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Two laser beams at frequencies vl and v2 are used to produce nonlinear scattering (wave mixing)

in I2 vapor at frequency 2vl+&2. The scattering results from near-resonant allo~ed transitions in I2

molecules and is observed to be anomalously strong when both laser beam frequencies are detuned in

the same direction from frequencies corresponding to resonance in the free molecule. The strong
scattering is interpreted in terms of a resonantly enhanced ac Stark shift caused by a configuration
interaction between the "dressed molecular levels. " By tuning the two pulses simultaneously, a tun-

0
ing range of approximately 2 A (SO cm ') is achieved in the mixed wave. The scattering process
should therefore have practical application in the efficient generation of tunable coherent radiation
in the ultraviolet and vacuum-ultraviolet range of the spectrum. Some of the spectroscopic proper-
ties of the three-quantum state at E-53000 cm ' are studied.

I. INTRODUCTION

The ac Stark shift' of atomic levels is one of the funda-
mental atomic parameters in the interaction of light and
matter. The effect of the shift on the state of a two-level

atomic system has been widely studied in spontaneous
emission and absorption to a third level as well as in
stimulated processes. Recently, parametric amplification
utilizing the nonlinear response of a two-level system has
been shown ' to lead to the generation of tunable radia-
tion in the visible region of the spectrum. In contrast the
ac Stark effect in a four-level system has received little at-
tention. Here we report the observation of an apparent ac
Stark-effect-enhanced nonlinear scattering (wave mixing)
in a four-level system derived from the vibronic rotational
states of the iodine molecule.

The ac Stark effect in a four-level system has some in-
teresting characteristics as compared with the case in a
two-level system. As an example, in the case of a two-
level system the main peak in the coherent scattering
spectrum has the same frequency co as that of the input
laser beam and may not be easily detected. For this
reason the side bands at frequencies to+0 (where 0 is the
generalized Rabi frequency) are often the main object of
interest. In a four-level system, the main peak of the non-
linear scattering has a frequency (2to+to') different from
that of the input light at frequency to and co' and can be
detected directly. Resonance in the nonlinear scattering in
a nearly resonant four-level system is believed to be
caused by the interfering and mixing of the energy levels
of the system which is composed of the molecule and the
field (or "dressed molecular levels" ). This is similar to
the configuration interaction of atomic and molecular en-

ergy levels in the conventional antilevel crossing spectros-
copy.

Resonant wave mixing in a nearly resonant four-level
system may also have practical application in the efficient
generation of tunable coherent ultraviolet and vacuum-
ultraviolet light. As compared to the method of uv light

generation by two quantum resonant wave mixing in an
atomic vapor with an additional resonance in an autoion-
izing state, ' the method described here allows for a wider
range of tunability with approximately constant output,
and may also result in a higher ultimate conversion effi-
ciency. Resonant wave mixing in atomic vapor is general-

ly limited by saturation and has a maximum conversion
efficiency of approximately 10 —10 . Because the pro-
cess described here involves no exact resonance, saturation
effects may be less serious.

Specifically in the process considered here two tunable
dye laser beams with frequencies cot and co2 are used to
achieve near resonance in Iz vapor. With the two beams
incident on the vapor the nearly resonant vibronic rota-
tional states of the I2 molecule can be modeled by a four-
level system. The energy levels of this system are depicted
in Fig. 1 for different strengths of interaction between the
molecule and the laser field, with the levels of the free
molecule denoted ~0), ~1), ~2), and ~3). We define
four detuning parameters in terms of the frequency differ-
ences between the latter levels and the frequencies of the
two laser beams as follows:

fi
=0& —CO}~ =02—2COl

Here 5 represents the detuning of the cotnbined beams
from resonance with the overall transition and is expressi-
ble as 5=6,i+6,2. In a resonant wave mixing process in
the absence of an ac Stark shift, the scattered signal at fre-
quency 2' l+ co& is expected to be maximized for
2'&+co2 ——Q3 or 5=0. In contrast, in the presence of the
Stark effect, we find the signal at 2toi+to2 to be maxim-
ized when both the detunings A2 and A3 have the same
sign, and 5 is therefore appreciably different from zero.
This means that resonance in wave mixing is observed
where the incident beams are not in resonance with either
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FIG. 1. Energy-level diagram for system considered. (a) En-

ergy levels of free molecule shown in relation to laser photon en-

ergies. (Size of the detunings b, &, h2, and 5 is exaggerated. ) (b)
Particular set of energy levels of the total system of molecule
and laser field in the absence of interaction. (c) Energy levels of
the total system in the presence of the ac Stark interaction.

the one, two, or three quantum transitions. As a result a
large output signal can be obtained for frequencies in an
apprecible range on either side of 0&, and therefore, the
mixed wave signal can be tuned over a significant range.

The technique of achieving resonance in one and two
quantum transitions simultaneously with a single laser
beam has been discussed before. " In Fig. 2 the transition

t
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FIG. 2. Curves determining the energies (in terms of wave
number) of the

f
0)-

f
I) and (0)-

f
2) transitions in the Iq mol-

ecule for different angular momentum values J. The solid and
dashed curves graph, respectively, the wave number (versus J)
of the

~

0)-
~

I ) transition and one-half the wave number (versus
I) of the

~

0)-
~

2) transition. At the wave number (value d)
corresponding to the crossing point of the two curves the laser is
tuned to be simultaneously resonant with the one and two quan-
tum transitions in molecules with angular momentum J =56.
At the wave number (value e) shifted from the value d by ap-
proximately 50 GHz, the laser is detuned from resonance with
both the one and two quantum transitions in molecules with
J=58 by only about 12 GHz.

frequency of the one quantum transition,
~

0)-
~
1), and

half the frequency of the two quantum transition ~0)-
~
2), in a particular vibrational band are plotted separate-

ly as abscissa versus the angular momentum J of the mol-
ecule in its ground state. The condition of simultaneous
resonance in the

f

0)-
/
1) and

f
1)-

f
2) transition is sa-

tisfied for a molecule which has the value of angular
momentum corresponding to the intersection of the two
plots (J =56 in the diagram). It can be seen that, even
with the frequency of the laser light detuned from the fre-
quency corresponding to the "double resonance, " there is
a wide range of frequency for which the detunings from
the two resonances corresponding to some particular an-
gular momentum value are relatively small. For example,
at the frequency v(e), shifted from the frequency v(d) by
50 GHz, the detunings from the two resonances for a
molecule with J =58 in its ground state are each only
about 12 0HZ. As a result, a laser beam with an ap-
propriate frequency and an intensity such that the Rabi
frequencies for the transitions

[
0)-

[ 1) and
/

1)-
/
2)

have values of several GHz can induce molecular transi-
tions between the ~0) and

~
2) levels efficiently over a

wide range. If this beam is combined with a second laser
beam tuned to be in near resonance with a transition from
level ~2) to a third excited level

~
3), the combined

beams can result in efficient excitation of level
~
3) and

consequently production of coherent uv radiation corre-
sponding to the transition

~

3 )-
~
0) . Previous work based

on comparison of the input power dependence of triply
resonant wave mixing and that of doubly resonant third
harmonic generation indicates that a moderately focused
beam with an intensity of 2 mJ/pulse (pulse duration —16
ns) and a linewidth of 10 GHz has Rabi frequencies of ap-
proximately 2 GHz (Ref. 12) in I2 vapor and is suitable
for efficient generation of uv radiation via a triply near
resonant process with two beams.

In this work the experimental result on near-resonant
nonlinear scattering will be discussed first. A qualitative
comparison with the prediction of a simplified semiclassi-
cal theory which assumes the Rabi frequencies small as
compared to the laser frequency detuning will then be dis-
cussed. A general theory which applies to the case that
the Rabi frequencies are comparable to or larger than the
detunings is complicated and will be presented in another
paper. Effects of damping on the intensity and shifting of
the resonant nonlinear scattering are interesting but com-
plicated and will also be neglected in this work.

II. EXPERIMENT

The experimental setup of this work is shown in Fig. 3.
A Molectron DL-II dye laser pumped by a Molectron
MY-32 Nd:YAG (neodymium-doped yttrium aluminum
garnet) laser provides 16-ns pulses for two-photon excita-
tion of the

~

0)-
~
2) transition in the I2 inolecule. The

bandwidth of the beam is approxim. ately 0.1 cm ' and the
power is approximately 3 mJ/pulse. By use of a 50-cm
focal length lens the beam is focused to a cross section of
approximately 0.1 mm at the center of a 1-cm-long cell
containing pure I2 vapor at room temperature (vapor pres-
sure -0.3 Torr). The wavelength of this beam is tuned to
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FIG. 3. Diagram showing arrangement of apparatus used in
observation of near-resonant wave mixing process. Beams from
dye lasers 1 and 2 are combined collinearly via a Gian prism
(GP), and converted into two oppositely circularly polarized
beams by adjusting of the compensator (BC) for A, /4 retarda-
tion. After passage of the combined beams through the I2 cell
the high-frequency mixed-wave signal is detected by a uv sensi-
tive photomultiplier tube (PMT), averaged by a boxcar integra-
tor and recorded on a chart recorder. In the first part of the ex-
periment the wavelength of beam 1, A,(1), is fixed at a value near
that which produces a maximum in the third harmonic signal
and the wavelength of beam 2, A,(2), is scanned to find a max-
imum in the mixed-wave output.

0
give maximum third harmonic in the vicinity of 5630 A
so that the beam is resonant with transitions

~

0 }-
~
1) and

~

I )-
~
2) simultaneously with the compensator BC shown

in the diagram adjusted for zero retardation. A second
laser beam of wavelength A,(2} is combined collinearly
with the first beam by means of a Gian prism and focused
in the sample cell by means of a 40-cm focal length lens
to approximately the cross section of the first beam. The
second beam is provided by a National Research Group
DI.03 dye laser pumped by the same Nd:YAG laser. It
has an intensity of approximately 40 p J/pulse and a band-
width at half maximum of about 0.7 A (with an intensity
decreasing slowly to zero outside the central band). Back-
ground third harmonic radiation produced by either beam
separately is eliminated by conversion of the two linearly
polarized beams into oppositely circularly polarized
beams via adjustment of the compensator for quarter
wave retardation. The mixed wave at frequency 2vi+v2
is separated from the laser beams by a prism, filtered by
two narrow band uv interference filters and detected by a
uv sensitive tube (EMI 6-266-315). The output signal is
averaged by a boxcar integrator and displayed on a chart
recorder. A strong resonance in the mixed wave is ob-
served when the second beam is tuned to a resonance in
the

~

2)-
~
3) transition. A discussion of the spectrum of

the mixed wave as well as its input power dependence will
be given in another paper. Here we will concentrate on
how the intensity of the signal depends on the wavelength
of the two ipput laser beams with A,(1) tuned in the vicini-
ty of 5630 A and A,(2) tuned in the vicinity of 5787 A.

In Fig. 4(a) we plot (in arbitrary units) the intensity of
the uv radiation detected versus the wavelength of laser

~ (dj
(b&

FIG. 4. Intensity of the mixed-wave signal for various wave-

lengths A,(1) and A,(2) of the incident laser beams. (a) k{1)tuned

to be simultaneously resonant with the
f

1 }-
[
0) and

f

2)-
f
1)

transitions and A(2) tuned to be resonant with the
~

3)-
~

2)
transition. (b) A,(1) detuned by 0.1 A from case (a), A.(2) un-

changed. (c) A,(1) detuned by 0.1 A from case {a), A,(2) detuned

by 0.3 A from case (a). (d) A.(1) detuned by 0.1 A from case (c),
k(2) unchanged from case (c). (e) A.(1) detuned by 0.1 A from
case (c), A, (2) detuned by 0.2 A from case (c). By continuation of
the process of adjustment of A, (1) and k{2), a large mixed-wave

signal can be obtained over a tuning range (in the output) of ap-
0

proximately 2 A.

beam 2 with the wavelength of laser 1 tuned to a set of
different values in the vicinity of the resonance value for
the transitions

~

0)-
~

I } and
~

I }-
~
2). Figure 4(a) shows

the uv intensity in the case that A,(1) is tuned to simul-
taneous resonance with the

/

0}-
/

I ) and
/

1)-
/
2) transi-

tions and A, (2) tuned to resonance with the transition

~

2)-
~

3). With A(2) fixed at this resonance value, Fig.
4(b) shows the decreased value of the uv intensity result-
ing from an increase in the value of A, (1) by 0.1 A. With
l(1) fixed at this detuned value, Fig. 4(c) shows that the
uv intensity is again increased when the wavelength A,(2)
is also detuned from its resonance value by an increase of
about 0.3 A. Parts (d)—(h) of Fig. 4 show the results of
continuing the process of increasing first k(1) and then
A,(2) so as to decrease and then increase the output uv in-
tensity. This process allows high-intensity uv radiation to
be obtained over a tuning range of more than 4 A in A,(1)
and 6 A in )i.(2}. Interestingly, the highest-intensity uv ra-
diation is generated for detunings in the wavelengths A.(1)
and A,(2) which are both nonzero and of the same sign
As a consequence the maximum in the uv light generated
in this process has a tuning range of over 50 cm '-2 A
{the precise range being somewhat a function of the input
power). Since the I2 cell is optically thin and the optical
path is much shorter than the coherence length (-5 cm),
this phenomena can not be explained in terms of an in-
crease in the coherence length.
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The intensity of the uv radiation measured as a func-

tion of the wavelength of the second beam for a set of
values of the wavelength of the first beam is shown in Fig.
5. The power of the first beam is fixed at 2.5 mJ/pulse.
It is tempting to interpret the two peaks shown in each of
the separate plots in terms of the P and R branches of
some vibrational band of the

~

3)-
~
0) transition, but as

will be explained below, this interpretation appears in-

correct. Figure 5 indicates again that the maximum uv

radiation is generated where the detunings of k(1) and

k(2) from their free molecular resonance values are both
nonzero, and that as the detuning in A,(1) is increased, the
uv radiation is maximized only when the detuning in A,(2)
is also increased.

The uv intensity at the maximum of the two peaks
shown in Fig. 5 is plotted in Fig. 6 as a function of the
wavelength of the first beam for two different beam 1 in-

put powers of 2.5 and 0.6 mJ/pulse, respectively. Max-
imum intensity in the nonlinearly scattered (mixed) wave

seems to be periodic in the wavelength of beam 1 with a
period roughly equal to the separation between resonances
associated with adjacent J values. A comparison of Figs.
6(a) and 6(b) indicates that the variation in the intensity of
the uv light decreases with the input power of beam l.
Fig. 6(c) shows the intensity of the third harmonic gen-

erated by beam 1 alone when it is linearly polarized and
has an intensity of 0.6 mJ/pulse. Comparison of parts (a)
and (c) of Fig. 6 indicates that the uv light generated in

nearly resonant wave mixing can have a much larger tun-

0/AVELENGTH OF EIEpM ] (&)
FIG. 6. Intensity of the mixed-wave signal at its maximum

as a function of A,(2) versus the wavelength A.(1) of beam 1. The
closed (~ ) and open (0) circles represent, respectively, the
values corresponding to the first and second peaks in Fig. 5.
The input power of beam 1 is 0.6 mJ/pulse in the case of curves

(a) and 2.5 mJ/pulse in the case of curves (b). For comparison,
curve (c) shows the intensity of the third harmonic radiation
generated by beam 1 alone when it is linearly polarized and has
a power of 0.6 mJ/pulse. The verticle scales for the three sets of
curves are different.

able range as compared with the technique of third har-
monic generation. The magnitude of the peak uv intensi-

ty generated in the near resonant wave mixing process is
surprising, as is the common sign of the detuning in A,(1)
and A,(2) required to produce the peak in the wave mixing.

III. THEORY AND DISCUSSION

b2

WAVPLENGTH OF (3PPM 2 (5)
FIG. 5. Intensity of the mixed-wave signal versus the wave-

length A,(2}of beam 2 for a set of values of k(1), with the power
of beam 1 fixed at 2.5 mJ/pulse. A,d corresponds to crossing
point of the curves of Fig. 1. (a) A,(1)=A,q+ 1.7A, (b)
A,(1)=A,d+0. 3 A, (c) A,(1)=Ed+0. 1 A, (d) A.(1)=i.d, (e)
A,(1)=kq —0.2 A, (f) A,(1)=i,d —0.8 A. Plots indicate that the
intensity of the mixed-wave signal is largest when the wave-

lengths of both beams are detuned in the same direction from
the values corresponding to resonances in the free molecule.
The mechanism responsible for the two peaks is not well under-
stood.

In order to discuss the mechanism of resonant non-

linear scattering in a nearly resonant four-level system it
is instructive to consider the energy-level diagram of the
four-level molecule shown in Fig. 1. The nondegenerate
levels

~
0),

~
1),

~
2), and

~
3) have energies

0, fiQi, RQz, and A'Q&. The electric field associated with
the two laser beams at time t and position r is described
by

E(r, t) =E,(r, t)+E,(r, t) .

E;(r, t) = 5';(r, t) exp{—i~;t+k;.r)+c.c., i =1,2 .

The amplitude functions gr';(r, t) can be assumed to be
slowly varying functions of t which change only slightly
in the time interval 1/~;, and for simplicity it is assumed
that the electric field can be taken to be linearly polarized
in the x direction. In the current experiment, the beams
are circularly polarized but this makes no fundamental
difference in the theory. Since the generated wave is
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much weaker than the input beams, its field is neglected
in the above formula. With near resonance in all three al-
lowed transitions, the detunings of the two laser frequen-
cies from resonances in the free molecule can be written as
5)/()r'=Q) co—) ((co), bz/fi=Qz —2co) ((co) and 5/fi
=03—2~~ —co2&&~~,cu2. In this work we will hold 5~
and b,z at constant values and vary 5 to fr'nd the max-
imum in the nonlinear scattering.

The time evolution of the wave function of the mole-
cule is determined by the equation

= —i' '(H, +V)g(t) . (3)

Here Ho is the Hamiltonian for the unperturbed molecule
and V is the molecule-field interaction potential defined
by

(4)

a'ab, z5

b 'b5+ c'cd, )
—b, ) b, z5

(13a)

nalization of the matrix H„. In the limiting case of ex-
tremely weak fields F) and Ez, a-b-c-0 and the
eigenvalues reduce to

g(o) () g(0) g g(0) g g(o) (12)

In the case of weak pumping beams, the system of light
and molecule has groups of levels at energy
0, fiQ) R—co) ——b, ) RQz 2—%co) b,z,

——and fiQ3 2—Rco)
fi—coz 5—(—+nfau) +n Vicoz}, as shown in Fig. 1(b). As the

light intensity increases, the molecule-field interaction V
can no longer be neglected and these "dressed molecular
energy levels" are shifted by the ac Stark effect as shown
rn Frg I«) Assumr'ng ~) ~z»&

I
a

I

has

where p is the dipole moment operator. The matrix ele-
ments of this operator are represented as

a aA)=b)+
1

b'b
~2-~i ' (13b)

P;=

We take the basis vectors
~

i ) to correspond to the four
time-independent eigenstates of Ho shown in the diagram
of Fig. 1(a). Equation (3) can be simplified by re-
expressing it in terms of an interaction picture wave func-
tion rti„(t), defined by

b biz(5 —Az)+cc'Az(5) —i(z)+a'ac'c
A,z=—hz-

Az(h) —Az)(5 —)(z)+a 'a(5 —Az)

cc'A.z(bi ,)()z+ a* —ca*c
)(.z =-5—

)(3(+) ~z)(+z A3) b'biz —'a(ah —
z
—A3}

(13c)

p„(t)=e'A'g(t),

with

0 0 0 0
o ~, o o

O O 2 O

0 0 0 2coi+c02

The equation for rt) (t) then becomes

dg„(t)
i fi 'H„t/r„( t—),

(7)

(8)

where

&iAT(H + V gg) iAt—

0 a* 0 0

(10)

0 0 e 5

Here a = —p)OS'( exp(ik. r), b = —pz) 8') exp(ik. r}, and
c — p3z 8 z exp(ik r). Since H„ is now time indepen-
dent, Eq. (8}can be easily integrated to give

(ti„(t)= exp( rA 'H„t)f„(to) .—

The evaluation of Eq. (11}can be simplified by diago-

By use of the familiar rotating-wave approximation to el-
iminate the rapidly oscillating antiresonance terms, 8„
can be reduced to

(13d)

Because the eigenvalues occur on both sides of formulas
(13c) and (13d), these formulas are valid even when a and
b are not small as compared to b, (, b,z, and 5. In general
the shifts 1,; —A, ';

' of the eigenvalues of H„ from their
weak field values are small. However, because of the en-
ergy denominators in the above formulas, the shifts of the
dressed levels

~

2') and
~

3'} are resonantly enhanced and
this can significantly affect the tuning of the laser beams
required for resonant nonlinear scattering.

Evaluation of the eigenvalues allows the eigenvectors S
of H„ to be determined from the relation SH„=AS.
Equation (11) can then be used to calculate the nonlinear
dipole moment P(2co)+coz)=p&odo&+c. c., which deter-
mines the intensity of the scattering at frequency
2')+coz. For given b, , and hz this quantity can be shown
to have a peak value when the ac Stark shift, A,

&
—5, of

state
~

3') has a maximum value and states
~

3'} and
~

2'}
have a maximum mixing. A straightforward calculation
shows that the maximum shift in state

~

3'} occurs for a
value of 5 given approximately by 5=hz+b*b/(Az —b, ) )
which reduces to b z+'bb(/b, —

z b, )) when hz is much
larger than

~

b
~

. As a result the detuning of the second
laser b& 5 hz- 5 A. &——-b—'b/—(6z—b)—), has the —same
sign as the detuning of the first beam, h~-h2/2, at the
peak of the mixed wave scattering. Neglecting damping, it
can also be shown that the resonance in the ac Stark shift
A 3 5 has a linewidth of approximately ~

c ~, which is the
approximate value of the shift at its maximum. At small
detuning of A,(1) from i(,~ the ac Stark shift of level

~
3)

produced by the first beam may be mostly responsible for
the detuning of the second beam. Since the resonance in
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the wave mixing is apparently caused by the ac Stark ef-
fect the mixed wave is expected to disappear whenever the
laser beams are turned off. The wave mixing can there-
fore be interpreted as scattering (similar to Raman scatter-
ing) rather than as fluorescence.

A few words should be said about the properties of the
three quantum state

~

3). The experimentally observed
fact that bA(2)=1.5b,A(1) at large bA(1) indicates that
the transition frequency Q3 —Qi decreases with increasing
J values as does the transition frequency 0,—Qo shown
in Fig. 1. This suggests that the rotational constant of
state

~

3} is less than that of state ~2}. The rotational
constant 8(3)-0.012 cm ' of state

~
3} can be deter-

mined from the relation bv=M(J'(J'+1} —J(J+1)},
where b,v is the detuning of the second beam correspond-
ing to bA, (2) —1.8 A, J-56, J'-60, and
b,8=8(2}—8(3). The average intermolecular distance
determined from the computed value of 8(3) is approxi-
mately 5 A. This 8 value, however, is not consistent with
the value of 8(3)-0.04 cm ' derived by assuming that
the two resonances of Fig. (5) belong to the P and R
branches of a vibrational band. It may be reasonable to
identify the three quantum state as the state D which has
been studied with the conventional spectroscopic tech-
nique involving excitation of the Iz molecule with several
light sources of wavelength less than 1900 A, ' which
technique gives the inconsistent values R =4.63, 3.64, 4.1,
and 3.8 A for the distance between the iodine atoms where
the internuclear potential is a minimum. Since the values
of R derived by the conventional technique are incon-
sistent with one another, the coherent technique developed
in this work may be valuable in the determination of the
properties of the state D If one a.ccepts the 8 value of
0.012 cm ' determined directly from the J dependence of
the

~

3 }-
~
2} transition, the two scattering peaks in Fig. 5

cannot be interpreted as the P and R branches of a vibra-
tional structure since this interpretation leads to a 8 value
of 0.04 cm '. Since the state responsible for the two reso-
nances have similar properties (rotational and vibrational
constants as well as symmetry), the connection between
them is interesting but not well understood.

It should be remarked that maximum mixing between
state ~0'} and

~

3') at 5-0(b,A,(2)- —25K(l) at small
b, A,(1) will also maximize the nonlinear dipole moment
P(2' i+ ro2). However, in the current experiment no

strong uv light signal is detected for a detuning
bA, (2)= —26K,(1). Since the transition from state

~
0) to

~

3} is allowed by energy conservation for this detuning,
the resonance in this case may be mainly responsible for
fluorescence. Resonant enhancement of the scattering for
the case that states

~

I') and
~

3') are nearly degenerate is
also predicted and may also contribute to the signal
detected in our experiment.

IV. CONCLUSION

In conclusion we have observed strong resonance in the
nonlinear scattering produced by a nearly resonant four-
level system. The resonances are interpreted in terms of
resonantly enhanced ac Stark shifts caused by the configu-
ration interaction of the "dressed molecular levels. " Be-
cause the main scattering peak corresponds to a frequency
2vt+vi, which is different from the frequencies of the
primary laser beams, v~ and v2, the process described here
seems suitable for study and comparison of the dynamics
of nonlinear scattering and fluorescence in the case of
resonant and near-resonant excitation. As in the case of a
two-level system, side bands oscillating at 2v, +v2+A, ;/Jt
are also predicted in the case treated here and may also be
useful for the study of the dynamics of coherent excita-
tion.

The preliminary experimental results also indicate that,
with all transitions detuned from exact resonance, the
mixed wave can have an intensity higher than that gen-
erated where the detunings from exact resonances in the
free molecule are all zero. Since there is no exact reso-
nance in the approach described here, it may be less sensi-
tive to the mechanism of saturation and may correspond
to a longer coherence length in the vapor. Currently, a
continuosly tunable range of approximately 50 cm
(2 A) with roughly constant output is achieved. Howev-
er, because the tuning range can be further increased by
tuning the second beam to a different vibrational band the
m axed wave is essentially continuously tunable over
several hundred A. Because of this, ac Stark-effect-
enhanced nonlinear scattering in a nearly resonant four-
level system should have practical application in the effi-
cient generation of tunable coherent light in the ultraviolet
and vacuum-ultraviolet region of the spectrum.
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