23]. The
coherence allows propagation of the laser pulse through
the cell without complete absorption, which is a manifes-
tation of EIT [24]. To study this effect we apply a static
magnetic field parallel to the propagation axis of the lasers
which produces an antisymmetric shift aB of Zeeman sub-
levels of the ground state (where B is the magnetic field
and a � 2p 3 0.7 MHz�G is the magneto-optic constant
for 87Rb). This shift leads to an increase of the absorption
and loss of the “restored” pulse because the two-photon
resonance condition is violated. The corresponding EIT
transmission peak has an FWHM of 2 mG.

The reading laser scatters on the spin coherence, produc-
ing a restored pulse with left circular polarization. Figure 3
shows restored pulses with different delay times between
writing and reading pulses. Negative time delay means
that the writing and reading pulses are overlapped in time,
and the restored pulse has the largest possible amplitude at
this point. The conversion efficiency of the reading pulse
to the retrieved pulse is several percent. We emphasize
that the restored pulses have different frequency from and
propagate opposite to the writing pulse and that the shape
of the recovered pulse depends on the power of the reading
pulse.

The Doppler broadening of rubidium vapor at room tem-
perature (540 MHz) exceeds the hyperfine splitting of the
upper 5 2P3�2 state so the reading light interacts with all
three hyperfine components �F 0 � 1, 2, 3� of this state.

FIG. 3. Experimentally detected restored light pulses at dif-
ferent delay times: 250, 50, 100, and 200 ms. Inset: relative
amplitude of the restored pulse vs delay time. An exponential
degradation of the amplitude due to the relaxation of the coher-
ence between Zeeman levels (F � 2, 5 2S1�2) is clearly seen.
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FIG. 4. (a) Restored pulse for spatially overlapped [curve (1)]
and separated [curve (2)] writing and reading beams. Zero count
on the time scale corresponds to the switch-off time of the
writing pulses. (b) Intensity profiles of the spatially overlapped
(dashed line) and separated (solid line) writing and reading laser
beams. The writing beam waist is broader than the reading one.

This aspect is important for understanding the efficiency
of recovered light generation achieved in our experiment.
In other words, although the coherent grating leads to re-
covered light from the F0 � 1 state, much of this light is
then absorbed by the F 0 � 2, 3 states.

The amplitude of the restored pulse decreases with in-
creasing time delay between writing and reading pulses
due to the decay of coherence. The dependence of the rela-
tive amplitude of the signal is practically insensitive to the
amplitude of either writing or reading pulses and is purely
determined by the medium properties such as the coher-
ence decay rate and atomic motion. We were able to ob-
serve the signal delayed up to 1.5 ms (see Fig. 3, inset).

To demonstrate the information transport discussed
above, we have spatially separated the writing and reading
beams. After the writing pulse is applied, atoms diffuse
into other regions of the cell. As the beams are separated,
the recovered pulse amplitude decreases. Nevertheless,
in our experiment we have observed atomic coherence
transfer for up to 6 mm separation for beams of 1.5 mm
in diameter. An example of the effect is shown in Fig. 4.
This proves the possibility of the coherent information
transport.

In conclusion, we have found conditions for quantum
information storage of optical pulses in coherently driven
media with nonadiabatic switching of the fields. Further-
more, we suggest several ways to expand the capabilities
of the quantum information “storage” technique and have
performed experiments in support of our theoretical results.
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M. Jain, H. Xia, G. Y. Yin, A. J. Merriam, and S. E. Harris,
Phys. Rev. Lett. 77, 4326 (1996); S. E. Harris and A. V.
Sokolov, Phys. Rev. Lett. 81, 2894 (1998).

[12] P. Hemmer et al., Opt. Lett. 20, 982 (1995); B. S. Ham,
M. S. Shahriar, and P. R. Hemmer, Opt. Lett. 22, 1138
(1997); ibid. 24, 86 (1999).

[13] A. S. Zibrov, M. D. Lukin, and M. O. Scully, Phys. Rev.
Lett. 83, 4049 (1999).

[14] M. D. Lukin et al., Phys. Rev. Lett. 79, 2959 (1997).
[15] K. Hakuta, L. Marmet, and B. P. Stoicheff, Phys. Rev. Lett.

66, 596 (1991); Q. J. Liang, M. Katsuragawa, F. Le Kien,
and K. Hakuta, Phys. Rev. Lett. 85, 2474 (2000).

[16] S. E. Harris and L. V. Hau, Phys. Rev. Lett. 82, 4611
(1999).

[17] H. Schmidt and A. Imamoǧlu, Opt. Lett. 21, 1936
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