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Backward retrieval in optical quantum memory controlled by an external field
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A scheme for backward retrieval in optical quantum memories in which information is stored in collective
states of an extended resonant atomic ensemble is developed such that phase conjugation can be implemented
by application of an external nonuniform electric (magnetic) field without use of coherent exciting pulses. The
possibilities of realizing such a scheme using resonant solid-state materials are discussed.
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In recent years much effort has been directed toward the
implementation of quantum memories for photons. Such de-
vices would form a basic ingredient for scalable all-optical
quantum computers [1] and they are also necessary for quan-
tum repeaters [2], which allow long-distance quantum com-
munication. Several different approaches to the realization of
optical quantum memories have been proposed on the basis
of the interaction of a single photon with a single atom [3] as
well as with an ensemble of atoms [4-8]. Among the latter,
quantum memories based on controlled reversible inhomoge-
neous broadening (CRIB) [6,9-12] is of particular interest
from the experimental point of view since it can allow stor-
age and retrieval without application of additional exciting
laser pulses. Although the CRIB procedure can be realized in
gases using Doppler broadening [6] and in solids using a
dipole-dipole interaction [9], the simplest implementation is
possibly on the basis of the Stark effect [ 10-12]. Without use
of additional laser fields, the storage time is limited by the
phase relaxation time on the optical transition, which may be
of the order of several milliseconds in rare-earth-ion-doped
materials [13]. Proof-of-principle experimental demonstra-
tions of the CRIB approach with bright coherent pulses have
recently been performed [14-16].

Regardless of the approach, high efficiency and fidelity of
storage and retrieval of information appear to be possible
only for optimal conditions of the light-matter interaction,
e.g., an optimal temporal shape of the single-photon wave
packet to be stored [3,17-19]. In the case of the interaction
of a single photon with extended atomic ensembles, back-
ward information retrieval has been assumed to be one of the
necessary conditions [6,12,18], although recent results indi-
cate that this actually may not be necessary [16]. In the
CRIB approach it is usually assumed that the realization of
backward retrieval involves the action of two additional co-
herent 7 pulses, which can provide the phase shifts required
for creating the coherent emission [6,11]. This circumstance
obviously discounts the advantage of the CRIB approach
mentioned in the previous paragraph, that the application of
additional exciting laser pulses may be avoided. In the
present work we investigate the possibility of backward re-
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trieval by application of an external electric or magnetic field
without any coherent excitation required for creating the co-
herent emission. It should be noted that the idea to exploit a
longitudinal field gradient for backward retrieval has been
proposed in [12]. In comparison with that work, we develop
a scheme with a periodic field gradient [20] which makes it
possible to realize phase conjugation in an extended optically
dense sample for microsecond time delays. First we show
such a possibility following the approach based on storage in
subradiant states [8] and next discuss it in the context of the
CRIB approach.

Consider an extended system of identical two-level atoms
forming an optically dense resonant medium. We assume that
the atoms are impurities embedded in a solid-state material
and the frequency of the resonant transition can be controlled
by application of an external electric or magnetic field. Both
possibilities will be discussed below but now we consider the
former case for definiteness (Fig. 1). Suppose that the
strength of the field varies linearly along the sample axis x
and is oriented perpendicularly to the axis such that the fre-
quency shift varies from some positive value +Av at the
input end of the sample x=—L,/2 to some negative value
—Av at the opposite end x=+L,/2. Such a field may be cre-
ated by four linear electrodes in a quadrupole configuration
and was used in proof-of-principle experiments [14—16] with
CRIB. Now assume that a single-photon wave packet reso-
nant with the transition |0)—|1) propagates through a me-
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FIG. 1. (Color online) General scheme of a quantum memory
device based on a two-level extended atomic system, collective
states of which are controlled by an external electric field (a) and
time order of application of an external electric field during storage
and retrieval via subradiant states (b).
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dium that has a phase relaxation time much longer than the
duration of the wave packet. At some moment of time, say
t=0, the probability of finding the medium in the excited
state and the field in the vacuum state is at its maximum and
at this moment the atomic system can be subjected to an
external inhomogeneous electric field, which leads to phase
mismatching and inhibition of the collective forward emis-
sion. This step corresponds to the writing of information pro-
vided that the electric field is sufficiently strong so that phase
mismatching may be introduced during a period of time
much shorter than the duration of the wave packet being
stored. The spatial distribution of the excitation in the me-
dium at =0 depends on the time shape of the input photon
and the optical density of the resonant medium [18,19]. The
spatial distribution is crucial for the quantum memory effi-
ciency, but not for the possibility of backward retrieval dis-
cussed here. Let the inhomogeneous electric field be
switched on at the moment of time t=0. Then, for each time
t,,>>0 satisfying Awt,,=m/2, where m is a positive integer
number, a subradiant state is created [8], since for each atom
there is an atom opposite in phase with respect to the forward
emission, and the rate of collective spontaneous emission in
the forward direction proves to be equal to zero. More pre-
cisely, at each moment ¢,, an additional phase shift
exp(—iAkx), where Ak=47Avt,,/L,, has been created due to
the frequency shift. The spatial period of this phase modula-
tion is Ax~1/Ak. It decreases with m, and if m is suffi-
ciently large this period will have a thickness corresponding
to an optically thin layer 1/, where « is the resonant ab-
sorption coefficient. In this case the collective spontaneous
emission in the forward direction remains totally forbidden
in an optically dense medium for all subsequent moments of
time and we can switch off the external field. Such subradi-
ant states are able to store the information during a time
equal to the phase relaxation time in the medium, 75, and
they are equivalent to those created by the switching of
phase modulators discussed in Ref. [8] when the number of
modulators is sufficiently large. In order to read out the in-
formation it is necessary to apply the external field with op-
posite direction for a time ¢,, again. Then at the moment ¢,
+1,, where t. is the time when the field was switched on
again (corresponding to the reading step), the subradiant
state will be transformed back into the initial superradiant
state (i.e., the state created at time r=0), and we should
switch off the external field in order to allow the atomic
system to release the stored excitation in the forward direc-
tion as an output photon. Such a regime corresponds to for-
ward retrieval of information, the efficiency of which was
analyzed from different points of view in Refs. [17-19]. The
main result (which basically could be expected) is that the
efficiency of backward retrieval may be much better than
that of forward retrieval, which also was realized in [6], and
scales as 1—(aL)™!, where L is the length of the sample.

Now, let the first external field, which writes the informa-
tion, remain switched on at the moment #,, and after that.
What will happen? The evolution of the spatial phase distri-
bution in the medium may be described as exp[ik(¢)x], where
k(1)=k(0)-Bt, B=4mAv/L,, and k(0) is the wave vector of
the polarization wave in the medium at time r=0. Therefore,
when the external field has been applied for a time
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where A =v/c is the wavelength of radiation in the vacuum, v
is the frequency of the resonant transition without an external
field, and n is the refractive index of the medium, we obtain
k(r)=—k(0), which corresponds to spatial phase conjugation.
If we switch off the external field at this time, the stored
information is retrieved in the backward direction.

First of all, it is necessary to estimate whether such a
transformation is possible using realistic parameters for the
electric field and the storage material. Currently, one of the
most commonly discussed solid-state materials for the opti-
cal quantum storage are rare-earth-ion-doped crystals [13], in
which the phase relaxation time at cryogenic temperatures
may be as long as several milliseconds. In such materials it is
possible to prepare narrow absorbing peaks on a nonabsorb-
ing background, i.e., isolated spectral features corresponding
to a group of ions absorbing at a specific frequency, using
hole-burning techniques and sufficiently narrow laser excita-
tion [21-26]. The peaks can have a width of the order of the
homogeneous linewidth, if a laser with a corresponding line-
width is used for the preparation. Rare-earth-ion-doped crys-
tals can be divided into two groups depending on the ions
used as impurities. The first group consists of crystals doped
by even-electron ions such as Pr*, Eu?t, Ho**, and Tm>* for
which the electronic moment is usually quenched and the
electronic states are singlets. If such ions are embedded in
low-spin or nuclear-spin-free hosts, such as Y,SiOs, the
phase relaxation time can be hundreds of microseconds also
at zero magnetic field and even longer in a nonzero field
[13]. In these crystals the electronic transition frequencies
can be shifted by the application of an external electric field
interacting with the ions via the linear Stark effect [27]. Con-
sider, for example, the crystal YZSiOS:Pr3+. For the
1Dz(l)-3H4(1) transition of ions in site 1 (A=605.977 nm),
doping concentration of 0.02%, and liquid helium tempera-
tures, we have T,=111 us without magnetic field and T,
=152 ws in a magnetic field of 77 G [28]. Taking the Stark
coefficient as 111 kHz/V cm™' [29], the refractive index n
=1.8, the length of the sample L,=1 mm, and the external
electric field 10* V em™!, which is ten times smaller than a
typical value of a breakdown electric field, we obtain 7,
~2.7 us. Thus this time may be much smaller than the
phase relaxation time if the length of the sample is not very
long. However, if a longer sample is used in order to have a
higher optical density, backward retrieval can still be carried
out in the same way by using a sequence of small samples to
which such a transformation is applied. Such a periodic
structure may also be created in a bulk crystal or a dielectric
waveguide using the hole-burning and laser excitation tech-
nique [30]. The procedure is illustrated in Fig. 2. First, a
narrow absorption peak within a spectral pit is created with-
out an external field. Next a periodical quadrupole field as
shown in Fig. 2(a) is applied, such that the ions in spatial
regions A and B undergo opposite frequency shifts. Here we
assume that the electric dipole moments of the ions are of the
same direction, which is perpendicular to the x axis. There-
fore the dotted lines in Fig. 2(a) show points at which the
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FIG. 2. (Color online) Scheme for creating the inhomogeneous
electric field. The ions need to be removed from the spatial parts B
(e.g., by optical pumping) (a) and storage will take place in the
spatial parts A (b). The electrodes are assumed to be infinitely long
in the z direction and evaporated on surfaces of a bulk crystal or a
dielectric waveguide. The signs near each electrode denote the ap-
plied potential =U/2 while the absence of a sign means U=0.

frequency shift is equal to zero. The applied field is assumed
to be not very strong so that the frequency shifts remain
within the pit. Under such conditions, ions from one type of
region, say B, may be removed by laser excitation. As a
result, upon switching off the electric field, we create the
necessary periodic structure of impurity ions forming a nar-
row absorption peak in parts A only. Now, for performing
storage and retrieval of information, we should apply a peri-
odic electric field which has the same structure but is shifted
along the x axis [Fig. 2(b)]. The resulting system is equiva-
lent to a sequence of small samples placed in the same elec-
tric field. It should be noted also that the frequency shifts that
are created during the reversal procedure may be much larger
than the spectral width of the pit (10—100 MHz). For ex-
ample, in the case of an Y,SiOs crystal and f.,~2.7 us
considered above, Av is of the order of 1 GHz. But this is
not a problem since the frequency shifts are created after
absorption of the photon and before its emission, i.e., only
during the information storage time.

Now consider the second group of crystals doped by odd-
electron ions such as Nd** and Er**. In such materials the
phase relaxation time may also be very long but only in the
presence of a strong external magnetic field. Moreover, the
longest value of T, in rare-earth-ion-doped crystals reported
so far, namely 6.4 ms, is achieved just in Y,SiOs:Er** for
the *I;55(1)-*I}3,(1) transition in a magnetic field of 70 kG
[31]. In contrast to the previous group of ions, the odd-
electron ions have nonzero electronic magnetic moment in
the crystal-field states. This means that we can use a rather
small inhomogeneous magnetic field, which adds to a high
dc magnetic field to realize the necessary phase transforma-
tion. The process of formation of a photon echo in the pres-
ence of such magnetic fields was investigated in [32]. As-
suming that dv/dH is of the order of 1.5 MHz/G, we
conclude that the field of 70 G should be applied to realize
the transformation in a sequence of 100 wm samples during
3 ws. Such a magnetic field can be created in the same way
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FIG. 3. (Color online) Configuration of electrodes creating
Sv/Av~107* along the x axis within the spatial region A.

as the electric field considered above, provided that the signs
of the potentials are replaced by currents of opposite
directions.

The next question that may arise in connection with the
suggested approach is whether external fields with sufficient
spatial linearity can be created with real electrode or wire
configurations. We discuss this question for the case of an
electric field, though the same arguments may also be made
for the magnetic field. Let the nonlinearity of the field E as a
function of x be characterized by the root mean square of the
residuals with respect to a linear fit, E. We denote the cor-
responding quantity in the frequency domain as év. The non-
linearity leads to dephasing of atomic states during the trans-
formation, which is not reversible according to the protocol.
This dephasing will not be destructive if Svr.., <1/4; there-
fore from Eq. (1) we obtain the following constraint:

ov - 1 N 2
Av 4Ln’

Numerics show that the simple geometry depicted in Fig.
2(b) provides Sv/Av~ 1072 within spatial parts A in the
neighborhood of axis x, provided that L,~L,. In other
words, such a configuration is well suited for dielectric
waveguides and implies that L, is of the order of several A.
On the other hand, confining oneself to the linear dimensions
L,, L,~ 100\, which is a typical diameter of an optical fiber
cladding, and taking the refractive index n=1.8, we conclude
that Sv/Av<<1.4X1073. To obtain such accuracy we can
take advantage of an approach that is well known in elec-
tronic and ionic optics (see, for example, [33]): the larger the
number of electrodes, the better they can reproduce a given
field distribution. Therefore consider the configuration
shown in Fig. 3, in which twice as many electrodes per spa-
tial region A are involved. Numerics show that, taking the
cross-sectional dimension d=0.05L,, we can achieve
Sv/Av<6x10~* within a core of [y|<L,/10 when L,
=0.75L, and U,:U,: U;=0.518:1:2.14. The maximum value
of the electric field created at the boundaries of A proves to
be |Epx| = Us/ L. If we consider Y,SiOs:Pr** again and as-
sume L,=100A=60.6 um and |U,/2|=5 V, we obtain Av
=183 MHz and 1,,,=1.3 us. From the relation Avt,,=m/2 it
can be seen that different orthogonal subradiant states alter-
nate with each other at the interval ¢,,,,—1,,=1/2Av, which
in the considered example proves to be equal to 2.7 ns. The
accuracy with which the electric field has to be switched on
and off in time should be smaller than j-‘(th—tm). On the
other hand, the external field need not be a rectangular func-
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tion of time: it may be strong in the middle of the transfor-
mation and weak at the onset and completion of it, provided
that ¢,,,,—1, remains smaller than the wave packet duration.
In this case the total change of an atomic phase [Aw(t)dt
only should be controlled so that Avr,.,<1/4, where Av is
the time average of the deviation of Aw(r) from a given
dependence on time.

The dephasing of atomic states due to the nonlinearity of
the field reduces the efficiency of backward retrieval by the
factor of cos?*(2mdvt,.,). From this point of view the condi-
tion (2) should be replaced by

Sv  arccos(Ve) A\
<—_

Av 27 Lo’ ®)
where € is required efficiency. The considered example
(v/Av=6X10"% L,=133\, n=1.8) corresponds to €=0.38.
The efficiency of €=0.9 (0.99) requires Jv/Av<<2.14
X 107* (6.7 X 107%), which needs more electrodes per spatial
region. A further increase of that number from 8 to 12 makes
it possible to reach Sv/Av<5X 107>, which is sufficient for
high efficiency.
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Finally, we note that the developed scheme can be readily
combined with the CRIB approach, which allows backward
retrieval in the time-domain optical quantum memory with-
out the application of additional laser pulses. Between the
processes of writing and readout through an inhomoge-
neously broadened transition the information can be stored
on a narrow absorption peak, when a writing or reading ex-
ternal electric field is turned off, and the transformation
k(1) — —k(0) may be implemented during the storage time. In
this case the onset (completion) of the transformation does
not cause the photon to be absorbed (emitted), so that z,,,
—1,, need not be smaller than the wave packet duration. Fur-
ther, since the backward retrieval does not involve reversal
of inhomogeneous broadening, the developed scheme may
be considered as a generalization of the CRIB approach to
controlled inhomogeneous broadening.
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