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We theoretically investigate the influence of a coherent pump field on the propagation of a weak light pulse of
a probe field in a four-level atomic system. Due to the modulation of the pump field, the light pulse can be
manipulated from subluminal to superluminal with negligible distortion. This scheme can be realized in both
the ultracold and Doppler-broadened atomic systems. We also demonstrate that the spectral linewidth with an
anomalous dispersion is reduced by thermal averaging; therefore, one can obtain a larger negative group re-
fractive index in room-temperature vapor than the largest value achieved in ultracold atomic gas. © 2009 Op-

tical Society of America
OCIS codes: 270.5530, 270.1670, 020.1670.

1. INTRODUCTION

The purpose of research on the manipulation of light
group velocity from subluminal to superluminal is not
only to study a novel state of matter [1], but also to realize
potential applications in the field of optical memory, opti-
cal computing, and optical communication [2,3]. There
have been many attempts to obtain both ultraslow and
fast lights in a single system of different media [1-6], and
the related studies have became a research focus of inter-
est. The phenomena of slow and superluminal light
propagation have been observed experimentally in a solid
with saturated and reverse absorption [4], and the corre-
sponding theoretical explanation was also supplied [5]. In
the electromagnetically induced transparency (EIT) me-
dium of cold atoms, the subluminal or superluminal light
propagation can be selectively obtained by controlling the
intensity of a pump field [1] or switching the circular po-
larization of the coupling field [7]. In the A-type and
V-type atomic systems, group light speed can be modu-
lated freely by the intensity and phase of a microwave
[8-10]. As an optional method, the group velocity can be
varied by the magnitude of a magnetic field in a four-level
atomic system [11]. The squeezed field [12] or incoherent
pumping field [13,14] can also modulate the group veloc-
ity of light pulses arbitrarily in the atomic systems with
the effect of spontaneously generated coherence (SGC).
However, there are some fundamental limits in the above
proposals in which either a coupling of the dipole transi-
tion forbidden levels or some special level of structure is
required [8-10,12-14]. Furthermore, the light pulses with
a superluminal propagation induced by the effect of elec-
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tromagnetically induced absorption (EIA) have pro-
nounced distortions [11].

In this paper, we theoretically investigate the effect of a
coherent pump field on the propagation of a weak probe
pulse in a four-level atomic system. Such a system has
been used to observe gain of the probe field in cold and hot
atomic systems [15—17], while here we found the coherent
pump field can be used as a knob to switch the propaga-
tion of the probe field from subluminal to superluminal in
both cold and hot atoms. To illustrate the advantages of
our scheme, we note that the superluminal light propaga-
tion in our model is induced by a gain doublet of the probe
field; therefore, the light pulses can propagate without
distortions, and this advantage increases the practical ap-
plicability of our proposal. Furthermore, because atomic
motion often masks the coherent effect, some approaches
mentioned above can only be realized in the absence of
the Doppler broadening effect [1,6-10,12—14]. Although it
was demonstrated that pulse propagation could be modu-
lated from subluminal to superluminal in hot Cs vapor
[18] and hot Rb vapor, respectively, with a buffer gas [19],
the fast light experiences a strong absorption therein. In
contrast to these schemes, which can only be realized in a
system without the Doppler effect, our scheme is natu-
rally Doppler free, though the configuration of laser fields
is not a Doppler-free geometry. In addition, we have found
an interesting result in that the spectral linewidth with
an anomalous dispersion is reduced by thermal averag-
ing, and one can obtain a larger negative group refractive
index in room-temperature vapor than the largest value
achieved in ultracold atomic gas.

© 2009 Optical Society of America
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2. ATOMIC MODEL AND EQUATIONS

The atomic system under consideration can be described
by a four-level atomic configuration as shown in Fig. 1(a).
We consider the propagation of a light pulse whose cen-
tral frequency w, is resonance with the transition [3)
—|1), and the coupling field with a frequency w, and coher-
ent pump field with a frequency w, interact with the tran-
sitions [3)—|2) and [4)-|1), respectively. Here 27y (i
=1,2,3,4) is the spontaneous emission of the correspond-
ing transition, and the transition |2)-|1) is electric dipole
forbidden.

In the framework of the semiclassical theory using the
dipole approximation and the rotating wave approxima-
tion, the Hamiltonian H; of the system in the interaction
picture is

Hy=h(A, - A,)|2X2] - A, [3)(3] - hA[4)(4]
= Alg|3)(1] + Q.[3)2| + Q [4X1| + H.c.], 1)

where A,=w,— w31, A;=w,— w3y, and A;=w;—wy; are the
detunings of the three laser fields. The Rabi frequencies
of the probe, coupling, and pump fields are g=uzE,/2%,
Q.=u3oE /20, and Qg=puE,/2h, respectively. For sim-
plicity, we take these Rabi frequencies as real. Including
relaxation terms for the closed system, the equations of
motion for the density matrix of the four-level system are

Poa = 2vaps3 + 2Vapas + 1(p32 — p2s),

P33 =—2(y1 + v2)pss + ig(p13— p31)

+iQ(p23 = p32)s
Paa=—2(y3 + Ya)paa + 1Q(p14— pa1),
p31="L31p31 +i8(p11 — p33) + iQp21 — 1Qp34,
Pz = (A, = y1= Y2)p32 + i8p12 + iQ(paz — p33),
pa1=Ta1pa1 +iQcps1 — i8p23 — 1Py,
pra=—(As+ y3+ Y)p14 — 1Qs(p11 = psa) +i8P34,
paa =La4pas = iQpa1 + 10 p3y,
P34 =T34p34 = 1Qsp31 + 1Qep2y +i8P14 »

1=p11+ poo+ P33+ Pus (2)

where I's;=iA,—v1— v, [21=1(A,=A0) = vo1, Tas=i(A,-A,
=A)=(ys+7vs), and Tgy=i(A,=Ag)~(y1+y2+v3+7vs). Be-
cause the probe filed is weak (g<Q,.,Q,,27;), we solve
the above density matrix and derive the first-order

steady-state solution of the element pgll) as
Pt (ot = PDIM + QR + 0Tl )
g Ty M+ Q2F + Q2R ’

Where M =F21F34F24+F34Q§+F21Q?, R=F21F24+Q§—Q?,
and F= F24F34+Qf—ﬂf. Here vy, is the dephasing rate be-
tween the states |2) and |1). For simplicity, we assume
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Fig. 1. (Color online) (a) Schematic diagram of a four-level
atomic system. (b) Block diagram where the coupling (w.) and
probe (w,) fields are copropagating and the coherent pump field
(w,) is counterpropagating inside the medium.

v1=Ye=Y3=v4=7/2, and the zero-order results of the
terms in Eq. (3) are given as

0202
p(o) _ s=%c
BT0220%+ 2 +A2) + 02202 + 2+ A2’
2 2
o0 = QS+—M Y
11 Q? 33>
iy
__"° (0)
P23 Q, P33
iy
o__ "¢ ©) 4
P14 Q, P33 (4)

Considering the Doppler frequency shifts induced by
the atoms with velocity v, we substitute A,, A,, and A,
with A,+w,v, A;—wv, and A +w,v, which correspond to
the configuration of laser fields as shown in Fig. 1(b).
From Eq. (3) we obtain the linear susceptibility x(w)),
which is averaged over the Doppler distribution of atomic

velocities as

** piy
X= 377ny ?f(v)dv (5)

Here N=N(\,/ 21)3 is the scaled average atomic density,
N presents the atomic density, and \,, is the wavelength of
the probe field. f(v)=exp(=1?/12)/v,\7 is the Maxwellian
distribution, and v,=v2kT/M represents the most prob-
able atomic velocity. We introduce the group refractive in-
dex ng=c/v,, where c is the speed of light in vacuum, and
the group velocity v, is given by [20]
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3. RESULTS AND DISCUSSION

For calculations, we adopt the transition 5, to 5P, of
87Rb as shown in Fig. 1(a). First, we display the real and
imaginary parts of susceptibility x(w,) of the probe field
in hot atoms in Fig. 2, which correspond to the dispersion
and absorption of the probe field, respectively. It is shown
that one can obtain a sub-Doppler spectral resolution of
the probe field in the Doppler-broadened system, though
the configuration of the laser fields is not a three-photon
Doppler-free geometry. When the intensity of the pump
field becomes larger than the coupling field, the probe
field is amplified at the frequencies around the resonance
point, and the dispersion of the probe field changes from
normal to anomalous.

In order to interpret these results, we supply an analy-
sis in the dressed-state picture for the system. The inter-
action Hamiltonian for the atoms with velocity v, which
are driven by the coupling and pump fields, can be writ-
ten as [21]

0 0 0 O
0 —-A,-kv Q, 0
0 Q, 0 0
Q, 0 0 A,-Fkv

Hi=-1 (7

Here we set k.=k;=k,=k as an approximation and con-
sider the resonance condition that A,=A;=0. From the ei-
genvalues of the four dressed states, we obtain the split-
ting of the dressed-state transitions, which the probe field
couples as
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Fig. 2. (Color online) Real and imaginary parts of susceptibility
X versus probe frequency w, in the presence of the coupling field
Q. and the pump field (), in hot atoms. The common parameters
of the above curves are chosen as atomic density N=2
X 10" em™3, 2y/27=>5.746 MHz, and ,;=0.001y. A,=A,=0, and
we assume the most probable velocity as v,=250 m/s.
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@y == h(\(k/2)? + Q% + \(kv/2)? + O2),

@y == h(\(kU/2)? + QF — \[(kv/2)? + Q2),

ag=h(\(kv2)? + Q2 - \[(kv/2)% + Q2),

ay=h(\(kU/2)% + Q2 + \[(ku/2)% + Q2). (8)

For stationary atoms, due to the population distribu-

tion of the excited state pg%) and the constructive interfer-

ence effect p(l(i) induced by the pump field Q, as shown in
Eq. (8), there are amplifications of the probe field at two
transitions that correspond to the two dressed states ay
and a3 in Eq. (8). Because the population of level |1) is
always larger than that of level | 3) (p(lol) > pg%)) as shown in
Eq. (4), the probe field is amplified without the population
inversion [15]. When the intensity of the pump field is
small, Q,=Q,, the two dressed states become degenerate,
and then the probe field has one transition with a normal
dispersion. As the pump field intensity increases, ;> ,
the two dressed states become distinct, and then the
probe field has two gain lines with an anomalous disper-
sion. For atoms with velocity v, the two dressed states ay
and a3 do not shift much with Zv due to the partial can-
cellation of this term in Eq. (8). As a result, we still can
obtain the two gain lines of the probe field after consider-
ing the effect of the Doppler broadening, as shown in Fig.
2. Therefore, one can switch the dispersion of the system
from normal to anomalous by increasing the intensity of
the coherent pump field in both cold and hot atoms.

Second, we supply the calculated group refractive index
ng at the resonance frequency of the probe field in cold
and hot atoms as a function of (), with different intensi-
ties of the coupling field in Fig. 3(a). It is found that the
group refractive index can be modulated from positive to
negative by the pump field, and the largest negative
group refractive index in cold atoms is smaller than that
achieved in hot atoms. This result is that there is an op-
timal width of the probe absorption with anomalous dis-
persion in cold atoms. While due to the contributions of
atoms with different velocities, as shown in Fig. 3(b), the
region with an anomalous dispersion can be narrower
than that in stationary atoms. As a result, one can have a
larger group refractive index n, due to the Kramer—
Kronig relation [22] in hot atoms. This interesting result
due to the Doppler broadening effect is similar with the
latest experimental report [23]. Here we also investigate
the corresponding transmission of the probe field propa-
gating through a medium of length L=1 ¢cm and show the
results as an inset in Fig. 3(a). The inset shows that one
can obtain superluminal light propagation with a small
absorption in both cold and hot atoms, which is very help-
ful to observe the phenomenon of superluminal light
propagation. It is worthwhile to point out that though the
transition |4)-|2) is allowed in our system, we ignore the
four-wave mixing signal and its effect on the probe field,
owing to the limited optical density length and the weak
probe field.

In the following, we consider the propagation of a
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Fig. 3. (Color online) (a) Group refractive index n, at resonance
of the probe field in the presence of the coupling field (),
=0.6,0.8,1.0y in cold atoms and in the presence of the coupling
field ,=0.9y in hot atoms. The inset shows the corresponding
transmission of the probe field that propagates through a me-
dium of length L=1 cm. Other parameters are the same as in
Fig. 2. (b) Effect of the velocity on probe absorption in the pres-
ence of the coupling and pump fields (,=0.8y and Q,=1.27.

Gaussian pulse through the sample with a length L
=1 cm to confirm the above results. We obtain the solu-
tion of the field profile for the probe pulse as [24]

+ ) zn(wp)
E(z,t):f £(0,w,)exp| —iw,| t - » dw,, (9)

where &(0,w,)=1/(2m)2 exp[—(w, - w31)?7/2] is the Fou-
rier transform of the probe field at the entrance of the cell,
z is the propagation distance, and n(w,) =1+ x(w,) is the
refractive index. For a pulse with 7=2 us, we show the de-
lays due to the medium under different conditions in Fig.
4. Calculating the relative delays between the reference
pulse and the output pulses, we obtain the group veloci-
ties of the pulses and find that there are very good agree-
ments with the results shown in Fig. 3(a). Here we con-
firm that the spectral width of the Gaussian pulse is well
contained within the region that is between two closely
spaced gain lines, so there are no distortions for the
propagation of the pulses. Moreover, the transmissions of
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Fig. 4. (Color online) Solid curve represents a Gaussian pulse
propagating at speed ¢ through 1 cm of vacuum (reference).
Curves (i) and (ii) show the same pulse propagation through cold
atoms of length 1 cm with time delays 0.36 wus and —0.34 us, re-
spectively. Curves (iii) and (iv) show the same pulse propagation
through a 1 cm long hot atomic vapor with time delays 0.12 us
and —0.14 us, respectively. We chose cold and hot atomic systems
that have the same atomic density as N=2Xx 10 cm™3; other
common parameters are the same as Fig. 2. The inset shows a
magnified part of the same.

the Gaussian pulses in Fig. 4 agree with the correspond-
ing results shown in the inset in Fig. 3(a). As a result, it is
demonstrated in Fig. 4 that the pump field can be a knob
to switch the propagation of a light pulse from subluminal
to superluminal, or vice versa, in cold or hot atoms.

4. CONCLUSIONS

In a four-level atomic system, we theoretically present
that a weak probe field can be switched from subluminal
to superluminal propagation by a coherent pump field.
Our proposal can be realized in atomic systems with or
without the Doppler effect, and the superluminal light
propagation induced by a doublet gain can get no distor-
tion. Owing to the Doppler averaging effect, linewidth
with an anomalous dispersion is reduced, and the largest
negative group refractive index in ultracold atomic gas is
smaller than that one can achieve in hot atomic vapor.
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