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Coherent medium as a polarization splitter of pulses
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~Received 21 January 2002; published 2 May 2002!

We show how one can use the anisotropic properties of a coherent medium to separate temporally the two
polarization components of a linearly polarized pulse. This is achieved by applying a control field such that one
component of the pulse becomes ultraslow while the other component’s group velocity is almost unaffected by
the medium. We present analytical and numerical results to support the functioning of such a coherent medium
as a polarization splitter of pulses.
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One of the remarkable consequences of one’s ability
manage the dispersion of an optical medium@1,2# has been
the manipulation of the optical pulses. While the dispers
management has been extensively practiced in nonreso
systems like fibers, its use in the context of propagation
resonant systems is only in recent times gaining promine
In particular, one has discovered ultraslow light@3,4#, super-
luminal propagation@5,6#, stoppage,@7# and storage@8# of
light. The atomic coherences and quantum interferences@9#
are the key elements in control of optical properties o
medium.

Here, we examine the propagation of a linearly polariz
pulse in an anisotropic medium. It is well known that
applied magnetic field makes a medium anisotropic lead
to the Faraday effect@10#. Thus, the polarization of a cw field
is rotated as if the field propagates through an isotropic
dium with a magnetic field applied in the direction in whic
the cw field is propagating. Some earlier theoretical@11,12#
and experimental@13# studies have shown how this magnet
optical rotation of a cw field in a medium can be enhanced
a large extent by using control lasers. One even found ne
regions of frequency where the enhancement of the rota
angle was large@14#. Further applications of coherent contr
of an anisotropic medium have been suggested@15#.

In this paper, we discuss an important application of
herent control in an anisotropic medium. We show how
anisotropic coherent medium can be used to separate ou
polarization components of a pulse. The idea was to us
control laser appropriately polarized and of suitable f
quency so that one of the two circularly polarized comp
nents of the linearly polarized pulse propagates almost w
out absorption and its dispersion becomes quite differ
The other component, being detuned, has only small abs
tion. Thus, if we were to think of the pulse as a combinat
of two polarized components, then one component pro
gates as if the medium were transparent and the disper
for this component is such that it becomes ultraslow. T
other component propagates without much effect as the
dium is nonresonant. Clearly, under these conditions the
polarization components of the pulse separate out in ti
Thus, the medium would act like a polarization splitter of t
pulses.

Consider the propagation of a linearly polarized la
pulse through an anisotropic medium of lengthL. Let us
write the input pulse in terms of its Fourier components
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EW ~z,t !5 x̂E
2`

`

«~v!expH ivS z

c
2t D J dv1c.c., ~1!

where we assume that the pulse has a small spectral w
The amplitudex̂« can be resolved in terms of two circula
components

x̂«5 ê1«11 ê2«2 , «65«/A2, ~2!

where, unit orthogonal polarization vectorsê6 correspond to
s6 polarizations, and are given by

ê65
1

A2
~ x̂6 i ŷ !. ~3!

The induced polarization in the medium due to the inter
tion with the linearly polarized probe can be expressed a

PW ~z,t !5 ê1P1~z,t !1 ê2P2~z,t !, ~4!

P6~z,t !5E
2`

`

x6~v!«6~z,v!e2 ivtdv. ~5!

Here, x6(v) are the complex susceptibilities for the tw
circularly polarized components inside the medium.

If we assume that the density of the medium is small
that the back reflections are negligible, then the field at
output can be written as

EW ~L,t ![ê1E
2`

1`

dv«1~v!expH ivS L

c
2t D

1
2p ivL

c
x1~v!J 1 ê2E

2`

1`

dv«2~v!

3expH ivS L

c
2t D1

2p ivL

c
x2~v!J . ~6!

Clearly the two components of the pulse will travel wi
different group velocitiesvg

6 given by
©2002 The American Physical Society11-1
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vg
65c/ng

6 , ng
6'112px6~v!12pv

]x6~v!

]v
,

~7!

where the expression~7! is to be evaluated at the centr
frequency of the pulse.

We will now demonstrate how the ideas of coherent c
trol can be used to separate temporally the two compon
of the pulse. The idea is to produce large anisotropy betw
ng

1 and ng
2 . We consider a generic four-level model

shown in Fig. 1 for this purpose. The relevant energy lev
are found in many systems such as in23Na @16#, 7Li @17#,
and Pr:YSO@18#. The upper level which is auMF50& state
is coupled to the ground levels by a laser probe. The deg
eracy of the ground level has been removed by applyin
static magnetic field of strengthB in the direction of the
propagation of the applied laser fields, as in the case of
aday effect@10#. The orthogonal components of the pro
with s2 and s1 polarizations interact withue&↔u1&(MF
511) and ue&↔u3&(MF521) transitions, respectively
Renzoniet al. @19# used the same atomic configuration
investigate the possibility of coherent population trapp
using cw field of arbitrary intensities. In a dressed state
proach they have shown that the long-interaction-time e
lution of the system can be completely characterized by
effective linewidth of the noncoupled state.

FIG. 1. The atomic level configuration for splitting an inp
pulse temporally. The levelue& is coupled tou1& andu3& by s2 and
s1 polarized components of the input pulse, with respective R
frequencies 2g1 and 2g2 and both with central frequencyv0. A
pump field with Rabi frequency 2G couples the levelue& to u2&.
Here, B is the Zeeman separation between the degenerate s
The s2 component is detuned from the corresponding transit
frequency byd and the pump detuning isD. 2g je ( j 51,2,3) are the
spontaneous decay rates fromue& to u j &.
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For the present configuration, the two circular comp
nents have the following susceptibilities assuming that
applied pulse is weak so that the medium behaves lik
linear medium:

x1~v!5S ND2

\G D 2 iG

2@ i ~d12B!2Ge3#
,

x2~v!5S ND2

\G D 2 iG

2~ id2Ge1!
, ~8!

whereN is the atomic number density of the medium,D is
the magnitude of the dipole moment matrix element betw
the levelsue& and u1&, the pulse detuningd is defined asd
5v2ve1 , ve j ( j 51,2,3) is the atomic transition frequenc
between the levelsue& andu j &, Ge j5G56g is the decay rate
of the off-diagonal element of the density matrix between
levels ue& and u j &, andg5A/12, A being the total spontane
ous emission rate of the levelue&. The Rabi frequencies fo
the corresponding transitions are defined as

2g152
dW e1• x̂«

\
5

D«2

\
, 2g252

dW e3• x̂«

\
52

D«1

\
,

~9!

whereD is proportional to the reduced matrix elements f
the relevantuFe ,MF50&↔uFg ,MF561& transitions and
can be calculated using the Wigner-Eckart theorem for
hyperfine levels@20#. Note that, the magnetic field applie
makes the system anisotropic, asx6 are different@Eq. ~8!#.
Thus, the medium will separate the input pulse into two
thogonal components provided we work in a region of f
quencies where absorption is small. Further, in order to p
duce considerable pulse separation we have to work i
region so that there is large asymmetry betweenx1 andx2 .
This requires very large magnetic fields, which could crea
Paschen-Back splitting in both the excited and ground st
@21#. In order to overcome these difficulties and to produ
very significant temporal separation between the two cir
larly polarized components of the pulse, we use the elec
magnetically induced transparency~EIT!. We apply a coher-
ent cw field on the transitionue&↔u2&

EW c~z,t !5«W c~z!e2 ivct1c.c. ~10!

The application of this coherent field modifies the susce
bilities to x̄6(v), which are given by

i

tes.
n

x̄1~v!5S ND2

\G D1

2

2 iG@ i ~d12B2D!2G23#

@ i ~d12B!2Ge3#@ i ~d12B2D!2G23#1uGu2
, ~11a!

x̄2~v!5S ND2

\G D1

2

2 iG@ i ~d2D!2G12#

~ id2Ge1!@ i ~d2D!2G12#1uGu2
, ~11b!
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COHERENT MEDIUM AS A POLARIZATION SPLITTER . . . PHYSICAL REVIEW A 65 053811
where 2G52dW e2•«W c /\ is the Rabi frequency for the pum
andD5vc2ve2 is the pump detuning.

These susceptibilities in units ofND2/\G have been plot-
ted with respect tod/G in Fig. 2. We have used the param
eters for 23Na vapor with A56.23107 s21, l55890 Å,
and N52.231011 atoms cm23. We have assumed a Zee
man splitting of 10G for the present case, which correspon
to a magnetic field of amplitude;70 G.

The system has two EIT windows at the frequenciesd
5D and d5D22B. The lower tick labels in thex axis in
Fig. 2 shows that whend5D, i.e., when the central fre
quency of the pulse is near resonance with theue&↔u1& tran-
sition, thes2 component shows a normal dispersive natu
which corresponds to a slow group velocityvg

2 ; whereas the
dispersion of thes1 component shows a flatter behavior
frequency domain, which means that this component w
propagate with a group velocity not too different from t
velocity in vacuum. Note that because thes1 component is
far detuned, its absorption through the medium is sm
„Im@ x̄1(d5D)#;3.3831027

…. The medium will appear
transparent to thes2 component also. A similar situatio
prevails whend5D22B, i.e., when the input pulse has
central frequency which is near resonance with theue&↔u3&
transition@upper tick labels inx axis; Fig. 2#. In that case, the
s2 component would propagate faster than the other. H
ever, both the components still propagate with negligible
sorptions. In either case, because of the difference in gr
velocities inside the medium, the two circularly polariz
components will come out of the medium at different time
without being absorbed significantly. Thus, the mediu
separates the two polarization components of the input p
temporally. We have shown the response of the medium
the off-resonant control field in Fig. 3 under the EIT cond

FIG. 2. The variations of real~solid line! and imaginary~dotted

line! parts of the susceptibilitiesx̄1 ~upper tick labels in thex axis!

and x̄2 ~lower tick labels in thex axis! in units of ND2/\G with
probe detuningd/G are plotted here. The parameters used areG
50.15G, B510G, D50, Ge15Ge35G, andG125G2350. At the

EIT window d5D50 of thes2 component, the Im@ x̄1# attains a
value of 3.3831027.
05381
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tion d5D. For this conditionng
2 attains a value of 3.92

3106, whereasng
1 depends on the value ofD.

For a medium of lengthL51 cm, we have plotted the
variation of temporal separationG(t12t2) between the two
polarization components of the pulse with the probe detun
d/G in Fig. 4. Here,t65L/vg

6 are the times taken by thes6

components to travel through the medium. The maxim
time separation between two components is ab
2130 ms. Clearly, we can reverse the role ofs1 ands2 by
working atd5D22B.

We next confirm these results by studying the propaga
of a Gaussian pulse@Fig. 5~a!# with an envelop given by

«~v!5«0

1

sAp
exp@2v2/s2#,

«~ t !5«0exp~2s2t2/4!. ~12!

FIG. 3. The variation ofng
1 with the pump detuningD/G at the

EIT window d5D of s2 component. The parameters used here
N52.231011 atoms cm23, l55890 Å, andG53.13107 s21. All
the other parameters are the same as in Fig. 2. Here,ng

2 remains
constant at a value;3.923106.

FIG. 4. The variations of temporal separation between the
pulses with the probe detuningd/G are shown here. The paramete
used here areL51 cm andD50. All the other parameters are th
same as in Fig. 3. Note that thes1 component moves faster insid
the medium than thes2 component around the EIT windowd
5D.
1-3
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FIG. 5. ~a! The input Gaussian pulse in time domain with a width of 2p34.775 kHz; u«1u25u«2u25u«u2/2. ~b! The two orthogonal
components of the linearly polarized input probe pulse at the output of the medium are displayed here. It also demonstrates the
separation between them ford5D. The solid line shows thes1 component and the dashed curve refers to thes2 component. The
parameters used here are the same as in Fig. 3 andt5t2L/c.
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For our numerical calculation, we chooses52p34.775
kHz ~cf. G53.13107 s21). Using Eqs.~6!, ~11a!, and~11b!,
we evaluate numerically the output pulse and show the
sults in Fig. 5~b!.

For the chosen density and the central frequency of
input pulse, thes1 component does suffer absorption a
broadening. We calculated the envelop of thes2 component
at the output as

«2~L,t !5«0

s8

s
expF2

s82

4 S t2
L

vg
2D 2G ,

s85
s

A12 ik
,

k5
s2L

2c F d2

dv2
$v@112px2~v!#%G

v5v0

. ~13!

The intensity of thes2 component thus gets reduced b
Im(k), which depends on the second derivative of the s
ceptibility. The reduction as seen in Fig. 5~b! is in conformity
with it as the parameter Im(k) is about 0.15 for the chose
parameters.

However the two components arewell separated in time.
The time separation between the two peaks in Fig. 5~b! is of
.
y,

05381
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the order of 4000 in units of 1/G, which is in agreement with
the value given in Fig. 4 which is based on the calculation
group velocities. The time separation can in principle
made larger if we increase the density of the medium. Ho
ever, the latter option would make the absorption ofs1 quite
large leading essentially to an output pulse which is prim
rily s2 polarized.

Similar results can be obtained for propagation in oth
systems. For example, for7Li @17# in which the Lande´ g
factor for hyperfine levels is positive, the result for pul
separation can be obtained by changingB to 2B. The tem-
poral separation between the two components at the ou
of such a medium is about1282.5 ms. This means that the
s2 component will come out earlier ford5D.

In conclusion, we have shown how a coherent anisotro
medium can be made to work like a polarization splitter
pulses. This is achieved by applying a coherent pump fiel
create EIT for one polarization component whereas the o
component suffers little absorption as it is detuned fro
resonance. The group velocity of one of the component
much less thanc, while the other component travels throug
the medium without being much affected. Thus, the ortho
nal polarized components of the pulse get temporally se
rated out after passing through the medium.

G.S.A. thanks E. Arimondo for discussions on th
paper.
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