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ARTICLE INFO ABSTRACT

Keywords: An electromagnetically induced transparency (EIT) medium consisting of five-level-cascade
Group velocity atoms is proposed to control the group velocity of multi-frequency light under Doppler broad-
Electromagnetically induced transparency ening. An analytic expression for the group index of probe light is derived as a function of the

Slowing light parameters of coupling light and temperature of the medium. It is shown that by adjusting in-

tensity and/or frequency of the solely coupling light one may manipulate simultaneously group
velocity of the probe light in three separated frequency regions, each of which enables to switch
between the subluminal and superluminal modes. On the other hand, the effect of Doppler
broadening increases the group velocity and enlarges the tuning range of the coupling intensity
to switch between the superluminal and subluminal modes. The model is helpful to find appli-
cations related to the group velocity manipulation of multi-frequency light, and to serve future
experimental studies at various temperature conditions.

1. Introduction

In the past few decades, slow (subluminal) and fast (superluminal) light effects with controllable transitions between super-
luminal and subluminal lights have potential impact on photonic technology which have opened up many important applications
such as controllable optical delay lines, optical switching, telecommunication, interferometry, optical data storage and optical
memories, and quantum information processing and so on [1-4]. In general, subluminal propagation takes place at the normal
dispersive regions, while superluminal propagation normally corresponds to abnormal dispersive regions in a dispersive medium. An
important aspect to manipulation of the light speed is controllable dispersive properties of a medium under laser fields.

The EIT is a quantum interference effect that makes a resonance medium becomes transparent and steeper dispersive for a probe
light field under induction of other strong coupling light field [5]. Furthermore, magnitude and sign of dispersion of the medium for a
probe light beam is controlled by another coupling light beam. Using EIT technique, several researchers attempted to demonstrate
experimentally in subluminal [6-10] and superluminal [11-14] lights. Other studies have been done on the switching between the
subluminal and superluminal propagations in an atomic medium by changing frequency, intensity, phase and polarization of applied
fields [15-26].

Although, early studies on group velocity of light in three-level atomic systems have yielded breakthrough results and opened up
many potential applications [1-18,20-22]. However, the three-level atomic configurations only create an EIT window in which light
is controlled only in narrow frequency region. From practical perspective, extension from single to multi-window EIT is currently of
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interest due to its promising applications in multichannel optical communication, waveguides for optical signal processing and
multichannel quantum information processing. A possible way for obtaining multi-window EIT is to use additionally controlling
fields to excite various multi-level atomic systems [27,28]. Some research groups used such technique to control the group velocity at
multiple frequencies [19,23,26,28].

A simplest way is to use only solely controlling field to couple simultaneously several closely-spaced hyperfine levels which was
demonstrated for a five-level cascade scheme of cold 8°Rb atoms [29]. The observation was letter interpreted by an analytic model
[30,31] which can be extended for related applications, e.g., enhancement of Kerr nonlinearity [32,33], optical bistability (OB) [33],
generating optical nano-fibers for guiding entangled beams [34], and EIT formation of laser pulse [35]. Specially, the analytical
model is used to interpret the experimental observations of multi-window EIT spectrum [36]. Very recently, we have developed an
analytical model to study influence of giant self-Kerr nonlinearity on group velocity of multi-frequency light [37]. The result showed
that under self-Kerr nonlinearity, one may use the probe and/or coupling fields as knobs to manipulate the probe light between the
subluminal and superluminal modes in three separated frequency regions. Furthermore, by using such a cascade excitation scheme,
one may choose the uppermost excited electronic states having long lifetimes, as Rydberg states, to manipulate group velocity of light
to a few mm/s.

So far, studies on control of group velocity of light in multi-window EIT media have often neglected the Doppler effect
[19,23,26,27,37,38]. However, several related experiments working with gaseous medium often needed to carry out at normal
conditions, which Doppler broadening should be taken into account. In a recent work [30], we studied absorption and dispersion
spectra of the five-level atomic system under Doppler broadening by using an analytic method. The results showed that the slope of
dispersion curve depends strongly on the temperature of medium. Growing of this interest, in this work, we study extensively on
manipulation of the group velocity of a probe light in five-level cascade-type inhomogeneously broadened medium by using analytic
method in a framework of density matrix theory. The influences of Doppler broadening and the parameters of coupling laser field on
the group velocity of the probe light are investigated.

2. Theoretical model
We consider a five-level cascade-type atom system as shown in Fig. 1. A weak probe laser light (with frequency w,) drives the

transition |1> <> |2, whereas an intense coupling laser light (with frequency w,) couples simultaneously transitions between the state
|2> and three closely-spacing states |3, |4> and |5)>. We denote &; and 8, are frequency separations between the levels |3>-|4> and
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3)
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Fig. 1. The five-level cascade system.
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|5>-]3>, respectively. The frequency detuning of the probe and coupling lights are respectively defined as:
Ap = wp — Wa1, A = @ — W3 (@D)]
The evolution of the system, which is represented via the density operator p, is represented by the following Liouville equation
[30]:

op i
= =——[H, pl + Ap,
ot = b el A )
where, H and Ap represent the total Hamiltonian and relaxation operator, respectively.
Using the electric dipole- and rotating-wave approximations, the density matrix elements of the system are derived in the rotating
frame as [30]:

. . i i
Psy = [iAc + 4p — 82) — ¥sylpsy — EQppﬂ + E-Qcaszpzp

3
By =il + 4p + 81) — vuloy — %Qpp42 + %Qcanpzl’ )
By = [i(Ac + 4p) — ylps — % PP + %Qcaupzv 5)
By = [idy — mlpy — %Qp(pzz - o)+ %aazﬂcpn + %Qcanpﬂ + %Qcaszpﬂ, )

where, Q, = dy Ep/% and Q, = d;,E./h are Rabi frequency of the probe and coupling light fields, respectively; d; is transition dipole
moment between the |i> and |k> states; as, = ds/dsz, a42 = dap/dsy, and as, = dsy/ds, are the relative transition strengths of the three
transitions from the three hyperfine sublevels |3>, |4, and |5) to the level |2)>; yi represents the decay rate of the optical coherence
pik> given by [30]:

1
W= 20+ X Tl
Ej<Ej E|<Ej ('7)

here, I is the decay rate of the population from the level |i> to level |kD.
In the weak field limit of the probe light and in the steady regime, the matrix element p»; is determined as [30]

i
_ 2%
P = a2,(Qc/ 2)? a2, (Qc/2)? a2, (2 2)?
leit p 71— i(dp +4c) Va1 — i(dp +Ac +61) Ys1—i(dp +4Ac —82) (€))

The susceptibility of the atomic medium for the probe light relates to the matrix element p,; by

Ndy, Nd} A . B
xX=2 P = o m Tl m)
& k) goh \A* + B A*+ B (C))
where, A and B are real parameters:
A:—Ap+@+ﬂ+@,
Y1 Yaz ¥s2 (10)
B=y, + Az + Agp + Asy ,
A, +4 A +A+8 4 +A -6 1D
and Ay are effectively coupling parameters given by
@y +4) (0
Ap=———— ||
Yo + @y + 4c) 2 (12)
T +4c+6) L, (2
Ap = 3 S| )
Yot @y + A +6) 2 (13)
751(Ap + Ac - 52) 2 .QC 2
Asy = — 22| 5 ) -
vo+ @y + A = 8y) 2 a4

For a vapor medium, it is necessary to take into account the Doppler broadening effect on the susceptibility. As in usual ex-
periments for this configuration, the probe and coupling beams counter-propagate through the medium. Under this condition, an
atom with velocity v moving towards the probe beam will therefore “see” a frequency up-shift (by w,v/c) and down-shift (by — w.v/c)
for the probe and coupling lights, respectively. In such Doppler shifts, the frequency detunings are therefore modified to
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Ay = wp — Wy + wpv/c; A, = w, — w3 — wev/c. (15)
In a thermal equilibrium condition at temperature T, the number of particles having velocity v is assumed to obey the following
Maxwell-Boltzmann distribution

No

N@) = Te“’z/“zdv,
uJ7

1e)

where,

Lo |2sT
Nom a7

is the favorable velocity, m is mass of the particle; Ny is the total number of particles occupied in a volume unit.
Under the above assumptions of the Doppler effect, the susceptibility in Eq. (9) is integrated over the velocity from — o to + oo,
given by

. 2
M#\uﬁeﬁu — erf (2)].
EOh(T) (18)

where, erf (z) is the error function with a complex argument 2:

x= [ xwdv=

2= ——(B+iA),
wplt (19)
with, A and B are the parameters defined by Egs. (10) and (11), respectively. The expression (18) represents the susceptibility for the
probe light as a function of controllable parameters of the coupling light and temperature of the medium.
According to the Kramers-Kronig relation, the absorption and dispersion coefficients represent respectively to imaginary y” and
real y’ parts of the susceptibility y = ¥’ + ixy”. The absorption and dispersion coefficients for the probe light can therefore be de-
termined via the following relations:

”

_ wox
T’ (20)
Y
=1+ =.
n + 5 21)

The group index for the probe field in the case of Doppler broadening can be written as

néD) =n-+ Cl)pa—n.
dap (22)

The group velocity and the group index are related as

P = L.
g 23)
In the case of Doppler absented, the linear index ng and the group index ng’) are determined by:
2
n® =1+ Nin_ A ,
2e9h A2 + B? 24
O ~ o Nd} [ A'(A% + B®) — 2A(AA’ + BB')
¢ P 2goh (4 + B?)? ’ (25)
where, A” and B’ represent the derivatives of A and B over w,, respectively, which are given by:
A =1+ Ay _ 243, n Agp _ 24} + Asy _ 245
}ISI(AP + AC) a322('(2c/2)2}'321 )/41(Ap + Ac + 51) afZ(Qc/z)zyjl 7/51(Ap + Ac - 52) aSZZ(Qc/z)zy; (26)
,_ 2435 244 245
a5 (Qe/27%1 By + A) @B (/D + A +8)  ab(Qe/2p5 Gy + Ac = 62) @7)

3. Results and discussion

As an illustration of the analytic results, we apply to the 8°Rb atomic vapor. The states, |1, |2>, |3, |4> and |5 are chosen as 5S;,
o(F = 3), 5P3,5(F’ = 3), 5Ds55(F”” = 3), 5Ds,2(F”’ = 4), and 5Ds »(F’* = 3), respectively. The atomic parameters are given by [31,38]:
N =5x 10" atoms/cm? T3, = T4 = Igp=21x0.97MHz; Iy = 2nx6MHz; & = 2nx9MHz; 8, = 2nx7.6 MHz;
dz; = 1.6 X 107%° C.m; w, = 21X 3.77 x 10® MHz and asz: a4s: asz = 1:1.4:0.6.
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Fig. 2. Plot of transparent efficiency Rs, (a) and group index (b) for the cases of the Doppler broadening absented (dashed line) and presented (solid
line) when A, = 0; In the Fig. 2(b), the value of Q. is chosen as 2.5 MHz for the absence and 22 MHz for the presence of Doppler broadening,
respectively.

In a first step, we consider the effect of Doppler broadening by plotting the group index versus the probe frequency detuning for
the cases of absence (dashed line) and presence (solid line) of Doppler broadening (at room temperature T = 300 K), as shown in
Fig. 2. As pointed in [37] that the maximum of group index can be attained at the transparency efficiency about 50%, therefore to
compare the group velocity in both case we employed the intensity of the coupling laser Q. at the values that correspond to
transparent efficiency of 50% for each case. Fig. 2(a) shows the variation of transparent efficiency R3, with the respect to Q.. It is
shown that the transparent efficiency approaches to 50% when Q. = 2.5 MHz or Q. = 22 MHz which correspond to the Doppler
effect absented or presented (at T = 300 K), respectively.

As shown in from Fig. 2(b), there exists three frequency regions of the probe light (centered at A, = —9MHz, A, = 0, and
A, = 7.6 MHz) each of which behavior positive and negative group index, or subluminal and superluminal propagation, respectively.
On the other hand, Doppler broadening leads to decrease of the group index or increase of the group velocity by few orders compared
to the case of Doppler absented. For example, at A, = 0 as in Fig. 2(b), n,® ~ 5.6 x 10° (or group velocity v,” ~ 5.3 x 10% m/s),
while n,” ~ 1.2 x 103 (or group velocity v ~ 2.5 x 10° m/s). In order to describe further the influence of Doppler broadening,
we plotted the group index versus the temperature at a fixed value Q. = 22 MHz, that corresponds to 50% of the Rs,, as displayed in
Fig. 3. It is found that as the temperature increases the magnitude of group index decreases gradually.

In order to see a control of location of subluminal and superluminal regions with the coupling field’s frequency we plotted the
group index ng(D) versus A, at different values A. = —5MHz, A. = 0, and A, = 5 MHz as illustrated in Fig. 4. It is shown in Fig. 4(a)
that one may shift systematically the subluminal and superluminal regions to the red or blue directions according to the coupling
frequency tuned to the blue or red side, respectively. On the other hand, as shown in Fig. 4(b), the subluminal light can be switched
into a superluminal light, and vice versa, with variation of the coupling field’s frequency.

In Fig. 5, we plotted the group index ng(D) (solid line) versus the coupling Rabi frequency (intensity) Q. at the fixed values

3

2.5

0.59

10 100 200 300 400 500
T [K]

Fig. 3. Variation of group index néD) versus the temperature at A, = A, = 0 and Q. = 22 MHz.
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Fig. 4. (a) -Systematic shift of the subluminal and superluminal regions with tuning frequency A. = —5MHz (dashed), A. = 0 (solid), and
A. = 5MHz (dotted); (b) - Variation of the group index ngD) versus A. when A, = —2 MHz. Both cases are plotted at Q. = 22 MHz and T = 300 K.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Plots of néo) (dashed line) and ném (solid line) versus Q. when A, = 2MHz, A. = 0, and T = 300 K.

A, = 2MHz, A. = 0 and T = 300K. It is seen that, with variation of the coupling intensity, the group index is varied between
negative and positive values. As a consequence, the probe light propagation can be manipulated between the superluminal and
subluminal modes. On the other hand, the tuned range of coupling Rabi frequency Q. needed to switch between two adjacent extreme
values of the group index in each EIT window is bigger in the case of Doppler broadening (see dashed line in Fig. 5(b)). Indeed, tuning
range of Q. to switch from a negative peak to a nearby positive peak of the group index is about AQ. = 4 MHz or AQ. = 30 MHz for
the absence or presence of Doppler broadening, respectively. This difference can be explained with a notice that the Doppler
broadening makes absorption profile broader thus enlarges distance between two adjacent positive and negative peaks of the group
index.

4. Conclusion

We have proposed a five-level-cascade atomic medium to manipulate group velocity of multiple frequency probe light under
Doppler broadening. An analytic expression for the group index has been derived as a function of the parameters of a solely coupling
light and temperature of the medium. It is shown that one may tune intensity and/or frequency of the coupling light field control
group velocity of the probe light in three separated frequency regions, each of which enables to manipulate between the subluminal
and superluminal modes. On the other hand, Doppler broadening enhances group velocity and enlarges the needed tuning range of
the coupling intensity to switch between the superluminal and subluminal modes. The analytic form and the model of controllable
multi-frequency light can find related applications and helpful for experimental studies at various temperature conditions.
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