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Slow light in Doppler-broadened two-level systems

G. S. Agarwal and Tarak Nath Dey
Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India

~Received 25 August 2003; published 16 December 2003!

We show that the propagation of light in a Doppler-broadened medium can be slowed down considerably
even though such medium exhibits very flat dispersion. The slowing down is achieved by the application of a
saturating counter propagating beam that produces a hole in the inhomogeneous line shape. In atomic vapors,
we calculate group indices of the order of 103. The calculations include all coherence effects.
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It is now well understood that slow light can be produc
by using the electromagnetically induced transparency~EIT!
@1,2#. Many experiments have been reported in a variety
atomic and condensed media@3–8#. Such experiments revea
that the group velocity of the light pulses depends on
parameters of the control field, which produces EIT. Vario
applications of slow light have been proposed and reali
@9–14#. Recently, Bigelowet al. @15# showed that one can
produce slow light in systems such as Ruby, without the n
for applying a control field. They made a hole in homog
neous line in systems, where the transverse and longitud
relaxation times are of very different order.

In this paper, we consider the possibility of produci
slow light in a Doppler-broadened system. This is somew
counterintuitive as one would think that Doppler broaden
would make the dispersion, or more precisely, the deriva
of the susceptibility, rather negligible. We, however, sugg
the use of the method of saturation absorption spectrosc
@16–20# to produce a hole of the order of the homogeneo
width in the Doppler-broadened line. The application of
counter propagating saturated beam can result in cons
able reduction in absorption, and adequate normal disper
to produce slow light. We calculate group index of the ord
it
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of 103 . We illustrate our results using the case of the atom
vapors. However, similar or even more remarkable results
slowing of light can be obtained for inhomogeneously broa
ened solid-state systems, where the densities are large.

Consider the geometry as shown in Fig. 1. Here a mo
lated pulse of light propagates in the directionẑ in a medium
of two-level atoms. For simplicity we consider the incide
pulse of the form

EW ~ t ![EW~11m cosnt !ei (kz2vt)1c.c., k5
v

c
. ~1!

Here m andn are the modulation index and frequency, r
spectively. A counterpropagating pump cw fieldEW c(t) is used
for producing saturation

EW c~ t ![EWce
i (kz2vct)1c.c. ~2!

The effective linear susceptibilityx(v) of the two-level
atomic systems which is interacting with the fieldEWei (kz2vt)

and EW c(t), can be calculated to all orders in the count
propagating field~2!. The effective susceptibilityx(v) is
well known from the work of Mollow@21#,
x52
Nudu2

\

11D2T2
2

~11D2T2
214uGu2T1T2!~D1d1 i /T2!

F12
2uGu2~D2 i /T2!21~d12i /T2!~d2D1 i /T2!

~d1 i /T1!~d1D1 i /T2!~d2D1 i /T2!24uGu2~d1 i /T2!
G ,

~3!
-
n

whereD5vc2v1g and d5v2vc are the detuning of the
pump and probe field, respectively. For an atom moving w
velocity vW , we replacevc by (vc1kv), and v by (v
2kv). The Rabi frequency of the pump is given in terms
the dipole moment matrix elementdW 1g by

2G5
2dW 1g•EWc

\
. ~4!

TheT1 andT2 are, the longitudinal and transverse relaxati
h

f

times, respectively, andN is the density of atoms. The sus
ceptibility ~3! is to be averaged over the Doppler distributio
of velocities

P~kv !d~kv !5
1

A2pD2
e

[ 2(kv)2/2D2]
d~kv !, ~5!

whereD is the Doppler width defined by

D5AKBTv2/Mc2. ~6!
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FIG. 1. ~a! A block diagram where the pump (vc) and probe
(v) fields are counterpropagating inside the medium.~b! Schematic
representation of a two level atomic system with ground stateug&
and excited stateue1&.

FIG. 2. ~a! and~b! The imaginary and real parts of susceptibili
S(v) at the probe frequencyv in the presence of pump fieldG.
Here we considered the pump field in resonance. The inset sho
magnified part of the same. The common parameters of the a
four curves for87Rb vapor are chosen as Doppler width parame
D51.333109 rad/s, density N5231011 atoms/cm3, and g
53p3106 rad/s.
06381
We denote the average ofx(v) by S(v). For small modu-
lations, we can use the approximation

S~v6n!5S~v!6n
]S

]v
. ~7!

The probe field in Eq.~1! at the output facez5 l of the
medium can be expressed as

EW ~ l ,t !5EW~11mcos@n~ t1u!#!ei (kl2vt)1 i
v
c2p lS(v)1c.c.,

~8!

where the delay timeu is defined by

u52p l
v

c

]Re@S#

]v
. ~9!

Note thatu will be positive if ]Re@S#/]v.0, i.e, if the
medium exhibits normal dispersion. Note further the relat
of the parameteru to the group velocity and the group inde

vg5
c

ng
5

c

S 112pRe@S~v!#12pv
]Re@S#

]v D . ~10!

Further the imaginary part ofS will give the overall attenu-
ation of the pulse.

We present numerical results for the group index
evaluating Eq.~10! for different intensities of the counter
propagating beam. We use typical parameter for87Rb
transition: T15T2/251/2g, g53p3106 rad/s, D
51.333109 rad/s ~at room temperature!, and N5231011

atoms/cm3. We show in Fig. 2, the behavior of real an
imaginary parts of the susceptibilityS(v) assuming that the
counterpropagating pump is in resonance with atomic tra
tion, i.e, vc5v1g . The imaginary part ofS(v) shows the
typical Lamb dip@22# which, becomes deeper with the in
crease in the intensity of the saturating beam. The real pa

s a
ve
r

FIG. 3. The variation of group index with the detuning of th
probe field. The parameters are chosen asN5231011 atoms/cm3,
D51.333109 rad/s,g53p3106 rad/s, andD50.
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S(v) exhibits normal dispersion, which in fact, is very pr
nounced. It is this sharp dispersion which can produce s
light. The calculated group indexng as a function of the
detuning of the probe from the atomic transition is shown
Fig. 3. We show the behavior in the region of Lamb d
Clearly the group index increases with the intensity of
saturating pump. One can calculateng as a function ofG, for
d50, and the result is shown in Fig. 4. To confirm the
results, we also studied the propagation of a Gaussian p
with an envelope given by

E~ t2L/c!5
E0

2p
exp@2~ t2L/c!2/t2#,

E~v!5
E 0

ApG2
exp@2~v2v0!2/G2#, ~11!

whereGt is equal to 2 andL is the length of the medium. We
useG5120 kHz for our numerical simulation. The pulse d
lay of 0.05ms due to the medium is seen in Fig. 5. T
group velocity of the pulse, calculated from the relative d

FIG. 4. Group index variation with the Rabi frequency of t
saturating field. The parameters are chosen asN5231011

atoms/cm3, D51.333109 rad/s, g53p3106 rad/s, D50, andd
50.
v

tt

re

.
y,

lly

06381
w

.
e

lse

-

lay between the reference pulse and the output pulse, i
good agreement, with the value of group index@(c/vg)
51500#. We get the transmission of Gaussian pulse of
order of 2.1%@23#. This value of transmission can be unde
stood by evaluating Im@4p lvS(v)/c# @cf. Eq.~8!#, which is
found to be 3.84. This implies a transmissione23.84

;2.1%. The condition for distortionless pulse propagation
that spectral width of the Gaussian pulse to be well contai
within the region of Lamb dip of the medium. If the puls
spectrum becomes too broad relative to the width of
Lamb dip then a simple expression like Eq.~10! does not
hold. One can, however, still calculate numerically the out
pulse.

In conclusion, we have shown how Lamb dip and sa
rated absorption spectroscopy can be used to produce
light with group indices of the order of 103 in a Doppler
broadened medium, which otherwise has very flat dispers

FIG. 5. The solid curve shows light pulse propagating at speec
through 1 cm of vacuum. The dotted curve shows same light p
propagation through a medium of length 1 cm with time delay
0.05ms in the presence of saturating pump with Rabi frequen
G50.4g. The common parameters of the above graph for87Rb
vapor are chosen asN5231011 atoms/cm3, D51.333109 rad/s,
g53p3106 rad/s,D50, andd50. The transmission intensity is
2.1%. The inset shows the close-up of the Gaussian pulse w
spectral width, 120 kHz.
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