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Large enhancement of four-wave mixing by suppression of photon absorption
from electromagnetically induced transparency
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We analyze a four-wave-mixing~FWM! scheme in a five-level atomic system based on electromagnetically
induced transparency~EIT!. We show that EIT suppresses both two-photon and three-photon absorptions in the
FWM scheme and enables the four-wave mixing to proceed through real, resonant intermediate states without
absorption loss. The scheme results in a several orders of magnitude increase in the FWM efficiency in
comparison with a recent scheme@Phys. Rev. Lett.88, 143902 ~2002!# and may be used for generating
short-wavelength radiation at low pump intensities.

DOI: 10.1103/PhysRevA.67.013811 PACS number~s!: 42.50.Gy, 42.65.Ky, 42.50.Hz
in
u
tie
tio
-
in
l
ffi
se

er

o
-
in
e

m

sl
a
c

rp
m

a
lt
-
u

,

a

fe

ing
n-

re-

e
-
-
-
une

f the
nce
ab-
an
ore.
me
ow
ns.

te

M
ies.
Electromagnetically induced transparency~EIT! modifies
both absorptive and dispersive properties of an absorb
medium, which may lead to suppression of lower-order s
ceptibilities and enhancement of higher-order susceptibili
@1–8#. Because of the near-resonant atom-photon interac
and slow group velocity@9–11#, nonlinear optical phenom
ena may be observed at low light intensities approach
single-photon energy levels@12#. There are many theoretica
and experimental studies in the literature dealing with e
ciency generation of short-wavelength coherent light ba
on EIT and/or coherent population trapping@2,3,13–15#. In
particular, it is of interest to explore EIT and atomic coh
ence in applications of vacuum ultraviolet~VUV ! radiation
generation from processes of multiphoton conversion
long-wave photons. Harriset al. proposed use of EIT to sup
press absorption of the short-wavelength light generated
four-wave-mixing ~FWM! scheme and showed that th
FWM efficiency can be greatly enhanced@16#. Agarwalet al.
proposed an efficient, degenerate FWM scheme based
amplification of the pump field in a coherently driven syste
by a strong off-resonant control field@17#. Sokolov et al.
reported efficient generation of short-wavelength light via
phase-coherent Raman process@18#. Recently, Denget al.
proposed a FWM scheme based on EIT and associated
light propagation@19#. Their calculations showed that
many orders of magnitude increase in the FWM efficien
may be obtained.

EIT usually refers to suppression of single-photon abso
tion by destructive quantum interference in an absorbing
dium. However, under suitable conditions, single-photon
well as multiphoton absorptions may be suppressed simu
neously. Agarwalet al. showed that in a four-level Ladder
type system, two-photon absorption can be selectively s
pressed or enhanced@20#. This was confirmed
experimentally by Gaoet al. @21#. In a recent experiment
Yan et al. demonstrated that EIT in a standardL-type con-
figuration can be used to suppress both single-photon
two-photon absorptions simultaneously@22#. Here we show
that suppression of the two-photon absorption can be ef
tively used to enhance the FWM process in a scheme@Fig.
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1~a!# modified from the one proposed by Denget al. @Fig.
1~b!#. Both schemes rely on EIT and the phase match
manifested by the slow group velocity to dramatically e
hance the FWM efficiency as analyzed by Denget al. In the
FWM scheme@Fig. 1~b!# from Denget al., the intermediate
state is virtual and thus the effective two-photon Rabi f
quency usually is very small. The modified scheme@Fig.
1~a!# uses the real intermediate stateu3& and two separate
pump fieldsv1 andv2 that are resonantly coupled with th
intermediate stateu3&. The EIT suppresses both the two
photon absorptionu0&→u2&→u3& and three-photon absorp
tion u0&→u2&→u3&→u4&, enabling the FWM process to pro
ceed through the real intermediate states and to be imm
to the absorption loss. Because of large enhancement o
FWM process through the stepwise two-photon resona
and interference cancellation of the resonant nonlinear
sorptions in the modified scheme, the FWM efficiency c
be further increased by several orders of magnitude m
Such improvement in the FWM efficiency makes the sche
suitable for generating short-wavelength radiation at l
pump intensities and may be applicable in other applicatio

Consider the FWM scheme depicted in Fig. 1~a!. Three
pump fields~frequenciesvp , v1, andv2, respectively! in-

FIG. 1. ~a! Modified FWM scheme with a real intermediate sta
u3& coupled by two separate laser fieldsv1 and v2. ~b! FWM
scheme of Ref.@19# that results in a large enhancement of the FW
efficiency manifested by EIT and associated slow group velocit
©2003 The American Physical Society11-1
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duce the FWM processu0&→u2&→u3&→u4&→u0& and gen-
erate the radiation field at a frequencyvm5vp1v11v2. A
control field with frequencyvc couples statesu1& and u2&
and creates EIT. Whenv1 and v2 satisfy the two-photon
resonance (u0&→u2&→u3&) and the three-photon resonan
(u0&→u2&→u3&→u4&) conditions, the two nonlinear absorp
tion processes are suppressed by the EIT-induced destru
quantum interference@22,23#. As will be shown below, the
absorption suppression and the enhancement of the F
through the resonant intermediate stateu3& lead to an orders
of magnitude increase of the FWM efficiency in comparis
with the FWM scheme of Ref.@19# @Fig. 1~b!#.

The Hamiltonian describing the system shown in Fig. 1~a!
is given by (\51)

H5(
j 51

4

e j u j &^ j u2~Vce
2 iucu2&^1u1H.c.!,

2~Vpe2 iupu2&^0u1H.c.!2~V1e2 iu1u3&^2u1H.c.!,

2~V2e2 iu2u4&^3u1H.c.!2~Vme2 iumu4&^0u1H.c.!,
~1!

whereu j5v j t2kW j•rW, V j ( j 51,2,c,p,m) denote one-half of
the Rabi frequencies for the respective transitio
@Vm5D04E(vm)/(2\), Vc5D12E(vc)/(2\), Vp
5D02E(vp)/(2\), V15D23E(v1)/(2\), and V2
5D34E(v2)/(2\), with Dln denoting the dipole moment fo
the transition between levelsu l & and un&], and e j is the en-
ergy of the atomic stateu j & ~takinge050 for the ground state
u0&). In the interaction picture, the Hamiltonian can be wr
ten as

H52Dvcu1&^1u2Dvpu2&^2u2Dv3u3&^3u2Dv4u4&^4u

2~Vce
ikWc•rWu2&^1u1VpeikW p•rWu2&^0u1V1eikW1•rWu3&^2

u1V2eikW2•rWu4&^3u1VmeikWm•rWu4&^0u1H.c.!, ~2!

where Dvp5vp2e2 is the single-photon detuning,Dvc
5(vp2vc)2e1 andDv35(vp1v1)2e3 are two separate
two-photon detunings, respectively, andDv45(vp1v1
1v2)2e4[Dv31Dv43 @Dv435v22(e42e3)# represents
the three-photon detuning~denoted asdm in Ref. @19#!.

From the Schro¨dinger equation in the interaction pictur
i (]uC&/]t)5HuC&, and defining the atomic state asuC&
5A0u0&1A1ei (kW p2kWc)•rWu1&1A2eikW p•rWu2&1A3ei (kW p1kW1)•rWu3&
1A4eikWm•rWu4&, one readily obtains

]

]t
A05 iVp* A21 iVm

! A4 , ~3a!

S ]

]t
1g12 iDvcDA15 iVc* A2 , ~3b!

S ]

]t
1g22 iDvpDA25 iVpA01 iVcA11 iV1* A3 , ~3c!
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S ]

]t
1g32 iDv3DA35 iV1A21 iV2* eidkW•rWA4 , ~3d!

S ]

]t
1g42 iDv4DA45 iV2e2 idkW•rWA31 iVmA0 , ~3e!

wheredkW5kWm2(kW p1kW11kW2) andg j ( j 5124) are the de-
cay rates. As in Ref.@19#, we consider the coupling fieldvc
and pump fieldsv1 andv2 to be continuous, but the pum
field vp and the generated fieldvm have a time-dependen
beam profile. Following the standard procedure describe
Ref. @19#, we takeA0'1 ~assumingVc@Vp) and carry out
Fourier transformations Aj (t);*a j (v)exp(2ivt)dv ( j
51,2,3, and 4! for Eqs. ~3b!–~3e! to obtain the following
equations:

Dṽca11Vc* a250, ~4a!

Vca11Dṽpa21V1* a352Wp , ~4b!

V1a21Dṽ3a31V2* eidkW•rWa450, ~4c!

V2e2 idkW•rWa31Dṽ4a452Wm , ~4d!

where Dṽc[v1Dvc1 ig1 , Dṽp[v1Dvp1 ig2, and
Dṽ j[v1Dv j1 ig j ( j 53,4), andWp andWm are the Fou-
rier transformations ofVp andVm , respectively.

It is then straightforward, though tedious, to solve Eq.~4!
and obtain the following results:

a252
DṽcV1* V2* eidkW•rW

S
Wm2

~Dṽ3Dṽ42uV2u2!Dṽc

S
Wp ,

~5a!

a452F 1

Dṽ4

1
uV2u2~DṽpDṽc2uVcu2!

SDṽ4
GWm

2
DṽcV1V2e2 idkW•rW

S
Wp , ~5b!

where S5(DṽpDṽc2uVcu2)(Dṽ3Dṽ42uV2u2)
2uV1u2DṽcDṽ4.

The pump fieldWp and the generated FWM fieldWm
obey Maxwell’s equations,

]Wp

]z
2 i

v

c
Wp5 ik02a2 , ~6a!

]Wm

]z
2 i

v

c
Wm5 ik04a4 , ~6b!

where k02(04)52Nvp(m)uD02(04)u2/(c\), with N denoting
atomic concentration. Lettingk02a25g2eidk•zWm1 f 2Wp
andk04a45g4e2 idk•zWp1 f 4Wm , Eq. ~6! can be written as

]Wp

]z
2 ib2Wp5 ig2W̃m , ~7a!
1-2
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]W̃m

]z
2 ib4W̃m5 ig4Wp , ~7b!

where b25v/c1 f 2 , b45v/c1 f 41dk, and W̃m
5Wmeidk•z. The solutions to Eq.~7! are

Wp5Q2eik1z1R2eik2z, ~8a!

Wm5~Q4eik1z1R4eik2z!e2 idk•z, ~8b!

where the constantsQj andRj are determined by the bound
ary conditions atz50, and

k65
v

c
1

f 21 f 41dk

2
6AS f 22 f 42dk

2 D 2

1g2g4, ~9!

where

f 252k02

~Dṽ3Dṽ42uV2u2!Dṽc

S
, g252k02

DṽcV1* V2*

S
,

~10!

f 452k04F 1

Dṽ4

1
uV2u2~DṽpDṽc2uVcu2!

SDṽ4
G ,

g452k04

V1V2Dṽc

S
. ~11!

For the FWM emission process,Wm(z50)50. The gener-
ated FWM fieldWm is then given by

Wm5Wp~z50!
g4

k12k2
~eik1z2eik2z!e2 idk•z. ~12!

The power of the generated FWM field isPm
5\vmAuVmu2/(2g4s04), whereVm is the Fourier transfor-
mation ofWm in Eq. ~12!, A is the area, ands04 is the atomic
absorption cross section. The efficiency of the FWM proc
can be defined as (\51) @12#

e5

~1/vm!E Pmdt

~1/vp!E Ppdt

. ~13!

Equation~7b! shows that the driving source of the genera
four-wave-mixing fieldWm is ig4Wp . Equation~12! gives
the generated FWM fieldWm at arbitrary frequency detun
ings Dv j ( j 5p, c, 3, or 4!, the Fourier transform of which
can be used to calculate the generated FWM power.
FWM efficiency can then be derived from Eq.~13!.

As discussed in Ref.@19#, a phase-matched FWM fiel
can be produced if the group velocity of the probe wavevp
is substantially reduced by EIT and about equal to the gr
01381
s

d

e

p

velocity of the generated FWM wavevm . In order to show
that the FWM scheme is capable of generating the FW
field at low pump intensities, we choose the pump field R
frequenciesV1 , V2, andVp well below the saturation levels
and present numerical calculations in Fig. 2. Figure 2~a!
plots the generated FWM fieldWm versus the two-photon
detuningDv3 and Fig. 2~b! plots the FWM fieldWm versus
the detuningDv43. The calculations show thatWm is maxi-
mized atDv350 andDv4350, demonstrating the enhance
ment of the FWM via the resonant intermediate state ma
fested by the EIT-induced suppression of the two-photon
three-photon absorptions.

The EIT width ~half-width at half maximum! is given by
G5Ag2

214Vc
22g2. For the light pulse of the pump fieldvp

to acquire the slow group velocity and minimum absorpti
loss, the pump pulse width~in time! should bet>1/G.
When this condition is satisfied, the adiabatic approximat
is valid @6#. Under such conditions and assuming a Gauss
pulse shape@Vp(t)5Vp0exp(2t2/t2)# for the pump field
vp , we present the calculated FWM efficiency from Eq.~13!
in Fig. 3 for several sets of parameters. As expected fr
Fig. 2, the FWM efficiency is optimized near the two-phot
and three-photon resonances with the maximum value oc
ring at Dvp5Dv325Dv4350, where the EIT suppressio
of the linear and nonlinear absorption leads to the minimiz
absorption loss for the three pump fields and results i
greatly enhanced FWM efficiency.

For a quantitative comparison with Ref.@19# that treated
the EIT-enhanced FWM process without the resonant in
mediate state@Fig. 1~b!#, we consider the FWM process un
der the resonant atom-field interactionsDv j50 ( j 5p,c) in
which EIT-meditated slow group velocity for the pump fie
vp enhances the FWM process and the generated F
wave also travels with an ultraslow group velocity. We fu
ther assumeVc@Vp ,V1, and V2, i.e., considering the
FWM at low pump intensities. Under these conditions, t
generated FWM field reduces to

FIG. 2. Generated FWM fieldWm versus ~a! Dv3 and ~b!
Dv43. The parameter values areVc5g2 , Vp50.05g2 , V15V2

50.1g2 , g350.2g2 , g450.1g2 , g150.001g3 , Dvc5Dvp50,
v50.15g2, and k025100k045g2 /z. Similar results are obtained
for otherv values. The FWMWm is maximized at the two-photon
resonanceDv350 and the three-photon resonanceDv450, dem-
onstrating enhancement of the FWM efficiency from the E
induced suppression of the two-photon and three-photon abs
tions.
1-3
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Wm'Wm8
V1V2

V32
(2)Dṽ3

, ~14!

whereWm8 @denoted asWm30 in Eq. ~4! of Ref. @19## is the
generated FWM field for the model system of Ref.@19#. V1
(V2) is one-half of the single-photon Rabi frequency for t
transitionu2&→u3& (u3&→u4&) @Fig. 1~a!# while V32

(2) is one-
half of the Rabi frequency for the two-photon process vi
virtual state considered in Ref.@19# and usually is very smal
due to the large frequency detuningD8 from the real inter-
mediate state (V32

(2)'V1V2 /D8). Under the two-photon

FIG. 3. Calculated FWM efficiencye versus ~a! Dv32, ~b!
Dv43, and ~c! Dvp . The parameter values areVc50.5g2 , Vp

50.02g2 , V15V250.1g2 , g350.14g2 , g450.015g2 , g1

50.001g3 , Dvc50, and k025100k045g2 /z. All the detunings
labeled within the figure are measured ing2. The FWM Wm is
maximized at the two-photon resonanceDv350 and the three-
photon resonanceDv450. The maximum efficiency is;1023 for
the chosen parameters.
01381
a

resonant conditionDṽ35 ig3 @Dv35(vp1v1)2e350#,
which leads to the maximum FWM efficiency as shown b
fore, one has

UWm

Wm8
U'U V1V2

V32
(2)Dṽ3

U'UD8

g3
U@1. ~15!

As an example, takingg3;106 Hz andD8>109 Hz ~usually
@109 Hz for nonresonant two-photon transitions!, the ratio
is >103. Therefore, taking advantage of the EIT suppress
of the two-photon absorption, one can use the resonant p
fields in the FWM process and obtain orders of magnitu
increases in the FWM efficiency in addition to the great e
hancement of the FWM process based on the single-ph
EIT and slow group velocity enhancement analyzed in R
@19#. An experimental candidate for the proposed system
be found in85Rb atoms with the designated states chosen
follows: 5S1/2, F52 as u0&, 5S1/2, F53 as u1&, 5P1/2 as
u2&, 5D3/2 as u3&, andnP3/2 as u4& (n.10). The respective
transitions areu0&→u2& and u1&→u2& at 795 nm (g2
'5.9 MHz), u2&→u3& at 762 nm (g3'0.8 MHz), andu3&
→u4& at 1.3–1.5mm (g4'0.09 MHz), all accessible with
diode lasers. The wavelength of the generated Raman lig
;300 nm. With the atomic densityN;1012 cm23, L
52 mm ~for the Rb atoms in a magneto-optical trap whe
the Doppler broadening is negligible!, Vc5g2 , Vp
50.05g2, and V15V250.1g2, the calculated efficiency
from Eq.~13! is e'1023. Without EIT, the dominant, weak
field single-photon absorption will deplete the first pum
field completely in a distance!L, which reduces the esti
mated Raman efficiency~assuming the comparable Rama
gain with or without EIT! to ,1027. Then, the expected EIT
enhancement is.104.

In conclusion, we have analyzed an EIT-enhanced FW
scheme and shown that the FWM field can be efficien
generated with weak pump fields. Our scheme uses the r
nant intermediate states and one more laser field to facili
the resonant two-photon and three-photon couplings. Du
the EIT-induced suppression of the two-photon and thr
photon absorptions, an additional increase of the FWM e
ciency by several orders of magnitude can be obtained. T
the FWM scheme based on EIT and EIT-induced suppres
of the nonlinear absorptions is capable of generating
FWM field with extremely high efficiency and may be use
to produce a short wavelength, coherent radiation at
pump intensities in applications such as nonlinear laser s
troscopy and quantum nonlinear optics.
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90108026, 60078023, and 10125419, and by the Chin
Academy of Sciences through the 100 Talents Project
Grant No. KJCX2-W7-4. Y.Z. is supported by the Nation
Science Foundation~Grant Nos. 0140032 and 9729133! and
the Office of Naval Research~Grant No. N00014-01-1-
0754!.
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