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Storage and retrieval of light pulses in a fast-light medium via active Raman gain
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We propose a scheme to realize the storage and retrieval of light pulses in a fast-light medium via a mechanism
of active Raman gain (ARG). The system under consideration is a four-level atomic gas interacting with three
(pump, signal, and control) laser fields. We show that a stable propagation of signal light pulses with superluminal
velocity (i.e., fast-light pulses) is possible in such a system through the ARG contributed by the pump field and
the quantum interference effect induced by the control field. We further show that a robust storage and retrieval
of light pulses in such a fast-light medium can be implemented by switching on and off the pump and the control
fields simultaneously. The results reported here may have potential applications for light information processing

and transmission using fast-light media.
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I. INTRODUCTION

In the past two decades, much attention has been paid
to the study of slow light via electromagnetically induced
transparency (EIT), a typical quantum interference effect oc-
curring in resonant multilevel atomic systems [ 1]. EIT and slow
light have considerable applications, one of which is optical
quantum memory [2—4] (defined as a system capable of storing
auseful quantum state via interaction with light), which is very
promising for quantum repeaters, quantum computations, and
quantum metrology [5]. The optical quantum memory protocol
through EIT-based slow-light media utilizes the significant
dispersion variation in the transparency window induced by a
control field to modify the group velocity and stop, store, and
retrieve a signal light pulse in a controllable way [6—11].

Parallel to the study of slow light via EIT, in recent years
there has also been great interest in the study of fast light
(also called superluminal light) [12] via active Raman gain
(ARG) or similar mechanisms [ 13—19]. Unlike EIT-based slow
light scheme, where the signal field operates in an absorption
mode and hence its attenuation during propagation cannot be
avoided, in the ARG-based fast-light scheme the signal field
operates in a stimulated Raman emission mode. It is this emis-
sion mode that leads to many attractive features [20], including
nonattenuated propagation, superluminal group velocity, and
large, rapidly responding Kerr nonlinearity of the signal field,
which can be used to design fast quantum phase gates and form
superluminal optical solitons, etc. [20—-24]. A natural question
arises: Is it possible to use fast-light media [25] to realize light
quantum memory?

In a series of interesting works, Akulshin e al. [26-28]
showed, both experimentally and theoretically, that light
memory in a fast-light medium is indeed possible, and
such light memory can be understood as a consequence of
transient response of coherently prepared atomic system to
optical excitation conditions, and hence light memory is not
necessarily restricted to slow-light media but can also occur
in fast-light media. However, the light memory scheme in
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the fast-light medium used in Refs. [26-28] is based on
electromagnetically induced absorption (EIA), in which the
signal light pulse undergoes a significant absorption during
propagation and hence the efficiency of the light memory
obtained in Refs. [26-28] is low. For practical applications, it
is desirable not only to obtain a stable propagation of fast-light
pulses but also to realize robust storage and retrieval of light
pulses through fast-light media.

In this work, we suggest an alternative scheme to realize
storage and retrieval of light pulses in a fast-light medium.
The system we consider is a coherent four-level atomic gas
interacting with three (pump, signal, and control) laser fields.
We show that in such a system the gain of the signal field
can be well controlled to a very small value by the quantum
interference effect induced by the control field, and hence a
stable propagation of signal light pulses with a superluminal
velocity can be obtained through the ARG contributed by the
pump field. We also show that robust storage and retrieval
of the light signal pulses in such fast-light medium can be
achieved by switching on and off the pump and the control
fields simultaneously.

Our ARG scheme for light memory has the following
characteristics: (i) It provides a mechanism for light memory,
fundamentally different from those based on EIT, CRIB
(controlled reversible inhomogeneous broadening) [29-31],
AFCs (atomic frequency combs) [32,33], and others [34-36].
(i1) It is also much different from the light memory scheme
using the fast-light medium based on EIA reported in
Refs. [26-28]. In particular, the serious optical absorption
inherent in the EIA scheme is completely avoided, and hence
the memory efficiency in our ARG scheme is much higher
than that in the EIA scheme. (iii) It is nearly free of noise due
to four-wave mixing, which is usually inevitable in the EIT
scheme [37] (and the associated Raman scheme [38—41]). (iv)
It can work at room temperature and is immune from Doppler
effect and the spontaneous emission from the excited state.
(v) Compared with EIT and other schemes [6—11,26—41], our
ARG scheme has more adjustable system parameters because
there are two (i.e., the pump and control) fields that can be
manipulated simultaneously, which can be used not only to
protect the signal field from attenuation and deformation,
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but also to increase the efficiency and fidelity of the light
memory. (vi) Unlike EIT-like schemes, our ARG scheme has
shorter system response time (see Deng et al. [20] and Li
et al. [24]), and hence the ARG scheme for light memory may
have potential applications for rapidly responding quantum
information processing and transmission.

The remainder of the paper is arranged as follows. Section II
gives a description of the model under study. Section III
presents the result on stable propagation of fast-light pulses
in the system and investigates the storage and retrieval of light
pulses using the fast-light medium. A theoretical explanation
of these results is also illustrated. Finally, Sec. IV is a
discussion and summary of our work.

II. MODEL

We consider a lifetime-broadened atomic gas with the level
configuration shown in Fig. 1(a), in which a pump laser
field, which has a o™ polarization and the center angular
frequency (wave number) w, (kp), couples the quantum
states |1) and |3); a weak signal laser field, which has a o~
polarization and the center angular frequency (wave number)
ws (ks), couples the quantum states |2) and |3); and a
strong (microwave) control field, which has the center angular
frequency (wave number) w. (k.), couples the quantum states
|2) and [4), respectively. 2, 2, and €2 are respectively
half-Rabi frequencies of the pump, signal, and control fields;
Ay =wp — (03 — 1), Ay = wp — w5 — (w2 — wp),and Ay =
wp — ws — . — (w4 — wy) are respectively the one-, two-, and
three-photon detunings, with hw; the eigenenergy of the state
|7) (j = 1,2,3,4). Dashed arrows represent the spontaneous
emission or incoherent population exchange rates. The states
[1),12),|3); the pump field (£2p); and the signal fields (£2)
constitute a typical ARG core [20,22,23].

The total electric field in the system is E = E, + E; +
E. = Zl:p,s,c e &expli(kiz — awyt)] + c.c., where e; is the unit
polarization vector of the electric field E;, which has the

2
x10°

FIG. 1. (a) Energy-level diagram and excitation scheme of the
four-level system with ARG. ,, Q, and €. are respectively
half Rabi frequencies of the pump (" polarization), signal (o~
polarization), and control (microwave) fields, which couple respec-
tively the states |1) and |3),|2) and |3), and |2) and |4). Aj, A,,
and A4 are one-, two-, and three-photon detunings, respectively.
Dashed arrows represent the spontaneous emission or incoherent
population exchange rates. (b) Gain spectrum of the signal field,
—Im(K)/|Im(K )| max, as a function of w [42]. The solid (blue), dashed
(red), and dashed-dotted (black) lines are for 2. = 0, 0.1, and 1 MHz,
respectively.
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envelope & (I =p,s,c). For suppressing Doppler effect,
the incident directions of all three laser fields have been
assumed to be along the z direction. Under electric-dipole and
rotating-wave approximations, the Hamiltonian of the system
in interaction picture reads

4
Fine = —D| Y A1+ (Qp13)(1] + 213)(2]
j=1

+ 2[4)(2[ +H.c) |, (D

where H.c. represents Hermitian conjugation, and three half-
Rabi frequencies are respectively defined by €, = (p3; -
ep)gp/h Qs = (P32 - €)E/h, and Q¢ = (par - €)&E /N, with
pji the electric-dipole matrix element associated with the
transition from the state |j) to the state |/). The dynamics
of the atoms in the system is governed by the optical Bloch
equation [43,44]

ih(i + F)G = [Hin, 0], 2
ot

where T =t — z/c is traveling coordinate with ¢ the light
speed in vacuum, o is a 4x4 density matrix, and I is a 4x4
relaxation matrix describing the spontaneous emission and
dephasing. The explicit expression of Eq. (2) is presented in
the appendix.

The propagation of the signal field envelope is governed
by the Maxwell equation, which under the slowly varying
envelope approximation obeys [43,44]

. 0824(z,7)
; 22012, )

+ k23 032(2,7) =0, 3)
9z

where k23 = Nywp|pasl?/(2eoch), with N, being the atomic
density. Note that in deriving the above equation the signal-
field envelope is assumed to be wide enough in the transverse
(i.e., x, y) directions or the atomic gas is filled within a quasi-
one-dimensional waveguide, so that the diffraction effect for
the light propagation can be omitted.

III. STORAGE AND RETRIEVAL OF FAST LIGHT PULSES
A. Stable propagation of fast light pulses

Since the signal field is weak (but has enough photon
number so that a semiclassical description is allowed), we can
solve the Maxwell-Bloch (MB) equations (2) and (3) by using
a linear approximation. For simplicity, we assume the one-
photon detuning As is much larger than the all Rabi frequen-
cies, Doppler-broadened linewidth, atomic coherence decay
rates, and frequency shift induced by the pump and the control
fields, so the Doppler effect even when the system works at
room temperature can be largely suppressed [20,22,23].

To gain insight into the propagation of the signal field,
we must know first the steady-state solution of the system
before the signal field is applied, which is easily obtained by
solving the MB equations (2) and (3) for the case of d/d¢ =
0 and @2, =0. The result reads 01(?) = y14| QT3 X531 +

12,12/ D, 039 = To3|221Q*/ D, 039 = y14|Q|?12, 12/ D,
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04 = Ii|QPIQP/D, 05 = ~QyiaT3Xa1|Ql?/(d31 D),
oy =0, with X3; = |d312/(2¥13). X2 = |di|?/Qy), and
D= yual QP(TsX a1 + 2|22 + 20232 ||, Note that
when Aj is large enough to satisfy the condition (Q,/A3)* <
(S2./ T'3)?, the steady-state solution is reduced into the simple
form 01(?) ~ 1, a§?) ~ Qp/d31, and all other o;?) ~ 0. This
means that in the steady state most atoms occupy the ground
state | 1) but there are a small amount of atoms that occupy the
excited state |3) will provide a gain to the signal field.

Note that when obtaining the above result on the steady-
state solution we have assumed that there exist finite dephasing
rates yfﬁ" and yl"fl [see Egs. (A1) and (A2)], which make the
populations of the metastable states |2) and |4) be zero in
the steady state (i.e., 02((2)) = aﬁ) =0). If yfz"] and yfjf] are
zero (they are usually small in realistic situation [45]), before
the opening of €2, the populations in |2) and |4) may be
comparable with that in the ground state |1). In this case, an
initial preparation of the system is necessary (especially for the
storage and retrieval of optical pulses of fast light discussed
below); i.e., a technique such as optical pumping should be
used to empty the populations in the metastable states |2) and
|4) before €2, is opened.

When the weak signal field is switched on, the system
will evolve into a time-dependent state. Solving the MB
Egs. (2) and (3), we obtain the solution with the form
Qs ~ exp{i[K (w)z — wt]}, with the linear dispersion relation
(for large A3) given by

_ K23Qp0'3((1)) (w +d4r)
Aj (a)+d21)(w+d41)—|9c|2'

Shown in Fig. 1(b) is the normalized gain spectrum of
the signal field, i.e., —Im(K)/|Im(K)|max, as a function of w
and Q.. The system is chosen as an alkali-metal 35Rb atomic
gas, with the levels |1) = [52S;,,,F =2,mp =0), |3) =
IS*Py o, F =2,mp=1), [2)=152S15,F=3,mr=2), and
|4y = |52S1/2,F =2,mp =2). The system parameters
are ['s =6MHz, 1y, =10kHz, y14=10kHz, 354 =
10kHz, A5 =2GHz, Ay = Ay =0, k3 = 2%x10%c¢m™! S_l,

and Q,=1MHz. With these parameters we have ‘71((1)) A

0.999, 039 ~ 6x107%, 09 ~ 1.0x107%, and 0. ~ 6x107*,
From the figure we see that, when Q2. = 0, the gain spectrum
is a single-peak profile and has the maximum value at v = 0
(blue solid line) [42]. In this case the signal field grows
rapidly during propagation. When €2, is increased to 0.1 MHz
a gain doublet (i.e., two peaks with a minimum at the center
frequency of the signal field) appears in the gain spectrum (red
dashed line). This means that the gain of the signal field near
center frequency is largely suppressed by the introduction of
the control field. When 2. increases further to Q. = 1 MHz,
the width and depth of the gain doublet also increase (black
dashed-dotted line). If a larger control field is used (e.g.,
Q. = 10 MHz), the width and depth of the gain doublet will
increase further. Consequently, the gain of the signal field
can be lowered to a very small value by the manipulation of
the control field. The appearance of the gain doublet in the
system is due to the quantum destructive interference effect
induced by the control field. A detailed theoretical analysis of
the quantum interference effect in various ARG systems has
been given in Ref. [46].

“4)
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FIG. 2. Stable propagation of fast light pulse via ARG. The
dashed line is normalized signal pulse |2;]/|€2s|max @s a function of t
when propagating to z = 1 cm (red), z = 3 cm (green), and z = 5 cm
(blue), respectively. The black line is a reference pulse that travels (in
vacuum) with velocity c¢. The inset shows the advance of the signal
pulse compared with the reference pulse near T = —5.25x 1077 s. At
z = 5 cm (the blue dashed line) the signal pulse has a 14-ns advance
compared with the reference pulse.

From the above result, we see that the system described
in Fig. 1(a) has the following two attractive characteristics:
(i) The pump field coupling the quantum states |1) and |3)
provides the gain to the signal field, and hence the signal
field has no absorption during propagation. (ii) The control
field coupling the quantum states |2) and |4) contributes the
quantum destructive interference effect that suppresses the
growth of the signal field (antigain). By suitably manipulating
the pump and control fields, a balance between the gain and
antigain can be achieved. In this way, the signal field can be
very stable during propagation.

Shown in Fig. 2 is the numerical result of the signal
pulse propagation by solving the MB Egs. (2) and (3)
directly. When plotting the figure, the system parameters are
chosen as I's = 6 MHz, y;; = 10kHz, y14 = 10kHz, yyy =
10kHz, A3 =2GHz, Ay = Ay = 0, k23 = 1x100cm 1571,
and 2, = Q. = 10 MHz. The red, green, and blue dashed lines
in the figure are for the normalized signal field |€2]/|<2s|max
as a function of t propagating to z =1 cm (red), z =3 cm
(green), and z = 5 cm (blue), respectively. For comparison,
a reference pulse that travels in vacuum (i.e., with velocity
c) is also shown (black solid line). The inset shows the
amplification of all curves near at T = —5.25x107" s, and
the advance of the signal pulse comparing with the reference
pulse can be clearly seen. At z =5 cm (the blue dashed line)
the signal pulse has an advance of 14 ns in comparison with
the reference pulse. The result demonstrated in this figure
indicates that the signal pulse is not only a fast light but also
very stable; i.e., the pulse amplitude and pulse duration are
nearly unchanged during propagation, which is desirable for
practical applications, including the light memory using the
present fast-light medium shown in the next subsection.

From the expression (4) it is easy to calculate the value of the
group velocity of the signal pulse by using the definition V, =
[0K /dw]~', which can be either larger than ¢ or negative. In
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fact, using the system parameters given in Fig. 2 we obtain
Re(Vy) = —1.33x107%¢. Consequently, the signal light is a
fast light and the system is a fast-light medium.

We stress that the system used here is nearly free of Doppler
effect and the spontaneous emission from the excited state.
The reason is as follows. If the inhomogeneous broadening
due to the atomic motion of center of mass is included,
the linear dispersion relation for large Aj; is given by
K'(0) = [k232,031/A3] [° dvf (v)G(w,v). Here G(w,v) =
(0 + da)/ (@ + doy )@+ dar) — |Q|*], das = Ay +iyis —
(kp — ke — kv, doy = Ay +iyin — (kp — ks)v, and f(v) are
the Maxwell velocity distribution functions satisfying
ffooo dvf(v) = 1. Note that in our system the level structure
allows k, — k. — ks~ 0 and k, ~ ks, which means dy; ~
Ag+ iy and dy = Ay +iyp. As a result, the function
G(w,v) has a negligible dependence on the atomic velocity
v, and hence K'(w) &~ K(w) (which is independent of y;3);
i.e., the Doppler effect and the spontaneous emission from the
excited state |3) play negligible roles in the system.

B. Storage and retrieval of light pulses using
the fast-light medium

We now turn to explore the possibility for the realization of
light memory in our ARG system. In some sense, light memory
can be taken as an active manipulation of quantum states of
atoms and light by using light. In an initial attempt, a numerical
simulation is carried out based on the MB equations (2) and (3)
for the storage and retrieval of signal pulse 2 by always
switching on the pump field €2, but adiabatically switching on
and switching off of the control field 2. only. Similar to that
suggested in Ref. [6] for EIT storage of slow light pulses, we
first switch on the control field, then switch it off for some
time interval, and at the final stage we switch it on again. The
result shows that in this way a storage of the signal pulse is
not possible. The reason can be explained as follows. If the
pump field €2, is always switched on, the signal pulse has a
large gain during the time interval in which the control field is
switched off. Since €2, is zero and thus no quantum destruction
interference effect occurs, the signal pulse is amplified during
the storage stage. Thus the signal pulse cannot be stored in
the atomic medium by manipulating the control field only. Of
course the retrieval of the signal pulse is also not possible
because no storage occurs before the retrieval stage.

To overcome the difficulty stated above, one must find a way
to avoid the amplification of the signal pulse during the storage
stage. In another attempt, we switch off also the pump field €2,
when the control field 2. is switched off. That is to say, the
pump and the control fields are designed to be adiabatically
switched on and switched off simultaneously during the whole
process of the storage and retrieval of the signal pulse. The
simultaneous switching on and switching off of the pump
and the control fields are modeled by the combination of two
hyperbolic tangent functions with the form

1 - T
Q2,(0,7) = on{l —5 tanh |:T Offj|

sp

1 T — Ton
+ 3 tanh |: ]}, (5a)

sp
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1 - T
QC(O,‘C) = Qco{l — E tanh I:T 0ff:|

SC

+ Lapn | Z= Ton (5b)
— tan
2 T ’

N¢

where Ty and T, are respectively the times of switching off
and switching on; T, and T are the durations of the switching
process respectively for the pump and control field; €20 and
Qo are respectively the amplitudes of pump and control
fields. The storage period (or storage time) of the signal
field is approximately given by Ty, — Tog. In the numerical
simulation, the wave shape of the input signal pulse is taken
to be a hyperbolic secant one, i.e., Q3 = Q4 sech(27/1p),
where Qg is the characteristic amplitude of the signal pulse,
which is taken to be much smaller than €29 and Q0. System
parameters are chosen to be I's = 6 MHz, y, = 10kHz,
yia = 10kHz, A3 =1GHz, A, = 20MHz, A4 = —0.1 MHz,
Kk33=1x 109cm=!s~! , Qo=100kHz, Q. = on =10MHz,
70 = 1.0x107%, Ty, = 1.5x107%s, Ty =0.5x 1075 s, Ty =
2x107%s, T, = 15%107%s, and L = 5 cm (medium length).

Shown in Fig. 3(a) is the result of the numerical simulation
on the storage and retrieval of the signal pulse || via
ARG. The purple solid and red dashed lines in the figure are
respectively the pump field [€2;] and the control field |€2.|, both
of which are switched on and switched off simultaneously. The
black solid line is the input signal pulse at the entrance (z = 0)
of the medium. The colored solid lines denote the retrieved
signal pulse at the position z = 1 cm (red), z = 3 cm (green),
z = 4 cm (yellow), and z = 5 cm (blue), respectively. We find
the following: (i) The signal pulse can be well stored and
retrieved in the system. (ii) The peak of the retrieved pulse at
larger z has an advance comparing with that at smaller z. Espe-
cially the blue pulse has an advance of 35 ns comparing with
the red pulse in the figure, which means that the retrieved pulse
is indeed a fast light. Notice that the amplitude of the retrieved
pulse is reduced in comparison with that of the input pulse. The
reason is that an energy leakage of the fast light pulse cannot
be avoided during the process of the storage and retrieval.

Although all the light fields vanish during the time interval
of the storage, the excitation of atomic degrees, in particular
atomic coherence, is not be zero. Figure 3(b) shows the atomic
coherence |oy4;| as a function of T during the memory process
of the signal pulse. The red, green, yellow, and blue solid lines
are |oy| at the positions z = 1 cm (red), z = 3 cm (green),
z =4 cm (yellow), and z =5 cm (blue), respectively. The
profiles of the pump and control fields (|€2;[, [€2]) are also
shown. We see that |o4;| has a nonzero value when both the
pump and the control fields are switched off simultaneously.
Thus the signal pulse is indeed stored and retained in the
medium during the storage stage, which can be retrieved when
both the pump and control fields are switched on again. Such
phenomenon, similar to that occurs for the light memory via
EIT-based slow-light media, may be understood as a transient
atomic response to the switching on and the switching off of
the pump and control fields [26-28].

To describe the quality of the light memory quantitatively,
we define memory efficiency n to be the energy ratio
between the retrieved pulse and the input pulse, i.e., n =

f;;oo |Qu(T)?dT/ ffg‘é |Qin(7)|?dt. With this formula, the
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FIG. 3. (a) Storage and retrieval of the signal pulse using the fast-light medium via ARG. The purple solid and red dashed lines are
respectively the pump (|€2,]) and the control (|2.|) fields, which are switched on and off simultaneously. The black solid line is the input signal
pulse (|€2|) at the entrance (z = 0) of the medium. The colored solid lines are the retrieved signal pulse at z = 1 cm (red), z = 3 cm (green),
z =4 cm (yellow), and z = 5 cm (blue), respectively. The peak of the retrieved blue pulse has a advance of 35 ns comparing with the red pulse.
(b) Behavior of atomic coherence |0y | during the light memory process. Red, green, and blue solid lines are |o4;| as a function of t at z = 1
cm (red), z = 3 cm (green), z = 4 cm (yellow), and z = 5 cm (blue), respectively. The profiles of the pump and the control fields (|21, |€2.|)

are also shown.

memory efficiency of the result shown in Fig. 3(a) for the
retrieval at z = 5 cm is found to be 32.6%. The reason for so
low memory efficiency is caused by the energy leak of the fast
light pulse and the decoherence and the limited propagation
length of the system.

We can improve the memory efficiency of the signal pulse
by manipulating the pump and control fields further. We
assume the pump and control fields are still switched on and
off simultaneously, but designed to make the signal field have
no gain before the storage and have a small gain after the
storage. Shown in Fig. 4 is the result of the improved light
memory. The amplitude 2 of the control field (purple dashed
line) is designed to be the same before and after the storage,

(a) —Q (z=1cm) 15
(o) ERSE— —Q (z=3cm) 10
& , K\ Qs(z=4cm) |,
ao V4 —Qs(z=50m) V4
_a 0.1t \ —2 42ns+
S —-- QC 11
g"' { ==input
<, 0.05}
@]
0 0 5 /1'0 16 x107©
T(s)

but the amplitude €29 of the pump field (purple dashed line)
after the storage is designed to be larger than that before the
storage. In this way, a small gain of the signal pulse after
the storage is obtained to compensate for the energy leak of
the fast light signal pulse during the storage stage. The black
solid line in the figure is the input signal pulse |€2;| at the
entrance (z = 0) of the medium. The colored solid lines are
the retrieved signal pulse at z = 1 cm (red), z = 3 cm (green),
z =4 cm (yellow), and z = 5 cm (blue), respectively. In this
situation, the peak of the retrieved blue pulse has an advance of
42 ns comparing with the red pulse. When plotting the figure,
the system parameters are chosen as I's = 6 MHz, y, =
IOkHZ, Y14 = IOkHZ, A3 = IGHZ, Az = 20MHZ, A4 =

10 (®)
S B
v 1 —Qp
l—; C
= 5t { |
G
v-o'"
X
Qﬂ'
o—l_\-.—-l ..... 7- N
0 5 10 16 20 xq0®
T(s)

FIG. 4. (a) Improvement of the light memory in the fast-light medium. The pump field |€2,| (purple solid line) and control field | 2| (purple
dashed line) are still switched on and switched off simultaneously, but designed to make the signal field have no gain before the storage but
have a small gain after the storage stage. The black solid line is the input signal pulse |€2| at the entrance (z = 0). The colored solid lines are
the retrieved signal pulse at z = 1 cm (red), z = 3 cm (green), z = 4 cm (yellow), and z = 5 cm (blue), respectively. The peak of the retrieved
blue pulse has an advance of 42 ns compared with the red pulse. (b) 044 during the memory process, as a function of t (blue curve), which is

amplified to 10* times.
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—0.1MHz,  kp3 =1x109cm~'s™!, Q0 = 0.1 MHz,
Q¢ = I0MHz, 1) = 1.0x107%s, Ty, = 1.5x107%s, T, =
0.5x107%s, Ty =0.4x10"%s, T,, =15x10"%s. The
amplitude of the pump field ;9 is taken to be 10 MHz
(15MHz) before (after) the storage stage. The memory
efficiency of the signal pulse for the retrieval at z = 5 cm is
increased into n = 90.6%.

C. Theoretical explanation

Now we give a simple explanation of the light memory via
ARG presented in the last subsection. From Fig. 1(a) we note
that the strong pump field €2, coherently pumps the atoms
in the system from the ground state |1) to the excited state
|3), which provides a gain to the signal field €2, (when €
is switched on). That is to say, the role of the ground state
[1) and the pump field €2, is to provide an optical pumping
that initially prepares a population in the excited state |3).
When the one-photon detuning Aj is taken to be large enough
(~1 GHz) for suppressing the gain and Doppler effect of €2,
the levels |3), |2), |4), €2, and the control field 2. constitute
a three-level ladder system with a small population in the
state |3).

The role of the control field 2. is to bring a quantum
interference effect to suppress the gain of the signal field €.
Due to the introduction of the control field, the states |2) and |4)
mix together. As a result, two dressed states form, which leads
to a destructive interference to the signal-field amplitude and
thereafter the occurrence of the doublet of the gain spectrum of
the signal field, as illustrated in Fig. 1(b). It is just the quantum
destructive interference effect induced by the control field 2,
in the three-level ladder systems that make the stable propa-
gation and memory of the fast-light signal pulses possible.

The light memory of the present scheme can also be
understood based on the solution of the MB equations (2)
and (3). Using the steady-state solution given in Sec. IIT A and
assuming Az > y;;, I'ij, p, Qc, Egs. (2) and (3) under the
linear approximation can be simplified into

ad
ial)’z] + délO'21 + QCO'4] + 920'3((1)) = 0, (63.)
.0
i—ou4 + Q02 =0, (6b)
at
. 0 10 K23Qp
Z - D) - B2 =0, 6
l(az * c Bt) ) Aj o2 (©0)

withd), = do; + Qg/A3 and 03((1)) = —,/A3. When deriving
the above result, we have returned to original z-t coordinates
and assumed that . and €2, are real and vary slowly with
time ¢. From Eq. (6) we obtain 0y = —(i/ 2.)d04; /¢, and

o 0, d§1+a i\ o
04 = ——0O —I| =+ == )—0u |,
4 Q. T \a Tl e !
SR UL 3 (7a)
Q. ' T AQ

This result tells us that although the pump, signal, and
control fields are decreased to zero simultaneously during the
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storage stage, the coherence of the atoms, o4, can maintain
at a finite constant value if the changing rate of the product
of the signal and pump fields (i.e., 2¥€2;) and the changing
rate of the control field (€2.) are the same. This is just the case
considered in our numerical simulation for the light memory
obtained in Figs. 3 and 4.

IV. DISCUSSION AND SUMMARY

Finally, we make some remarks on the calculation presented
above. First, in our calculation a semiclassical approach is
employed, which is valid since the photon number N in the
signal pulse has been taken to be large (N ~ 103-10°). Second,
the noise due to spontaneous emission is negligible in our
system. The reasons are the following: (i) The population in
the excited state |3) is quite small (o33 &~ 107°-107°), which
is due to the large one-photon detuning Az (=1 GHz) we
have chosen. (ii) Although the system is a gain one, the gain
acquired by the signal pulse is vanishing small because it is
suppressed largely by the quantum destructive interference
effect resulted from the strong control field. Third, because
there is no significant population in the state |4), the coupling
between the states |3) and |4) by the pump field is negligible,
and hence the noise induced by four-wave mixing effect plays
a negligible role in our system. To prove the nonsignificant
population in |4), we have calculated 044 in the system, with
the result plotted in Fig. 4(b). We see that o4 is of the order of
magnitude 10~ before, during, and after the storage process,
which is indeed very small and thus can be neglected.

Note that in an interesting work Agarwal et al. [47]
showed that a three-level A system with a microwave field
coupling two lower states (called closed A system) can
support a transition of pulse propagation from subluminal
to superluminal. In the following years, much attention has
been paid to theoretical and experimental studies on closed
A systems (see, e.g., Refs. [48-50]). However, the closed A
systems used in all those works [47-50] are very different from
our system shown in Fig. 1(a). First, our system is not closed
and thus has no dependence of the relative phase among the
signal, pump, and control fields. Second, in Refs. [47-50]
no study was carried out for the storage and retrieval of
fast light. Third, in the ARG scheme a stable propagation
of fast light is not possible if working with a closed A-type
level configuration. Although in our present work only the
memory of classical light pulses is considered, the approach
can be generalized to the case of memory for quantized light
pulses. The advantages of our ARG scheme, such as very weak
four-wave mixing noise and immunization of Doppler effect,
are promising for quantum memory.

In conclusion, in this work we have proposed a scheme for
realizing a light memory in a four-level atomic system via an
ARG mechanism. We have shown that a stable propagation
of signal light pulses with superluminal velocity is possible
through the ARG contributed by the pump field and the quan-
tum destructive interference effect induced by the control field.
We have demonstrated that a robust storage and retrieval of the
signal pulses can be achieved by switching on and off the pump
and the control fields simultaneously. The research and results
reported here opened up an alternative way of light memory,
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and is promising for practical applications of light information
processing and transmission using fast-light media.
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APPENDIX: EXPRESSION OF THE OPTICAL
BLOCH EQUATION

The explicit expressions of the optical Bloch equation reads

l'EGll —ilMp00 —ilM3033 — il 14044 + 9;031 — Q,03,=0,
(Ala)
ia—ro”zz — ily3033 + Qo3 — Q03 + Qiow, — Qeo)y, =0,
(A1b)

)
l<8_f + F3>0'33 + 950'3*2 + Qp‘73*1 — 9:0‘32 — Q;O}l = O,
(Alc)

i£044 — iT40o0 + Qo4 + Loy =0, (Ald)
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for diagonal matrix elements, and

ad
(iﬁ + d21>021 + Qour + Qo031 — Qo3 =0, (Aa)

l— +d31>631 + Qp(o11 —033) + Q021 =0,  (A2b)

0
l_'l,’ + d32>0‘22 + QpO’z*l + Q4(022 — 033) — 900:3 =0,

@
(A2¢)

0
; dy1 |o41 + Qc0o21 — Q043 =0, (A2d)

0
a +dy |op + Qc(02n —o44) — 25043 =0,  (A2e)
ZE + dy3 |ouz + 900’32 — Qp0'41 — 95042 =0 (A2
for nondiagonal matrix elements. Here dp = A, +
ivar, d3t = A3 +iyis,d3n = A3 — Ay +iyes, dyg = Ay +
iVid,dap = Dy — Ao +iyag, dyz=As — Az +iy; Az =

— (w3 — 1), Ay = wp — ws — (w2 — wy), and Ay = wp —
ws — o, — (wg — w) are respectively the one-, two-, and
three-photon detunings, with hw; the eigenenergy of the state
) G =12345y; =@+ T2+ T =Y, Tij,
with T';; the spontaneous emission decay rate and yijf’l the
dephasing rate between state |i) and state | j) [43].
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