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We study the light propagation properties in a V-type three-level atomic system interacting with two independent

broadband squeezed baths. Using the graphic method, the dependences of the absorption and the dispersion of the

system on the coupling field strength, the incoherent pumping field strength and the intensity of the squeezed vacuum

are analysed. The result shows that the probe pulse propagation can be changed from subluminal to superluminal

speed.
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1. Introduction

In recent years, there has been great interest in
the study of subluminal and superluminal light propa-
gation in dispersive media.l' =6 This is because of the
potential applications of subluminal and superluminal
light propagation in nonlinear optics, high-speed opti-
cal switches and communication systems.[”) It is well
known that the group velocity of a light pulse can be
slowed down, or it can be greater than ¢ (the speed of
light in vacuum) or even become negative in a disper-
sive medium. Various schemes have been proposed to
switch from subluminal to superluminal light propa-
gation in an atomic medium.3~14 Hau et al.?! could
reduce the group velocity to 17 m/s in a Bose—Einstein
condensate. Later, the group velocity can be slowed
down to 8 m/s,['*l and in a solid to 45 m/s.['6] In
another experiment, Wang et al.l¥l demonstrated su-
perluminal light propagation in the region of lossless
anomalous dispersion between two closely spaced gain
lines. Akulshin et ol and Kim et all”) reported
on the experiments where negative group velocities
of vy = —¢/14400 in Cs vapour cells were obtained.
Mikhailov et al.'8) have obtained the negative group
velocities as low as —80 m/s in Rb vapour.

In view of the many potential applications of sub-
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luminal and superluminal light propagation, a natural
question is whether one can have a controlling param-
eter for switching the group velocity from subluminal
to superluminal. Generally, the control of the disper-
sion from normal to anomalous has been obtained by
(i) applying a field connecting the two closed sublevels
and (ii) considering spontaneously generated coher-
ence (SGC). More recently, the effects of the incoher-
ent pumping field and SGC on controlling the group
velocity of the probe field were discussed.'9=21 The
rate of an incoherent pumping field, as an additional
parameter, dramatically changes the slope of the dis-
persion from normal to anomalous. The above pro-
posals of applying an incoherent pumping field are as-
sociated only with the three-level A systems and the
four-level systems in the normal heat baths. How-
ever, the squeezed vacuum plays an important role
in the atomic dynamics since the seminal studies by
Gardiner,?? and Ficek et al.[23 have shown that a
two-level atom damped by a broadband squeezed vac-
uum can exhibit a strong emission peak at the central
frequency of the atomic levels. Akram et al.?4 have
studied the index of refraction of a two-level atom
by replacing the usually applied coherent field by a
squeezed vacuum field.
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In this paper, considering the effect of the indi-
rect incoherent pumping field of a V-type atomic sys-
tem damped by two independent broadband squeezed
baths, the absorption and the dispersion properties of
the medium can be controlled with the rate of the inco-
herent pumping field and the intensity of the squeezed
vacuum. Moreover, different from other proposals, the
switching from normal to anomalous dispersion can be
realized just by changing the intensity of the coupling
field without using an extra lower-level coupling field.

In the following, we will discuss the relevant de-
tails of the atomic system. The rest of the paper is
organized as follows. In Section 2, the model is de-
scribed and the density-matrix equations of motion
for the system are derived. In Section 3, we discuss
the absorption and the dispersion properties of the
atomic medium. A brief conclusion of this paper is
presented in Section 4.

2. Theoretical mode and density-

matrix equations

We consider a V-type three-level atom with levels
[1), |2), and |3), having energies Ey, F2, F5. Transi-
tion |3) —
E. and similarly, transition |3) —

|2) is driven by an external coupling field
[1) is driven only
by the probe field E,. Moreover, the upper levels |1)
and |2) are coupled to lower level |3) by two indepen-
dent broadband squeezed vacuum modes and there is
no correlation between the two different modes. At
the same time, the transition |3) — |1) is incoherently
pumped with a rate A by an incoherent pumping field.
The atomic transition frequencies between the ground
level |3) and upper levels |2) and |1) are wa3 and wys,
respectively.

The Hamiltonian of the system in the rotating
wave approximation can be written as

_hz

— hay, e_“”Pt 1 1)(3| —
_hz

where fuw,, is the energy of the atomic level; b}L and

wm|m m|+hz wlb}bl

hace_l‘”“'t_‘b2|2><3|

gm|m (3|b,, — H.C., (1)

b; are the creation operator and the annihilation op-
erator of the squeezed vacuum field with angular fre-
E,/2h
E./2h are the Rabi frequencies of the
[1) and |3) — |2), which are deter-
mined by the dipolar moment ps,, (m = 1,2) and the

quency w; (I = 1,2); parameters a, = 13-
and o = a3 -
transitions |3) —

electromagnetic field amplitudes F; (i = p,c); ¢1 and
(o are the phases of the probe and coupling field; wy,
and w, are the angular frequencies of the two driv-
ing external field, respectively. Now we assume that
the two squeezed vacuum modes are independent and
they are § correlated. The correlation function for the
field operators b; and blT can be written as(22:2%]

(b (Db (t')) = N (@1)8(t — t')1m,
(Bu(t)bh, (1) = [N (wi) + 1]8(t = )i,
<b (t)bm(tl)> M(wl)é(t )§2wsl7wl7wm 5lm7

1
(b ()], () = M*(@)3(t = )00, —cr o, Otms (2)

where wg; (I = 1,2) are the carrier frequencies of the
squeezed vacuum field; N(w;) and M (w;) are the fre-
quency parameters that characterize the squeezing. In
general, the squeezed field satisfies the inequality

| M (wr)? < N(wi)(N(wr) +1), (3)

where M is the complex magnitude so that M (w;) can
be written as M (w;) = |M(w;)|e'® (I = 1,2), where
@,(l = 1,2) are the phase of the I-th squeezed field.
When M(w;) =
condition of the thermal reservoir, while N(w;) is the

0 the above equation describes the

mean photon number of the squeezed vacuum field. In
this work, we consider the bath is in the case of the
maximum degree of squeezing. By using the density-
matrix formalism, the master equation based on the
Born—-Markoff approximation is given by

Ip

a = - i[HOa P] + Ltherm + Lpump - quz7 (4)
where
Hy = —ac(093 + 032) — ap(013 + 031)
+ Apoi1 + Acoaa, (5)

Linerm = 71(N1 + 1)(2031p013 — 011p — po11)
+71N1(2013p031 — 033p — po33)
+72(N2 + 1)(2032p023 — 022p — poa2)
+72N2(2023p032 — 033p — po33), (6)
Lpurﬂp = /1(20310013 —011p — p011)
+ A(2013p031 — 033p — po33),
Leqz = m|Mi|(2013p013 — 073p — pois) e
+ 71| M1|(2031p031 — 0330 — po3y) e
- U§2P - 0‘732) €

+ 72| Ma| (20320032 — 033p — po3y) €192, (7)

—id1
ig1

+ 72| M2|(2023p023 —i¢e

with o;; = [0)(j| (4,7 = 1,2, 3) being the atomic op-
|3) and
|2) — |3) transitions, respectively; A, = wis —wp, and

erators; 71 and 72 the decay rates for |1) —
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A, = waz —w, the laser detunings (w13 = (E1 — E3)/h
and weg = (E2 — E3)/h); phases ¢1 = 2¢, — &1 and
@2 = 2¢. — do are the relative phases between the
squeezed field and the probe field with phase ¢, and
between the squeezed field and the coupling field with
phase ¢. respectively. The evolution equation of the
density-matrix elements for the atom in the rotating

frame can be written as

8(;;1 =iap(ps1 — p13) — 271 (N1 + 1)p1a
+ 271 N1p3z — 24p11 + 2Apas,
8;? = iae(p32 — p23) — 272(N2 + 1)p22 + 272 Napss,
8;;2 = iapp3r —iaepiz +i(Ac — Ap)p12
— [ (N1 + 1) + 72 (N2 + 1)]p12 — Api2,
8;;3 = —iacpi2 +iap(pss — p11)
— iApp1z — 24p13 — 11 (2N1 + 1)p13
— Y2 Nap13 — 271 |Mi|pg1 e 1%,
8553 = —ioe(p3z — p22) —iappar

— i Acpaz — Apaz — v2(2N2 + 1) pas

— 1 N1p23 — 27| Ma|pzze™ 192,

p11 + p22 + p33 = 1. (8)

Using the fact that the probe field is weak com-
pared with the coupling field, it is sufficient to treat
the probe field as a perturbation and all of the atoms
are initially in the ground state [3), i.e., pi; = 0,
P35 =0, and pJ; = 1. We are interested in the steady

state behaviour of the probe transition |1) — |3), and

Ap +2|M|sin g1y —

the first order steady-state solution for p;3 is given by

W _ . 2nMi+F”

Y =i— 9
P13 1|F|2_4|M1|2,}/120‘P7 ( )

where

F =iAp 4+ (2N1 +1) 4+ 72Ny +24
2
aC

+ )
V(N1 +1) +72(N2 + 1) +i(4Ap — Ac) + 4
(10)

and the linear susceptibility x(*) is given by

o, M+ F
|F|? — 4| M |?y¢

X

Fig. 1.
driven by an incoherent pumping and a week probe field

Schematic diagram of a V-type atomic system

in a squeezed vacuum.

For simplicity, we assume that vy = v = v, N} =
Ny = N, and M; = My = M. Separating the real
part from the imaginary part of x( = y/ +ix”, we
obtain

(4p — Ac)ag

27(N +1) + A2 + (4, — A¢)?

Y = ReyW =

Y(BN + 1) + 2|M|cos ¢1vy +

[F|? — 4|M[?y? ’

[27(N + 1) + A]a?
27(N + 1) + A2 + (4Ap — Ac)? .

The group index of the probe field is given by

ng = £ + 27X (wp)
Vg
8X1<wp)

+ 27wy, ,
Owyp,

(13)

where vg is the group velocity, and x’(wp) is the real

part of the line susceptibility.

[FP = 4]MP?

\
3. Results and discussion

For simplicity, we assume that all figures are plot-
ted in the units of v. We choose the modest values
for frequency of the probe field w, = 10°y, where ¢
is the speed of light in a vacuum and the refractive
index is n, = 1 + 2mx/(wp). For normal dispersion

Ox'(wp)/Owp > 0, the group velocity is smaller than
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the phase velocity vy < ¢/n,, while for anomalous dis-
persion Ox/(wp)/0wp < 0, the group velocity can be
larger than the phase velocity vy > ¢/n,, or even be-
comes negative vy < 0.%72L26] In the following, we
present our numerical results.

In Fig. 2, we display the properties of absorp-
tion (a) and dispersion (b) of the probe field versus
the normalized probe detuning Ay /v for different val-
ues of the coupling field a.. Figure 2(a) shows that
for a, = 0.5, the probe absorption presents a sharp
peak around A,/y = 0, the phenomenon is called
EIA.22-2427 Ag the value of the coupling field in-
creases (i.e., a. = 5.0), the probe absorption exhibits
two absorption peaks and a dip around A, /v = 0, thia
phenomenon is called EIT. The phenomenon can be
considered as arising from the interference of the tran-

Imy®

Imy®

sitions between dressed states |+) = (|3) +[2))/v2
and |—=) = (|3) —[2))/V2 to a third level |1). Tt is
clear that the EIT dip becomes reduced by further
increasing the strength of the coupling field a, up to
a. = 8.0. The effect of the coupling field on the disper-
sion is shown in Fig. 2(b). It is clearly seen that when
a. = 0.5, the slope of dispersion is positive and super-
luminal light propagation occurs. With the strength of
the coupling field increasing (i.e., a. = 5.0), the slope
of dispersion becomes negative, corresponding to the
subluminal light propagation. Note that the slope of
the dispersion for a. = 8.0 becomes steep compared
with the case a. = 5.0. Thus, the coupling field plays
a major role in switching the light propagation from

subluminal to superluminal speed.

Rex(l)

0.06

Rex(U

—0.06

AD/’Y

Fig. 2. Imaginary part (a) and real part (b) of x) each as a function of the probe field detuning for ac = 0.5
(solid line), 5.0 (dashed line), and 8.0 (dotted line); imaginary part (c) and real part (d) of x(1) of susceptibility
versus probe detuning for a2 = 0.1[A + 2y(N + 1)) + A%) (solid line), a2 = 2[A + 2y(N + 1)) + A% (dashed line),
a2 = [A+2y(N+1))? +A% (dotted line). Other parameters are chosen as vy = 1.0, N =0.1, M = \/N(N + 1), A= 1.0,

@ =0, and A; = 0.

We come across an interesting situation by ex-
amining Eq. (11) for the Re x™). If we resort to the
specific choice of the phase ¢; (i.e., 1 = 0,7) with

A, = 0, we have a simplified expression from Eq. (11)

a2

A1 — =
) P [29(N +1) 4 A]2 + A2
e s [P — T2 .

It is evident that Rex™) = 0, when we ad-
just the coupling field a. according to the relation
a2 = [A+2y(N + 1)]? + A2, where the probe de-
tuning A, is varied. This interesting result shows
that we may obtain a flat refraction index profile
We call this condition of

o2 = [A42y(N +1)]* + A2 a “critically condition”

for all the frequencies.
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for the coupling field strength. In Fig. 2, we once
again display the values of absorption (Fig. 2(c)) and
dispersion (Fig. 2(d)) versus probe field detuning for
various intensities of the coupling field. It is seen
that the normal absorption can be obtained under
the condition of a? < [A 4 2y(N + 1)]* + A2 (ie.,
o = 0.1[A+ 2y(N +1)]* + A2, denoted by the solid
line in Fig. 2(c)), there is an absorption maximum at
Ap/v = 0. Correspondingly, the dispersion is 0 at
Ap/y = 0. On the contrary, there is an inverted and
reduced absorption (dashed line in Fig. 2(c)) accom-
panied by opposite dispersion (dashed line in Fig. 2(d)
under the condition of a? > [A 4 2y(N + 1)]*> + A2
(i.e., a2 = 2[A+2y(N +1)]* + A2)). Obviously, if we
keep a2 = [A+ 2y(N + 1)]* + A2, we will find that
Rex™ = 0 (this has been discussed above) always
holds when the value of A, is varied (dotted line of
Fig. 2(d)).
flat at all the frequencies under the same conditions
(dotted line in Fig. 2(c)). In addition, the slope of the

index of refraction versus the probe detuning A, /vy

The absorption given by Imx™) is also

changes from positive to negative.

From Fig. 3, it is shown that the switching from
subluminal to superluminal light propagation occurs
for an appropriate value of the strength of the coupling
field. It is obvious that the coupling field strength can
be considered as a knob for changing the probe light
propagation from subluminal to superluminal speed.

Fig. 3. Group index versus Rabi frequency of the cou-
pling field for the parameters: v = 1.0, N = 0.1, M =

VNN +1), A=1.0, =0, Ac =0, and A, = 0.

In Fig. 4, we display the properties of absorption
and dispersion of the probe field versus normalized
probe detuning A,/ for different values of the inco-
herent pumping rate A. Figure 4(a) shows that for
A = 0.2 there are two absorption peaks of the probe
pulse. With the incoherent pumping rate A chang-
ing from A = 0.2 to A = 1.0, the probe absorption

peaks and the dips all reduce. By further increas-
ing the incoherent pumping rate A up to A = 4.0,
the figures change from two absorption peaks near
the Rabi frequencies and a dip near the centre A, /vy
to a single absorption peak near the centre. Thus,
the EIA peak is established. Physically, as the inco-
herent pumping rate becomes larger, the incoherent
pumping field brings more population from state |3)
to state |1), which can result in an increase in the
excited state population and an increase decay from
It should be noted

that the appearance of EIA is due to the relatively

the excited state to lower state.

large population in the excited states, which results
in an increase of spontaneous transfer of the coher-
ence from excited level to lower level. The effect of the
incoherent pumping rate on the dispersion is shown in

0.4
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Fig. 4. Imaginary part (a) and real part (b) of x() each
as a function of probe field detuning for v = 1.0, N = 0.1,
M= /NIN+1),¢=0,Ac =0, ac = 3.0, A = 0.2 (solid
line), 1.0 (dashed line), and 4.0 (dotted line). Group in-
dex versus incoherent pump rate (c) for the parameters:
4 =10,N=01,M=/NN+1), p =0, Ac = 0,
ac =3.0, A, =0.
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Fig. 4(b). It is clearly seen that when A = 0.2, the
slope of dispersion around zero probe field detuning is
negative, corresponding to the subluminal light prop-
agation. With the increase of the incoherent pumping
rate (i.e., 4 = 1.0) , the slope of dispersion becomes
positive. For such a case, superluminal light propa-
gation occurs. Moreover, the slope of the dispersion
with A = 4.0 has decreased compared with A = 1.0. It
can be shown that the slope of the dispersion changes
from negative to positive by increasing the intensity
of the incoherent pump field. From Fig. 4(c) it follows
that the switching from subluminal to superluminal
light propagation occurs for an appropriate value of
the incoherent pumping rate A. Thus, the incoherent
pumping rate plays a major role in switching the light
propagation from subluminal to superluminal speed.
In Fig. 5, we plot the values of group index ng
of the probe field versus the mean photon number
of the squeezed vacuum N for different values of the
Rabi frequency of the coupling field a.. Here we
assume that the incoherent pumping field is weak.
We see that with the increase of IV, the value of
group index n, changes from positive to negative.
Thus the group velocity can be controlled by adjust-
ing the photon number of the squeezed field and the
propagation can change from subluminal to super-
luminal speed. Moreover, it is shown that there is
an optimal intensity control for the largest negative
value of ng. It is clear that as the Rabi frequency
of the coupling field a, becomes larger, the largest
negative value of ny becomes smaller. There is an
N value which makes the group index ng reach the
minimum [seen in Fig. 5 (dash-dot line)]. Corre-
spondingly, the group velocity reaches the maximum
value (v; = —c/11004 = —2.73 x 10* m/s) under

<t
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Fig. 5. Values of group index versus the average photon
number N for v =1.0, M = /N(N +1), p =0, Ac =0,
Ap =0, A=0.1, ac = 3.0 (dash-dotted line), 5.0 (dotted
line), and 8.0 (solid line).

the appropriate parameters we choose. Meanwhile,

in the positive region, the group velocity reaches the
minimum value (vg = ¢/27131 = 1.10 x 10* m/s) in
the case of N = 0. Now, the system is damped by
the standard vacuum (i.e., N = M = 0). Thus, the
group velocity can be manipulated by the mean pho-
ton number of the squeezed vacuum. These results
may be helpful for measuring the group velocity.

4. Conclusion

We studied the properties of absorption and dis-
persion of a weak probe in a V-type three-level atomic
configuration interacting with two independent broad-
band squeezed baths. It is shown that the slope of the
dispersion changes from positive to negative by mod-
ulating the coupling field strength and the incoherent
pumping field, which leads the probe pulse propaga-
tion to change from subluminal to superluminal speed
in the medium. In addition, the effect of the inten-
sity of the squeezed baths on the group index is dis-
cussed. By varying the squeezed bath parameters, one
can control the light propagation from subluminal to
superluminal speed. Therefore, one may use this sys-
tem to realize the group velocity manipulation of a
light pulse.
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