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Electromagnetically-induced-transparency-enhanced Kerr nonlinearity:
Beyond steady-state treatment
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A time-dependent perturbation calculation for a four-level system is presented. A resonantly enhanced Kerr
nonlinearity is produced with a combination of long, short, and delayed laser pulses in the presence of
electromagnetically induced transparency. We show the enhanced Kerr nonlinearity and vanishingly small
linear susceptibility due to the induced transparency, both are favorable for cross-phase modulation. In addi-
tion, we show that possible constructive and destructive interference between different excitation pathways
could also lead to enhancement and suppression of the Kerr nonlinearity.
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I. INTRODUCTION

The optical Kerr effect has been one of the most ext
sively studied phenomenon in the field of nonlinear opt
because of its applications ranging from frequency conv
sions @1# to quantum nondemolition measurements@2#. Re-
cently, Schmidt and co-workers@3# have proposed a nonlin
ear scheme based on electromagnetically indu
transparency~EIT! @4# to enhance the magnitude of th
cross-phase modulation. Their analysis, which is based
steady-state solution with the wave-mixing process exclud
has predicted a dramatic increase of Kerr nonlinearit
making the EIT-assisted scheme a very attractive candi
for cross-phase modulation. Here, we present a tim
dependent perturbation treatment on EIT-enhanced Kerr n
linearity in the nonsteady-state regime~e.g., short-pulse ex
citation!. Four features of the present work distinguish its
from the previous steady-state treatment:~1! The non-steady-
state theory permits the study of the dynamics of the syst
thereby providing an important extension to the stro
pulsed excitation regime ~2! The delayed-pulse sequenc
eliminates the fast oscillation normally encountered wh
strong lasers are tuned on resonance, and therefore pe
the acquisition of a reliable adiabatic solution to the pro
lem ~3! The allowed transition back to the ground sta
introduces rich dynamics, such as mixing-wave genera
and quantum interference due to different excitation pa
ways. We note that the inclusion of the generated field, un
suitable conditions, could lead to the enhancement or s
pression of the Kerr nonlinearity, an effect that may ha
important consequences in other nonlinear processes su
spectral line narrowing ~4! Selective injection of the sourc
pulse at the optimized atomic coherence enhances the
linearity, and allows a clean analytical solution. To the b
of our knowledge, the time-dependent EIT-assisted Kerr
fect with a wave-mixing channel open has never been tre
before. Our paper is organized in the following way: in S
II we present the model and solve both the atomic equa
of motion and Maxwell equations for the mixing wave a
1050-2947/2001/64~2!/023807~8!/$20.00 64 0238
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source laser field. In Sec. III we calculate the EIT-enhan
Kerr coefficient. In Sec. IV a discussion of the features a
limiting cases is given, and in Sec. V we present a summ

II. THE MODEL AND SOLUTIONS
OF EQUATIONS OF MOTION

The four-level system under investigation is depicted
Fig. 1~a!. The system is assumed to first interact with tw
intense long pulse laser fields. A coupling laser (vL2) is
tuned onto theu1⇔u2& transition. A weak probe laser (vL1)
is tuned to the line center of theu0&⇔u2& transition. Due to
the fact that the contributions to the index from the memb
of the induced Autler-Townes doublet cancel each other o
the probe laser suffers no absorption.

Let us assume that both lasers are unfocused, hav
transform-limited bandwidth, and have a pulse length
typically ;10 ns. We now introduce a weak short-pulse la
(vS), propagating colinearly with the two long-pulse lase
to couple the statesu1& and u3&, which has a dipole-allowed
transition back to the ground state. We point out that sin
the wave-mixing process can be highly efficient, one m
treat the wave-mixing field and the source field on an eq
basis. Therefore, in addition to four equations of motion
probability amplitudes of atomic wave function, there a
two Maxwell equations for the field amplitudes that must
solved simultaneously. This is, at first glance, a formida
task. However, by carefully examining various terms we c
simplify the calculation greatly. The first key point is th
there are two very different time scales: the long-pulsetL
;10 ns) scale associated with the EIT process and the sh
pulse scale (tS;10 ps) associated with the source laser
u1&⇔u3& coupling @5#. The second key point is the use of
counterintuitive pulse sequence. The former allows one
freeze most of atomic parameters while calculating the n
linear response of the system to the short pulse, wherea
latter ensures a robust adiabatic transfer leading to w
behaved atomic parameters that can be frozen out during
calculation of the nonlinear response of the system to
short-pulse excitation.
©2001 The American Physical Society07-1
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Let us assume the wave function of the form

uC&5 (
n50

3

an~ t !e2 ivntun&. ~1!

A set of equations of motion for the system depicted in F
1~a! can be obtained as

ḃ05 i
V02

2
b21 i

V03

2
b3 , ~2a!

FIG. 1. ~a! EIT-assisted four-level system.vL1 , vL2 , vS , and
vM are probe, coupling, source, and mixing fields.~b! Non-EIT-
assisted four-level system. Notations for various fields are tha
~a!. ~c! Conventional three-level system for cross-phase mod
tion.
02380
.

ḃ15 i
V12

2
b21 i

V13

2
b3 , ~2b!

ḃ25 i
V20

2
b01 i

V21

2
b12

G2

2
b2 , ~2c!

ḃ35 i
V30

2
b01 i

V31

2
b11 i S d31 i

G3

2 Db3 . ~2d!

As usual,V i j 5Di j E/\ is the Rabi frequency for the relevan
transition, and we have introducedd15vL12v2050, d2
5vL22v2150, and d35vL32v315vM2v30. We first
solve Eqs.~2a!–~2c! by neglectingV31,V30. This is because
the source laser and the mixing fields are generally wea
comparison with the lasers used for creating EIT proce
therefore they will be treated as perturbation. Based on
consideration, we have the zeroth-order equations of mo

ḃ0
~0!5 i

V02

2
b2

~0! , ~3a!

ḃ1
~0!5 i

V12

2
b2

~0! , ~3b!

ḃ2
~0!5 i

V20

2
b0

~0!1 i
V21

2
b1

~0! . ~3c!

where we have neglectedG2 for the zeroth order due to th
on resonance excitation. It is known that for a counterint
tive pulse sequence~i.e., laservL2 is applied first and lase
vL1 is applied at a delayed time! the solutions to Eqs.~3a!–
~3c! can be obtained accurately to give the elements of d
sity matrix as@6,7#

r00
~0!5

uV12u2

uV12u21uV20u2
, ~4a!

r10
~0!52

V02V21

uV12u21uV12u2 , ~4b!

r11
~0!5

uV20u2

uV12u21uV20u2
, ~4c!

r20
~0!50, r12

~0!50, r22
~0!50, ~4d!

whereuVu25uV12u21uV20u2. The fact thatr20
(0)'0 andr12

(0)

'0 implies that these laser pulses propagate with no dis
tion at a velocity nearly equal to the speed of light
vacuum, as expected for the EIT process. Of course, with
definition of k j i 52puD ji u2(v i2v j )/\c, the criteria

k02c

uV02u21uV12u2 !1, ~5!

k12c

uV02u21uV12u2
!1 ~6!

of
-
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should be fulfilled in order to avoid significant group velo
ity mismatches between both long and short pulses.

To find the next-order correction we takebn5bn
(0)1bn

(1)

and obtain the following equations of motion for the amp
tudes that are in the first order ofV31, V30:

ḃ0
~1!5 i

V02

2
b2

~1!1 i
V03

2
b3

~0! , ~7a!

ḃ1
~1!5 i

V12

2
b2

~1!1 i
V13

2
b3

~0! , ~7b!

ḃ2
~1!5 i

V20

2
b0

~1!1 i
V21

2
b1

~1!2
G2

2
b2

~1! , ~7c!

ḃ3
~0!5 i

V30

2
b0

~0!1 i
V31

2
b1

~0!1 i S d31 i
G3

2 Db3
~0! . ~7d!

Since the pulse width of both the source laser and the mix
wave are much weaker and shorter than that of the probe
coupling lasers~i.e., tS!tL! we expect that the values o
r00, r10, andr11 will remain nearly constant throughout th
short pulse. This allows us to fix the time at, for instancet
5td ~wheretd is the delayed short-pulse injection time! for
all zeroth-order solutions during the evaluation of the sou
and mixing fields.

We Fourier transform Eq.~7d! and obtain

b̃3
~0!~v!5eikMz

M ~z,v!b0
~0!~ td!1S~z,v!eiDkzB1

~0!~ td!

2~v2d32 iG3/2!
,

~8!

where

b̃3
~0!~v!5E

2`

1` dt

A2p
b3

~0!~ t !e2 ivt,

M ~v!5E
2`

1` dt

A2p
V30~ t !e2 ivt,

S~v!5E
2`

1` dt

A2p
V31~ t !e2 ivt,

respectively. The Maxwell equations for the mixing wa
and the source field take the form

]V30

]z
1

1

c

]V30

]t
5 ik03r30e

2 ikMz

' ik03b3
~0!~ t !b0

~0!* ~ t !e2 ikMz, ~9a!

]V31

]z
1

1

c

]V31

]t
5 ik13r31e

2 ikSz' ik13b3
~0!~ t !b1

~0!* ~ t !e2 ikSz.

~9b!

Taking a fixed timet5td for b0
(0)(t) andb1

(0)(t), carrying out
Fourier transform on the both sides of Eq.~9!, we obtain
02380
g
nd

e

]M

]z
1 i

v

c
M5 ik03b̃3

~0!~v!b0
~0!* e2 ikMz

5
ik03~Mr00

~0!1SeiDkzr10
~0!!

2~v2d32 iG3/2!
, ~10a!

]S

]z
1 i

v

c
S5 ik13b̃3

~0!~v!b1
~0!* e2 ikSz

5
ik13~Me2 iDkzr01

~0!1Sr11
~0!!

2~v2d32 iG3/2!
. ~10b!

Under the condition of phase matching,Dk5kS2kM1kL1
2kL250, Eqs. ~10a! and ~10b! can be solved directly to
yield solutions for the generated wave and attenuated so
field. Assuming a Gaussian pulse profile for the source fi
at the entrance of the cell, we obtain from Eqs.~10a! and
~10b!

M ~z,v!5M0e2v2tS
2/42 ivz/c2 ivtd~12eiK ~v!z!, ~11a!

S~z,v!5S0e2v2tS
2/42 ivz/c2 ivtdS 11

k13r11
~0!

k03r00
~0! eiK ~v!zD ,

~11b!

where

M052
Apk03tSr10

~0!

k03r00
~0!1k13r11

~0! V31~0,0! ~12a!

and

S05
Apk03tSr00

~0!

k03r00
~0!1k13r11

~0! V31~0,0!. ~12b!

In Eqs.~11! and ~12!, we have also introduced

K~v!5
k03r00

~0!1k13r11
~0!

2~v2d32 iG3/2!
. ~13!

The frequency dependence inK(v) implies that pulse dis-
tortions have occurred, and both the generated wave and
source filed are not pure Gaussian. However, ifeik(v)z oscil-
lates fast, its contribution to the inverse Fourier transfo
integral would be small. In this limit, Eqs.~11! and~12! will
lead to a mixing wave and source field traveling with t
speed of light in vacuum with undistorted pulse profi
equals to that of the source field at the entrance of the c
This is the ‘‘matched pulse’’ limit@4#.

Using Eqs.~8!, ~11!, and~12!, we now solve

ḃ0
~1!5 i

V02

2
b2

~1!1 i
V03

2
b3

~0! , ~14a!

ḃ1
~1!5 i

V12

2
b2

~1!1 i
V13

2
b3

~0! , ~14b!
7-3



he

m

the
nti-
ce

q.
ld

be
pli-

as

a-

le

L. DENG, M. G. PAYNE. AND W. R. GARRETT PHYSICAL REVIEW A64 023807
ḃ2
~1!5 i

V20

2
b0

~1!1 i
V21

2
b1

~1!2
G2

2
b2

~1! . ~14c!

A simple perturbation analysis indicates that onlyb2
(1)(t) is

needed for the calculation of Kerr nonlinearity. Taking t
Fourier transform on both sides of Eqs.~14a!–~14c!, solving
for b̃2

(1)(v), and then taking the inverse Fourier transfor
we obtain

r20
~1!5b2

~1!~ t !b0
~0!* ~ td!

5E
2`

1` dv

A2p
eivtE

2`

1` dv8

A2p
a~v,v8!b~v,v8!,

~15!

where we have defined

a5
V20~ td!M* ~v8!1V21~ td!S* ~v8!

~4v22uVu22 i2vG2!
,

b5
r00

~0!~ td!M ~v81v!1r10
~0!~ td!S~v81v!

2~v81v2d32 iG3/2!
. ~16!
02380
,

In deriving this result, we have takenV20(td) andV21(td) as
constants while evaluating first-order corrections to
atomic wave function. This is justified because these qua
ties vary slowly in comparison with the short-pulse sour
laser.

An important feature is immediately noticed from E
~16!. That is, the inclusion of the wave-mixing field cou
lead to the cancellation or enhancement ofr20

(1) when
V20M* (v)56V21S* (v) and/or r00

(0)M (v)56r10
(0)S(v)

are satisfied. The situation leading to cancellation should
avoided for cross-phase modulation, but it may have ap
cations in other Kerr-related nonlinear processes, such
spectral line narrowing and elimination.

III. ELECTROMAGNETICALLY-INDUCED-
TRANSPARENCY-ENHANCED

KERR NONLINEARITY

To evaluate Kerr nonlinearity, we calculate the polariz
tion for the probe frequency as follows. Using Eqs.~11!,
~12!, ~15!, and~16!, we calculate the polarization responsib
for the probe absorption
PNL~vp5vL1!5ND02r20
~1!

5
ptS

2k03
2 r00

~0!ur10
~0!u2

~k03r00
~0!1k13r11

~0!!2

NuD20u2uD31u2

\3 uESu2EL1
~1 !EikL1z

3E
2`

1` dv

A2p
eivtE

2`

1` dv8

A2p

S m* ~v8!2
r00

~0!V21~ td!

r01
~0!V20~ td!

s* ~v8! D @m~v81v!2s~v81v!#

2~v82d32 iG3/2!~4v22uVu22 i2G2!

53x~3!~vL1!uESu2EL1
~1 !eikL1z, ~17!

where we have introduced two dimensionless quantities for a Gaussian source laser pulse

m~z,v!5e2v2tS
2/42 ivz/c2 ivtd~12eiK ~v!z!, ~18a!

s~z,v!5e2v2tS
2/42 ivz/c2 ivtdS 11

k13r11
~0!

k03r00
~0! eiK ~v!zD . ~18b!

Let h5vtS and we immediately obtain

x~3!~vL1!

x0
~3! 5E

2`

1` dh

A2p
eiht/tSE

2`

1` dh8

A2p

S m* ~h8!2
r00

~0!V21

r01
~0!V20

s* ~h8! D
~h81h2d3tS2 iG3tS/2!

m~h81h!2s~h81h!

~4h22uVu2tS
22 i2hG2tS!

, ~19!
is
ry.
n-
ve
IT-
where

x0
~3!5

ptS
3r00

~0!

6

ur10
~0!u2

S r00
~0!1

k13

k03
r11

~0!D 2

NuD20u2uD31u2

\3 . ~20!
Equation~19! is the main result of the present study, which
very different from that obtained with a steady-state theo
In particular, it allows the possibility of enhancing and ca
celing the Kerr nonlinearity via constructive or destructi
interference. We also notice important features of the E
7-4
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assisted four-level system. We see that the denominato
Eq. ~19! contains the Rabi frequency of the coupling las
uV12u rather than a one-photon detuningD2 for a non-EIT-
assisted four-level system@Fig. 1~b!#. The latter usually is
much larger thanuV12u in order to avoid significant absorp
tion to the probe laser. Therefore, the EIT-assisted four-le
system will have significant enhancement to the Kerr non
earity with negligible one-photon absorption, particularly
y

d

ua

in
n
h

el
se

a
to

os
th
tio

02380
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r

el
-

the cases where EIT process can be created at fairly low l
intensity.

IV. DISCUSSIONS

Now we are ready to see some simple cases. First,
neglect the wave-mixing field by choosing the angular m
mentum of the levelu3& such that the coupling to the groun
state is defeated. Takingm(h)50, from Eq.~19! we have
x~3!~vL1!

x0
~3! 5

r00
~0!V21

r01
~0!V20

E
2`

1` dh

A2p
eiht/tSE

2`

1` dh8

A2p

s* ~h8!

~4h22uVu2tS
22 i2hG2tS!

s~h81h!

~h81h2d3tS2 iG3tS/2!
. ~21!
an-
We see that if the source field is a plane wave of frequencv
~therefore one can apply the steady-state treatment!, then
s(v)5d(v), and Eq.~19! reduces to that of Ref.@3#,

x~3!~vL1!}
1

uVu2~d31 iG3/2!
'

1

uV12u2~d31 iG3/2!

for uV12u.uV02u and uVu.G2 . ~22!

For the short-pulse operation, however, even at the non
pleted pump regime, Eq.~19! will yield a result that is very
e-

different from the steady-state treatment since the latter c
not provide any dynamic information of the system.

For a Gaussian source field, Eqs.~18! and ~19! lead to

x~3!~vL1!

x0
~3! 5E

2`

1` dh

A2p
eihzX~h!,

where
X~h!5E
2`

1` dh8

A2p

e2h82/22h8h/22h2/4

2~h81h2d3tS2 iG3tS/2!~4h22uVu2tS
22 i2hG2tS!

eiK ~h81h!jF S r00
~0!V21

r01
~0!V20

21D
1S 11

r00
~0!V21

r01
~0!V20

k13r11
~0!

k03r00
~0!D e2 iK ~h8!jG S 11

k13r11
~0!

k03r00
~0!D .
ant

re-
o

ce
ral
In deriving these results, we have used dimensionless q
tities j5z/ctS , z5(t2td2z/c)/tS .

Let us first examine the ‘‘matched pulse’’ regime@4#.
From Eqs.~18a! and ~18b! we see that ifK(v)z@1 after a
characteristic propagation distance, the terms involv
eiK (c)z will oscillate very fast and contribute negligibly, o
the average, to the integral. If we neglect these terms, t
both of the generated and the source fields are given as

m~h!5s~h!5expF2
h2

4
2 ihS z/c1td

tS
D G .

This is to say that both the mixing wave and the source fi
travel with the speed of light in vacuum, without any pul
shape distortion due to dispersion, and therefore will have
identical ‘‘matched pulse’’ shape. This immediately leads
a conclusion of zero Kerr nonlinearity. This is because th
two fields interfere destructively as they propagate in
medium. Of course, one should keep both the concentra
n-

g

en

d

n

e
e
n

and the power of the source laser to a level that no signific
population will be put in stateu3&.

Next, we examine the large detuning regime, i.e., the
gime whered3tS@1. This is the regime where it is known t
give high conversion efficiency for the mixing wave@8#. In
this regime,K(v)z is small yet the frequency dependen
can be removed since most of the contribution to the integ
by the Gaussian envelope occurs whenuhu5uvtSu<4. In
this limit, we have

K~v!z5
k03r00

~0!1k13r11
~0!

2~v2d32 iG3/2!
z

'2
k03ctS

2r00
~0!1k13ctS

2r11
~0!

2~d3tS1 iG3tS/2!

z

ctS

5K0j

and
7-5
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1

~h82d3tS2 iG3tS/2!
'2

1

d3tS
S 11

h82 iG3tS/2

d3tS
D ,

therefore

X~h!5
C0e2h2/8

~4h22uVu2tS
22 i2hG2tS!

S 12 i
G3

2d3
1

h

2d3tS
D ,

where

C052
1

2d3tS
F S r00

~0!V21

r01
~0!V20

21D eiK 0j

1S 11
r00

~0!V21

r01
~0!V20

k13r11
~0!

k03r00
~0!D G S 11

k13r11
~0!

k03r00
~0!D .

Although the above expression is given in the Fouri
transform domain, the behavior of this Kerr nonlinearity
the time domain can be deduced easily. In Fig. 2 we h
plotted both the real and imaginary parts ofX(h) as a func-
tion of the Fourier transform parameterh for different
atomic coherence. It can be seen that the large enhance
does not occur at the maximum atomic coherence. In Fi
we plot the real and imaginary parts ofX(h) as a function of
h for different pump-probe intensities. It is clear that t

FIG. 2. ~a! A plot of the dimensionless quantity Re$X(h)% as a
function of the transform parameterh for different atomic coher-
ences:~a! r00'0.8, r10'0.4; ~b! r00'0.5, r10'0.5; ~c! r00'0.2,
r10'0.4. ~b! A plot of the dimensionless quantity Im$X(h)% as a
function of the transform parameterh for different atomic coher-
ences:~a! r00'0.8, r10'0.4; ~b! r00'0.5, r10'0.5; ~c! r00'0.2,
r10'0.4.
02380
-

e

ent
3

enhancement is achieved with relative lower pump and pr
intensities, as expected from Eq.~22!.

Before ending the discussion here, let us look one
ample where we taketL550 ns andtS51 ns therefore,
tS /tL51/50!1. ~Note that with this choice of pulse length
we expect the leading term of the result to be identical to t
of steady-state treatment.! For a modest transition, a com
bined Rabi frequencyuVu510 cm21 would be sufficient to
make uVutS5300@(2h)'10. However, whenh2/8.4 the
contribution from the Gaussian envelope to the integra
negligible. This permits a Taylor expansion of the denom
nator in the expression ofX(h), thereby allowing an analyti-
cal result of Eq.~10! to be obtained. We therefore have

X~h!52
1

uVu2tS
2

C0e2h2/8

12
4h22 i2hG2tS

uVu2tS
2

S 12 i
G3

2d3
1

h

2d3tS
D

'2
C0e2h2/8

uVu2tS
2 S 11

4h22 i2hG2tS

uVu2tS
2 D

3S 12 i
G3

2d3
1

h

2d3tS
D

5e2h2/8~A01A1h1A2h21A3h3!,

FIG. 3. ~a! A plot of the dimensionless quantities Re$X(h)% and
Im$X(h)% as a function of the transform parameterh. Parameter
used: r00'0.8, V21'500 MHz, V20'10 MHz, G2'100 MHz,
G3'100 MHz. ~b! A plot of the dimensionless quantitie
Re$X(h)% and Im$X(h)% as a function of the transform parameterh.
Parameter used:r00'0.8, V21'50 MHz, V20'1 MHz, G2

'10 MHz, G3'10 MHz.
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where

A052
C0

uVu2tS
2 S 12 i

G3

2d3
D ,

A152
C0

uVu2tS
2 F 1

2d3tS
2 i

2G2tS

uVu2tS
2 S 12 i

G3

2d3
D G ,

A252
C0

uVu2tS
2 F 4

uVu2tS
2 S 12 i

G3

2d3
D2 i

2G2tS

uVu2tS
2

1

2d3tS
G ,

A352
C0

uVu2tS
2

1

2d3tS

4

uVu2tS
2 .

Now the inverse Fourier transform can be carried out a
lytically, yielding

x~3!~vL1!

x0
~3! 5E

2`

1` dh

A2p
eihzX~h!

'
e22z2

&
H A01 iA1&z1A2

124z2

2

1 iA3

z~2314z2!

&
J

5e22z2
~B01B1z1B2z21B3z3!,

where

B05
1

&
S A01

A3

2 D , B15 i S A12
3A3

2 D ,

B252&A2 , B35 i2A3 .

As can be seen, the dominate term is the first term in
expression ofB0 which is identical to that obtained with
steady-state treatment, as expected. The remaining term
the corrections obtained with the time-dependent pertu
tion treatment. The main point of this approximate, howev
is that the Kerr coefficient, under the condition given, can
expressed as a product of a Gaussian of width of the s
pulse and a time-dependent polynomial.

Finally, let us examine the phase matching for the gen
ated wave and the EIT-assisted enhancement to the Kerr
linearity. Indeed, the conventional phase matching for w
mixing is ensured in the present treatment. To see this,
start with the indices for the source and wave mixing fiel
i.e.,

nS512
2pNr11uD13u2

d3\
and nM512

2pNr00uD03u2

d3\
.

For parallel laser beams we have, for the conservation
momentum and energy,kM5kL12kL21kS and vM5vL1
2vL21vS . By combining these relations, one immediate
obtainsk03r005k13r11. From Eq.~12a! we see that this is
02380
-

e

are
a-
r,
e
rt

r-
n-
e
e
,

of

precisely the condition that maximizes the amplitude of
generated field. Therefore, for a phase-matched operation
have

C052
1

d3tS
F S r00

~0!V21

r01
~0!V20

21D eiK 0j1S 11
r00

~0!V21

r01
~0!V20

D G ,

whereK0'2k03r00
(0)/(d31 iG3/2). In general, there is a sec

ond enhancement factor due to the exponential term in
~11a!. The optimum output for the generated wave will b
the combination of the conventional phase matching and
constructive interference achieved with the exponential te
in Eq. ~11a!.

The EIT-assisted enhancement can be seen from the
pression ofC0 andX(h). It is easily seen that for the EIT
assisted four-level system we have Re@xEIT

(3) (vL1)#
}1/uVu2d3 and Im@xEIT

(3) (vL1)#}G3 /uVu2d3
2. As has been

pointed out before@3#, compared with the conventiona
three-levelL-scheme@Fig. 1~c!# for cross-phase modulatio
where the Kerr nonlinearity and two-photon limited abso
tion are given by

Re@x3-level
~3! ~vL1!#}

uV20u2uVSu2

D2
2d3

and

Im@x3-level
~3! ~vL1!#}

uV20u2

D2
2 ,

a large phase shift per unit absorption length can be achie
with the EIT scheme at a low intensity level. We emphas
that the improvement is due to the significant difference
tween the large one-photon detuning in the case of a con
tional three-levelL scheme and the one-photon couplin
Rabi frequencyuV21u in the EIT-assisted case, and the corr
sponding difference in the absorption coefficients. In t
EIT-assisted scheme negligible probe laser absorption is
sured whereas in the conventional three-levelL scheme, the
absorption of the probe laser always poses a significant l
tation.

V. SUMMARY

In summary, we have presented a time-dependent pe
bation treatment on EIT-enhanced Kerr nonlinearity wh
the wave-mixing field is also taken into consideration. T
inclusion of the mixing field opens possibilities for the su
pression and enhancement of the Kerr nonlinearity un
suitable conditions, therefore adding rich dynamics to
system. Furthermore, we have shown that the EIT-enhan
scheme is superior in comparison to the conventional th
level scheme for cross-phase modulation. The tim
dependent treatment allows one to examine the dynamic
sponse of the system to the source laser, particularly
suppression and enhancement of Kerr effect due to the in
nally generated field. The latter may find applications in p
cesses such as coherent control.
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