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We analyze a four-wave-mixingWM) scheme in a five-level atomic system based on electromagnetically
induced transparend¥IT). 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 scherfhys. Rev. Lett.88, 143902(2002] and may be used for generating
short-wavelength radiation at low pump intensities.
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Electromagnetically induced transparen®&IT) modifies  1(a)] modified from the one proposed by Deegal. [Fig.
both absorptive and dispersive properties of an absorbing(b)]. Both schemes rely on EIT and the phase matching
medium, which may lead to suppression of lower-order susmanifested by the slow group velocity to dramatically en-
ceptibilities and enhancement of higher-order susceptibilitiehance the FWM efficiency as analyzed by Deial. In the
[1-8]. Because of the near-resonant atom-photon interactioRWM schemdFig. 1(b)] from Denget al,, the intermediate
and slow group velocity9—11], nonlinear optical phenom- state is virtual and thus the effective two-photon Rabi fre-
ena may be observed at low light intensities approachinguency usually is very small. The modified schehféy.
single-photon energy level42]. There are many theoretical 1(a)] uses the real intermediate st48 and two separate
and experimental studies in the literature dealing with effi-pump fieldsw; and w, that are resonantly coupled with the
ciency generation of short-wavelength coherent light basethtermediate stat¢3). The EIT suppresses both the two-
on EIT and/or coherent population trappif3,13—15%. In photon absorption0)— |2)—|3) and three-photon absorp-
particular, it is of interest to explore EIT and atomic coher-tion|0)—|2)—|3)—|4), enabling the FWM process to pro-
ence in applications of vacuum ultraviolefUV) radiation  ceed through the real intermediate states and to be immune
generation from processes of multiphoton conversion oto the absorption loss. Because of large enhancement of the
long-wave photons. Harrist al. proposed use of EIT to sup- FWM process through the stepwise two-photon resonance
press absorption of the short-wavelength light generated in and interference cancellation of the resonant nonlinear ab-
four-wave-mixing (FWM) scheme and showed that the sorptions in the modified scheme, the FWM efficiency can
FWM efficiency can be greatly enhanddd]. Agarwalet al.  be further increased by several orders of magnitude more.
proposed an efficient, degenerate FWM scheme based @uch improvement in the FWM efficiency makes the scheme
amplification of the pump field in a coherently driven systemsuitable for generating short-wavelength radiation at low
by a strong off-resonant control field7]. Sokolovetal.  pump intensities and may be applicable in other applications.
reported efficient generation of short-wavelength light via a Consider the FWM scheme depicted in Figa)l Three
phase-coherent Raman proc¢4s]. Recently, Dengetal. ~ pump fields(frequenciesw,, w;, andw,, respectively in-
proposed a FWM scheme based on EIT and associated slow
light propagation[19]. Their calculations showed that a JE——
many orders of magnitude increase in the FWM efficiency o,
may be obtained. % 3>

EIT usually refers to suppression of single-photon absorp- LT B
tion by destructive quantum interference in an absorbing me-®w= o, + o+, | (o D= @, + 0y + ) @)
dium. However, under suitable conditions, single-photon as |2> 2>
well as multiphoton absorptions may be suppressed simulta
neously. Agarwakt al. showed that in a four-level Ladder- o, ®p o o
type system, two-photon absorption can be selectively sup: 1> 1>
pressed or enhanced[20]. This was confirmed (0> (0>
experimentally by Gaet al. [21]. In a recent experiment, ® ®
Yan et al. demonstrated that EIT in a standakdtype con-
figuration can be used to suppress both single-photon and FiG. 1. (a) Modified FWM scheme with a real intermediate state
two-photon absorptions simultaneou$B2]. Here we show  |3) coupled by two separate laser fields and w,. (b) FWM
that suppression of the two-photon absorption can be effeacheme of Ref.19] that results in a large enhancement of the FWM
tively used to enhance the FWM process in a schirig. efficiency manifested by EIT and associated slow group velocities.

|4>
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duce the FWM procesi9)—|2)—|3)—|4)—|0) and gen- 9 _ _ _ -

erate the radiation field at a frequen@y,= w,+ w;+ w,. A (EWL 73—'Aw3>A3:|91A2+|Q§e'5k'rA4, (3d)
control field with frequencyw. couples state$l) and |2)

and creates EIT. Whew; and w, satisfy the two-photon 9

resonance |0)—|2)—|3)) and the three-photon resonance
(|0)—|2)—|3)—|4)) conditions, the two nonlinear absorp-
tion processes are suppressed by the EIT-induced destructiv: C L (E ARl TR i
guantum interferencf22,23. As will be shown below, the w%ye:gti ks Akg in(llfzpe}ll(sl)]Jr \|/(v22 c?gr?s)i/ée(rj thi cgap%;egtgglge

. . . . 1 C
absorption suppression and the enhancement of the FW@d umo fieldse. andws 1 be continuous. but the bum
through the resonant intermediate st lead to an orders pump L “2 ’ pump

of magnitude increase of the FWM efficiency in comparison];:')gl{:ljm“’pr;ql(‘j3 trl]:ilﬁjivni?]raiﬁg gfakga‘a?gvﬁoiém?édggggr?;;; in
with the FWM scheme of Refl19] [Fig. 1(b)]. P ' 9 P

. -~ - Ref.[19], we takeAg~1 (assuming):>(),) and carry out
is ﬁanHgm;(lbtznll?n describing the system shown in Fig) 1 Fourier transformations Aj(t)~ [ aj(w)exp(—iwt)do (]
9 Y =1,2,3, and % for Egs. (3b)—(3e) to obtain the following
4 equations:

HZJZl €M~ (Qee™ % 2)(1| + H.c),

E"’ '}/4_iA(1)4>A4:iQZeiﬁIZIFA3+iQmA0, (36)

Awgay+QF a,=0, (43

—(Qpe "% 2)(0[+H.c)— (Qe7'1[3)(2|+H.c), Qear+Awpas+QF az=—W,, (4b)
— (e 1%24)(3| +H.c)— (Qe ' 4)(0]+ H.c), X Qo+ Awgas+ Q56 Ta,=0, (40)
. Qe 1Tt Amga,=—W,,, (4d)

where ;= w;t— IZJ- T, Q; (j=1,2¢,p,m) denote one-half of B N

the Rabi frequencies for the respective transitionsvhere Aw,=w+Aw+iy;, Aw,=w+Aw,tiy, and
[Qm=DoE(wm)/(27), Qc=DyE(wc)/(21), Qp A:u]'Ea)+Aa)j+i’yj (j=3,4), andW, andW,, are the Fou-
=DoE(wp)/(2h),  Q1=DaE(w1)/(24), and  €Q;  rigr transformations of), andQ,, respectively.
=D3sE(w,)/(2), with Dy, denoting the dipole momentfor 1t js then straightforward, though tedious, to solve E).
the transition between levelb) and|n)], and¢; is the en-  and obtain the following results:

ergy of the atomic statig) (takinge,=0 for the ground state

|0)). In the interaction picture, the Hamiltonian can be writ- AZ,CQ’{Q’Z* gl k-1 (AwsAw,—|Q,H) A,
ten as == S m— S p
5
H= = Ao 1)(1] ~ Ay 2)(2] ~ A0sf3)(3]- Aw,|4)(4| 53
L . . 20AT AT 2
—(Q e T|2)(1]+ 0 ek T|2)(0] + 0 17| 3)(2 B N L G L A Y
- o Aw, SAw, "
|+ Q,e%2 T14)(3| + Qe'*m"|4)(0| + H.c.), 2 N o
Aw Qe T
where Aw,=w,— €, is the single-photon detuning) w, - S Wp, (5b)
=(wp—wc) — € andAwz=(w,+ w1) — €3 are two separate
two-photon detunings, respectively, aflw,=(wp+©1  \where S=(AfopAZ)c—|Qc|2)(AZ>3AZ>4—|QZ|2)
+wy) —€,=Awzt+Awsz[Awysz=wy—(€,— €3)] represents |0, PA DA D,

the three-photon detuninglenoted as,, in Ref.[19]).
From the Schrdinger equation in the interaction picture,
i(0|W)/ot)=H|W¥), and defining the atomic state &%)

The pump fieldW, and the generated FWM fiel&/,
obey Maxwell's equations,

= Aol 0) + Agei kKo T 1) 1+ A o T|2) + Agel (oK) 1) 3) W, o

+A,e'*mT|4), one readily obtains 57 1o We=lkoxa, (6a)
J ok - W, o )
EAOZIQpA2+IQmA4’ (3a) az _|EWm:|Ko4a4, (Gb)

J where K02(04)=2Na.)p(m)|D02(.04)|2/(ch), Wif[?k N denoting
—t+y1—ich A=i1QFA,, (3b)  atomic concentration. Letting«o,a,=gye' ™ "W+ f,W,
J and K04a4=g4e*'5k'zwp+ f4W,,, Eq.(6) can be written as

oW,

d . . . . . L=
E+ yz—lAwp)Azz|QpA0+|QCA1+|Q’{A3, (30 T;—lbzwp=|gzwm, (79
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oW ~
ﬁzm —ib,Wiy=ig,W,, (7b) 0_2_<a>u=°-15vz — 00 | 0.2_(b)u=°-15v2 — o0

- ] g
where b,=w/c+f,, by=wlc+fs+6k, and Wi £ g

=W, e' %2 The solutions to Eq(7) are =0 < of
z z

W,= Qe +2+ Rye'-2, (8a) 00 00

6 3 0 3 6 6 3 0 3 6
W= (Qqek+2+ R,ek-2)g o2, (8b) A, fy, Aw fy,

FIG. 2. Generated FWM fieldV,, versus(a) Aw; and (b)
Aw,z. The parameter values afg.=y,, {,=0.05y,, Q;=0Q,
=0.1y,, v3=0.2y,, y4=0.1y,, y1=0.001y;, Aw;=Aw,=0,
0=0.15y,, and «y,=100ky,= y,/z. Similar results are obtained
o fy+f+6k \/ fo—fs— 6k 2 for otherw values. The FWMW,, is maximized at the two-photon

+ 2 x 2 +9294, (9 resonancl w3=0 and the three-photon resonante,=0, dem-
onstrating enhancement of the FWM efficiency from the EIT-

where the constant®; andR; are determined by the bound-
ary conditions az=0, and

where induced suppression of the two-photon and three-photon absorp-
tions.
(AwzAws—[Q,*) Aw, Aw 703 .
fo=—koo S , Oo=— Koo g velocity of the generated FWM wawe,,,. In order to show

(10) that the FWM scheme is capable of generating the FWM
field at low pump intensities, we choose the pump field Rabi
o frequencied),, (1,, and(), well below the saturation levels
3 1 Q% (AwpAwc— Q%) and present numerical calculations in Fig. 2. Figufe) 2
f4=—xo A, * SAw, ’ plots the generated FWM fiel#V,, versus the two-photon
detuningA w5 and Fig. Zb) plots the FWM fieldW,, versus
the detuningA w,3. The calculations show th&,, is maxi-
mized atA w;=0 andA w,3=0, demonstrating the enhance-
ment of the FWM via the resonant intermediate state mani-
fested by the EIT-induced suppression of the two-photon and
For the FWM emission proces®/,,(z=0)=0. The gener- three-photon absorptions.
ated FWM fieldWy, is then given by The EIT width (half-width at half maximumis given by
I'=\vy5+4Q¢— y,. For the light pulse of the pump field,
to acquire the slow group velocity and minimum absorption
loss, the pump pulse widtkin time) should ber=1T.
When this condition is satisfied, the adiabatic approximation
The power of the generated FWM field ¥y s valid [6]. Under such conditions and assuming a Gaussian
=ﬁwmA|Qm|2/(2’)/40'O4), WhereQm is the Fourier transfor- pulse Shape[Qp(t)=onexp(—t2/72)] for the pump field
mation of Wy, in Eq.(12), Ais the area, andy, is the atomic , we present the calculated FWM efficiency from ELg)
absorption_cross section. The efficiency of the FWM proces%pFig' 3 for several sets of parameters. As expected from
can be defined asi(=1) [12] Fig. 2, the FWM efficiency is optimized near the two-photon
and three-photon resonances with the maximum value occur-
(1o )J P dt rng at Aw,=Awz=Awys=0, where the EIT suppression
m m of the linear and nonlinear absorption leads to the minimized
e 13 absorption loss for the three pump fields and results in a
(1/wp)f Ppdt greatly enhanced FWM efficiency.
For a quantitative comparison with R¢f.9] that treated
Equation(7b) shows that the driving source of the generatedthe EIT-enhanced FWM process without the resonant inter-
four-wave-mixing fieldW,, is ig,W,. Equation(12) gives  mediate stat¢Fig. 1(b)], we consider the FWM process un-
the generated FWM fieldiV,,, at arbitrary frequency detun- der the resonant atom-field interactioh®;=0 (j=p,c) in
ingsAw; (j=p, ¢, 3, or 4, the Fourier transform of which which EIT-meditated slow group velocity for the pump field
can be used to calculate the generated FWM power. The, enhances the FWM process and the generated FWM
FWM efficiency can then be derived from E@.3). wave also travels with an ultraslow group velocity. We fur-
As discussed in Ref19], a phase-matched FWM field ther assumeQ;>Q,,Q;, and (,, i.e., considering the
can be produced if the group velocity of the probe waye FWM at low pump intensities. Under these conditions, the
is substantially reduced by EIT and about equal to the grougenerated FWM field reduces to

0,0,Aw
04=— K04TC- (11

g4k (ek+z—glk-2)g=idkz (19

Wiy=Wy(2=0) —
—+

013811-3



YING WU, JOSEPH SALDANA, AND YIFU ZHU

8.0x10™" |
oy
s
o
] -4
= 4.0x107"
&
0.0L
-4
Aw —Aw ,=0
s.ox10*| (P — — —o,=l. A0 =0 ]
—-—-Aw =-1; Aw ,=0
- - Amp-o Aa, _1
g Amp—O Aw 2= -1
S 4.0x10*} .
&
o.0L i, |
- -2 0 2 4
A(x)”‘l'y2
8.0x10*
3
(-
K] i
g 4.0x107
w
0.0 L

FIG. 3. Calculated FWM efficiency versus(a) Aws,, (b)
Awyz, and (c) Aw,. The parameter values afe.=0.5y,, ()
=0.02y;, 0,=0,=0.1y,, y3=0.14y,, 74=0.015,, 7
=0.001y;, Aw:,=0, and kg,=100kgs= y,/z. All the detunings
labeled within the figure are measured 8. The FWM W,, is
maximized at the two-photon resonandev;=0 and the three-
photon resonancA w,=0. The maximum efficiency is-10 2 for
the chosen parameters.

Wi~ W/, 282, (14)
"0 A0’

whereW;, [denoted adV,,3o in Eq. (4) of Ref.[19]] is the
generated FWM field for the model system of Ré]. ),
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resonant conditionA wz=iys [Awz=(wp+ w;)—€3=0],
which leads to the maximum FWM efficiency as shown be-
fore, one has

(15

As an example, taking;~10° Hz andA’ =10 Hz (usually
>10° Hz for nonresonant two-photon transitionthe ratio

is =10°. Therefore, taking advantage of the EIT suppression
of the two-photon absorption, one can use the resonant pump
fields in the FWM process and obtain orders of magnitude
increases in the FWM efficiency in addition to the great en-
hancement of the FWM process based on the single-photon
EIT and slow group velocity enhancement analyzed in Ref.
[19]. An experimental candidate for the proposed system can
be found in®Rb atoms with the designated states chosen as
follows: 5S;,,, F=2 as|0), 5S;;,, F=3 as|1), 5Py, as

|2), 5D3, as|3), andnPs, as|4) (n>10). The respective
transitions are|0)—|2) and |1)—|2) at 795 nm f{,
~5.9 MHz), |2)—|3) at 762 nm (/3~0.8 MHz), and|3)
—|4) at 1.3-1.5um (y,~0.09 MHz), all accessible with
diode lasers. The wavelength of the generated Raman light is
~300 nm. With the atomic densityN~10"2cm 3, L

=2 mm (for the Rb atoms in a magneto-optical trap where
the Doppler broadening is negligible Q.=7v,, Q,
=0.05y,, and Ql—Qz 0.1y,, the calculated efficiency
from Eq.(13) is e~10" . Without EIT, the dominant, weak-
field single-photon absorption will deplete the first pump
field completely in a distanceL, which reduces the esti-
mated Raman efficienciassuming the comparable Raman
gain with or without EIT to <10 ’. Then, the expected EIT
enhancement is- 10°.

In conclusion, we have analyzed an ElIT-enhanced FWM
scheme and shown that the FWM field can be efficiently
generated with weak pump fields. Our scheme uses the reso-
nant intermediate states and one more laser field to facilitate
the resonant two-photon and three-photon couplings. Due to
the EIT-induced suppression of the two-photon and three-
photon absorptions, an additional increase of the FWM effi-
ciency by several orders of magnitude can be obtained. Thus,
the FWM scheme based on EIT and EIT-induced suppression
of the nonlinear absorptions is capable of generating the
FWM field with extremely high efficiency and may be used
to produce a short wavelength, coherent radiation at low
pump intensities in applications such as nonlinear laser spec-
troscopy and quantum nonlinear optics.
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