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Efficient Nonlinear Frequency Conversion with Maximal Atomic Coherence
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We demonstrate efficient nonlinear frequency conversion in atomic Pb vapor under conditions w
the linear susceptibility and the effective nonlinear susceptibility are of the same order. Thi
accomplished by using electromagnetically induced transparency to prepare a near-maximal a
coherence on a Raman transition. This strongly driven transition is used to convert an intense
beam from 425 to 293 nm with an efficiency of,40%. [S0031-9007(96)01644-4]

PACS numbers: 42.79.Nv, 42.50.Gy, 42.50.Hz, 42.65.Ky
d

x-
y

h

e-
ve
d
in

te

t
e

he
er

ng
s-
er

g-
z
g

he
um
Traditional nonlinear frequency conversion process
in gases/vapors have struggled with relatively poor co
version efficiencies due to both the small magnitude
the third-order nonlinear susceptibility and the difficult
in phase matching. Efforts to increase the nonlinear
using methods such as two-photon resonance have b
hindered by effects such as two-photon absorption a
nonlinear phase shifts [1]. Phase matching has been
essential requirement because the physical length of
nonlinear medium required for efficient frequency conve
sion often greatly exceeds the coherence length.

In this Letter, we present experimental results whic
show how one may create a sufficiently large nonline
polarization so as to allow efficient frequency conversio
within a single (nonphase matched) coherence leng
Our method relies on using electromagnetically induc
transparency (EIT) to prepare a near-maximal atom
coherence on a dipole-forbidden (Raman) transition.

Figure 1(a) shows an ideal three-state atomic syste
Maximal coherence on the Ramansj1l j2ld transition is
defined asjr12j  0.5. Whenjr12j  0.5, every atom in
the sample is phase coherent with the other atoms in
sample and has equal probability amplitudes in statesj1l
and j2l, and no probability amplitude in statej3l. The
phase coherent atoms may be viewed as a strong ato
local oscillator. The spectral components of a third las
beam beat with the local oscillator and are converted to
corresponding spectrum of sum or difference frequenci

Following Kasapi et al. [2] we use EIT to prepare
the atomic coherence in a sample of optically thick P
vapor. This is accomplished by first applying the couplin
laser [Fig. 1(a)], followed by the probe laser, so as
adiabatically evolve the atoms from their ground sta
into a phase coherent superposition of statesj1l and
j2l. At our operating atomic density-length product,
resonant, weak-probe laser alone would see an absorpt
length product ofaL  3 3 105 and a transmission of
exps2aLd. This large opacity is cleared by EIT, allowing
undistorted image transmission through the medium [2,

Before describing the experiment, we will review som
previous work. Tewari and Agarwal [4] first noted how
phase matching in nonlinear generation can be co
0031-9007y96y77(21)y4326(4)$10.00
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trolled by using a resonant laser field. Harris, Field, an
Imamǒglu [5] noted the possibility of greatly improved
nonlinear optical processes by using EIT. The first e
perimental results were obtained in atomic hydrogen b
Hakuta, Stoicheff, and colleagues [6]. Jainet al. [7] ob-
served enhanced four-frequency mixing using EIT. Hig
phase-conjugate gain was observed by Hemmeret al. [8]
using coherent population trapping. The use of phas
coherent atoms for modifying the near-resonant refracti
index has been studied by Scully [9]. Kochrovskaya an
Mandel [10] have described the propagation of lasers
phase-coherent atomic media and Eberlyet al. [11] have
studied propagation in adiabatically prepared three-sta
systems.

The experimental setup in this work is similar to tha
of Refs. [2,3]. The two lasers in Fig. 1(a) create the larg
atomic coherence. The 406 nm coupling laser and t
283 nm probe laser are obtained from Ti:sapphire las
systems at 812 nm and 850 nm by frequency doubli
and frequency tripling, respectively. Each of these sy
tems is injection seeded by an external-cavity diode las
and operates in a single longitudinal mode with a lon
term (one week) frequency stability of under 100 MH
[12]. The pulse durations of the probe and couplin

FIG. 1. (a) A large atomic coherence,r12, is prepared by the
probe laser (283 nm) and the coupling laser (406 nm). (b) T
425 nm laser mixes with the coherence in (a) to generate a s
frequency at 293 nm.j1l, j2l, andj3l denote states6s26p2 3P0
(ground),6s26p2 3P2, and6s26p7s 3P1 of atomic 208Pb.
© 1996 The American Physical Society



VOLUME 77, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 18 NOVEMBER 1996

n-

is
r
be

lay

c-
n-

s

ion
xi-

c-
e.
ry
ex-
the
fi-
ut

y.

and
lasers are 22 and 39 ns, and the typical pulse energ
are 220mJ and 3.2 mJ, respectively. Using a three-pa
Ti:sapphire amplifier for the 812 nm laser, we are ab
to obtain several mJ of energy at the coupling laser. T
probe laser is focused more tightly than the coupling las
and thus the power densities for both beams in the
vapor cell are about 10–30 MWycm2. The third laser
used for the four-frequency mixing experiment is cho
sen to be 425 nm (frequency doubled, 850 nm) [s
Fig. 1(b)]. This laser has a pulse duration of 26 ns,
typical pulse energy of 400mJ, and a power density of
about 2 MWycm2. The generated signal at 293 nm has
pulse duration of 21 ns, a typical pulse energy of 16mJ,
and a power density of about 1 MWycm2. Its pulse shape
is similar to that of the 425 nm pulse.

The energies of all the laser beams are measured b
Molectron (model J4-09) detector. A Coherent (mod
Cohu 64) high-resolution beam profiler is used to sp
tially align the three input beams and to measure the
beam profiles at several points along the 10 in. atom
vapor cell. The average beam areas are then computed
calculating the mode volume for each beam and dividin
by the cell length. These areas for the probe, couplin
and 425 nm lasers are 0.075, 0.27, and 0.63 mm2, respec-
tively. The area of the generated beam is inferred to
the smallest of the three input beams.

We work in 99.97% isotopically pure lead vapor (208Pb)
and create an ideal three-state system by using op
sitely circularly polarized probe and coupling lasers. Th
425 nm laser is polarized with the same helicity as the co
pling laser, and the polarization of the generated beam
293 nm is measured to be circular with the same helici
as the probe laser. We use a 10 in. long (25.4 cm) sea
fused-silica sidearm cell operating at,940 ±C at a typical
atom density of about5 3 1015 atomsycm3. This density
is measured as in Ref. [2].

The data for this experiment is collected by fas
photodetectors connected to a 5 Gsampleys Textronix
TDS 684A four-channel, real-time digitizing oscilloscop
which is connected to a computer running LabVIEW
software. This system collects wave forms from a
four channels on a shot-by-shot basis. The data is la
analyzed, sorted by the timing of the probe/couplin
laser input pulses, and then plotted. We discard da
points where the peaks of the probe/coupling laser inp
pulses are separated by more than 10 ns. The data sh
in Figs. 2 and 3 are from individual pulses with no
averaging, while the data for Fig. 4 are averaged ov
30 shots.

In this experiment, we typically generate 16mJ of en-
ergy at 293 nm from an input energy of about 400mJ at
425 nm. We define the term, conversion efficiency, a
the ratio of the generated intensity at 293 nm to the inp
intensity at 425 nmin the spatially and temporally over-
lapped portions of the beams.Figure 2 shows the con-
version efficiency to 293 nm as a function of the 425 nm
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FIG. 2. Conversion efficiency vs 425 nm intensity. The co
version efficiency is constant at about,40%. For these data,
N  4.9 3 1015 6 20% atomsycm3, g

21
21  28 ns, and the

probe and coupling laser intensities are 12 and 30 MWycm2,
respectively.

intensity. We observe that the conversion efficiency
constant at,40% as the 425 nm intensity is varied ove
about 2 orders of magnitude. The intensities of the pro
and coupling lasers for this data are 12 MWycm2 and
30 MWycm2, respectively. The dephasing timeg21

21 of
the j1l j2l coherence is measured by the group de
technique of Kasapiet al. [2].

In Fig. 3 we show the conversion efficiency as a fun
tion of the coupling laser intensity. For this data, the i
tensities of the probe and 425 nm lasers are 11 MWycm2

and 1.9 MWycm2, respectively, and the cell density i
N  3.7 3 1015 atomsycm3. As the coupling laser in-
tensity is increased from a small value, the convers
efficiency first improves linearly and then reaches a ma
mum value of about 39%.

In Fig. 4, we show the conversion efficiency as a fun
tion of small detunings from the two-photon resonanc
The two-photon detuning is precisely controlled by ve
small changes in the frequency of the probe laser. At
act two-photon resonance (determined by maximizing
EIT effect for a weak probe beam), the conversion ef
ciency is about 10%. At a two-photon detuning of abo

FIG. 3. Conversion efficiency vs coupling laser intensit
For these data,N  3.7 3 1015 6 20% atomsycm3, g

21
21 ,

20 ns, and the probe and 425-nm laser intensities are 11
1.9 MWycm2, respectively.
4327
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FIG. 4. Conversion efficiency vs two-photon detun
ing. For these data,N  4.9 3 1015 6 20% atomsycm3,
g

21
21  14 ns, Ip  13 MWycm2, Ic  22 MWycm2, and

Ie  2.8 MWycm2. The maximum conversion efficiency
is ,20%.

20.5 GHz, we achieve a conversion efficiency of abo
20%. Small detunings from two-photon resonance aff
the phase of the probe and coupling lasers, thereby all
ing us to compensate for a small phase mismatch. T
data for Figs. 2 and 3 are collected at the optimal tw
photon detuning.

We now turn to a theoretical discussion of this wor
We consider a three-state system in the rotating wa
approximation and ignore the interaction of the pro
and 293 nm lasers with thej2l j3l transition and the
coupling and 425 nm lasers with thej1l j3l transition.
We assume an undepleted atomic coherence,r12. Writing
the Rabi frequency of theith field asViszd exps2jkizd,
the propagation equations for a frequency converter fr
Veszd to Vhszd are

dVe

dz
 2jber21Vhszd exps1jDkzd , (1)

dVh

dz
 2jbhr12Veszd exps2jDkzd , (2)

where Dk  sk12 1 ke 2 khd and k12  skp 2 kcd
is the k vector of the atomic coherence.be 
veN jm23j

2y2e0c"Dv3 and bh  vhNjm13j
2ys2e0c" 3

Dv3d, where Dv3 is the common detuning of the two
fields from statej3l. The quantitieskp , kc, ke, and kh

are defined to include only atomic contributions. F
copropagating fields in free space,Dk  0. With the
boundary conditionVhs0d  0, the solutions to Eqs. (1)
and (2) are

Veszd  Ves0d exps1jDkzy2d

3 fcossszd 2 jsDky2sd sinsszdg , (3)

Vhszd  2jVes0d exps2jDkzy2d fsbhr12ysd sinsszdg ,

(4)
where s2  sDky2d2 1 bebhjr12j

2. We note from
Eq. (3) that large conversion fromVe to Vh requires
4328
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sDky2sd ø 1. When jr12j is small, this condition
imposes a stringent phase matching requirement; ifjr12j

is made large, the phase matching requirement is grea
alleviated.

In this work, phase matching is accomplished b
adjusting thek vector,k12, of the atomic coherence using
a small two-photon detuning,Dv2. One may show that,
for small Dv2, kp ~ 2Dv2 and kc ~ 1Dv2; hence,
k12  skp 2 kcd , 2Dv2. For the conditions of Fig. 4
(Vp  3 cm21 and Vc  6 cm21), we find that the
phase shift of the atomic coherence isk12L  1p when
Dv2 , 20.3 GHz. Hence, we may correct for a sma
phase mismatch by a very small two-photon detuning a
no external phase matching agent is necessary.

For a phase matched interactionsDk  0d with maxi-
mal coherencesjr12j  0.5d, the density-length product
required for complete conversion fromVe to Vh has
a minimum value determined by

p
bebh L  p . The

density-length product used in this experiment is close
this value.

We next discuss numerical simulations of the expe
ment. We assume monochromatic fields and work w
a 3 3 3 Hamiltonian which includes all four fields. The
essential idea is that if the dephasing of thej1l j2l tran-
sition is neglected, we may take the atomic state vec
to be in a single eigenvector of the Hamiltonian. Th
dipole moment is computed from the components of th
eigenvector, averaged over the Doppler distribution, a
used to drive Maxwell equations. The modified fields a
used to update the Hamiltonian and the process is itera
Figure 5(a) shows the conversion efficiency as a fun
tion of two-photon laser detuning. A small, negative two
photon detuning maximizes the conversion efficiency,
agreement with Fig. 4. The peak conversion efficienci
predicted are a factor of 3 higher than those observed
perimentally. We believe that this is due to the neglect
the dephasing of the atomic coherence in this simulatio

To investigate the effect of dephasing on the atom
coherence, we performed a separate numerical simu
tion to solve the density matrix equations for a thre
level atomic system interacting with pulsed laser field
(propagation effects were ignored). The results of th
simulation are shown in Fig. 5(b). In the absence of d
phasingsg21  0d, maximal atomic coherence,jr12j 
0.5, is achieved. Dephasing of thej1l j2l transition re-
duces the magnitude of the atomic coherence.

Although the conversion efficiency from 425 to 293 nm
of the temporally and spatially overlapped portions o
the beams is approximately 40%, the overall efficienc
including the intensities of all beams, is 2.3%. Th
problem can be solved by increasing the 425-nm intens
and by using intracavity operation to enhance the intens
of the 406-nm radiation. The 406-nm field is generate
and not depleted during the conversion process.

We summarize the requirements for a nonlinear fr
quency converter which uses EIT to create a near-maxim
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FIG. 5. Numerical simulations. (a) Conversion efficiency v
two-photon laser detuning. The conditions for this simulatio
are the same as Fig. 4. Other parameters are two-pho
Doppler width 0.02 cm21, single-photon Doppler width
0.06 cm21, and 2g3  0.002 cm21 (at unity photon-to-photon
conversion, the intensity conversion efficiency may exce
100%). (b) The effect of dephasing,g21, on jr12j. For this
simulation, the probe pulse duration 22 ns, the coupling
pulse duration 39 ns, andVp  Vc  3 cm21. (I) g21 
0, (II) g

21
21  28 ns, and (III)g

21
21  14 ns.

atomic coherence: (1) It is essential that the pulse durat
of the probe laser be shorter than (or not substantially
ceed) the dephasing time of the coherence. (2) The int
sity of the coupling laser must be sufficiently large so th
its Rabi frequency exceed the inhomogeneous linewid
of the j1l j2l transition. (3) To allow sufficient time for
preparation, the number of photons in the coupling las
pulse must exceed the oscillator strength weighted num
of atoms in the laser path [13].
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We have shown how to perform efficient frequenc
conversion by using a near-maximal atomic coheren
prepared by EIT. This method allows conversion efficien
cies very much larger than those obtained by tradition
nonlinear optical techniques. Extensions to the vacuu
ultraviolet and the infrared regions of the spectrum a
likely.
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