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Detailed measurements have been made of degenerate four-wave mixing (DFWM) in a resonant homogeneously
broadened gas. The measurements were performed in SF, using a pulsed CO, laser operated on the 10.4-p m branch.
A pulse width of 1.2 nsec was used to reduce effects of collisional relaxation. Data are also presented for pulse
widths of 140 nsec. At high-energy fluences {-0.1 J/cm ) pulse breakup is observed and is believed to arise from
multiple-photon effects. The data obtained with the short pulse width are compared to a four-level saturable-

. absorber model where excellent agreement is obtained when pump absorption is included. The qualitative behavior
of DFWM due to dispersion is also demonstrated in the wings of the SF, absorption spectrum. Peak reflectivities of
38% were readily obtained. In addition contributions due to a coherent three-level nonlinearity are presented
showing a contribution equal to the measured saturable contribution.

INTRODUCTION

Degenerate four-wave mixing (DFWM) is a
third-nonlinear optical process being studied
by our group and others for application to basic
studies of atomic and solid-state systems (e.g. ,
high-resolution spectroscopy and carrier diffusion
rates} as well as optical phase conjugation (wave-
front reversal) in real imaging or focusing sys-
tems. 'The latter permits correction of optical
systems when performance is limited by aberra-
tions and dispersion.

The high-resolution-spectroscopy capability of
DFVfM was first experimentally recognized by
Liao and colleagues in sodium. ' Using a tunable
narrow band cw dye laser they measured sub-Dop-
pler line shapes on the Ss'S~, —Sp 2P,~, one-photon
transition in sodium. Lam et al. have shown that
using the same transition in sodium they were
able to isolate the Zeeman coherence using
DFWM. ' Additional measurements are under way
by both groups to study collision effects and ex-
cited state nonlinearities, respectively. Using a
pulsed dye laser, Liao showed that DFWM could
also be used to perform Doppler-free measure-
ments of the collisionally induced transverse re-
laxation rate on the two-photon transition Ss-4d
in sodium. ' This technique was used by Steel and
Lam' to measure the collisionless dephasing rate
in SF,. The theoretical description for DFWM in-
cluding motion has been given by Wandzura' for
one-photon processes and by Lam' and Sargent'
for two-photon processes showing the Doppler-
free property. The use of DFWM for high-reso-
lution spectroscopy has recently attained increased
importance because it has been demonstrated that
near shot-noise limited detection may be achieved
usia heterodyne detectors. '

DFWM was first proposed by Stepanov' for phase
conjugation using a real time holographic descrip-
tion. Since the inception of off-axis holography, it

has been realized that if the reconstruction beam
is conjugate to the reference beam, a "pseudo"
image is produced that is phase conjugate (wave-
front reversed) to the original image produced by
the scene beam.

A review of DFWM and phase conjugation in
third-order nonlinear materials is given by
Yariv. " The phase-conjugate and nonlinear prop-
erties have been investigated in many graups with
gain in the signal eventually being observed in
CS, (Ref. 11) and Si (Ref. 12). In contrast to these
materials, Abrams and Lind" 'have shown theo-
retically that two-level resonant absorbers can
provide a medium capable of yielding gain at much
lower intensities. Many resonant systems includ-
ing rubidium, '4 sodium, '"""CO, (Ref. 1V}, and
SF, (Ref. 18}have been shown to manifest the ex-
pected nonlinear response with gains in excess of
100 observed in sodium. The pulsed experiments
in sodium and rubidium were performed in the
adiabatic following limit.

This paper presents experiments and comparison
with theory of DFWM using SF, as the resonant
saturable absorber and a pulsed C02 laser. In an
earlier paper, we presented preliminary paramet-
ric data and results demonstrating phase conjuga-
tion in the presence of severe aberrations. The
present work presents an experimental study in
both the long-pulse (~~ a T„) and short-pulse (7~

&T„) regime where T„ is a characteristic relaxa-
tion time'in SF,. For the short-pulse limit ex-
cellent agreement is obtained with an improved
version of existing two-level theory. A four-level
model similar to Brunet" was assumed and pump
absorption was included in a phenomenological
way. Effects of motion can be ignored' in the
short-pulse limit but are important for longer
pulses. ' In addition we present data obtained
using a two-photon resonance that also provides
returns comparable to the usual one-photon pro-
cess. The two-photon process is often referred to
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as a coherent process (in the atomic sense involv-
ing T, 'relaxation rates) where as the one-photon
process is incoherent since the latter effect in-
volves population effects (T, ' relaxation rates).
Detailed understanding of the various physics
contributing to DFW1VI in resonant systems has
been demonstrated to be critically important to
the design and interpretation of high-resolution
spectroscopy experiments.

Detailed measurements and comparison with

theory has also been made for cw DFWM in SF,
i

under inhomogeneous broadening conditions.
Large returns (R -0.2%) has been obtained along
with relatively high spectral resolution (b, v -5
MHz}. This work is to be published separately. "

REVIEW OF THEORETICAL MODEL
FOR RESONANT DFWM

In general, the analysis proceeds based on the
third-order nonlinear response of an isotropic
medium. The general configuration is shown in
Fig. 1. Two pump beams (E~ and E,) are incident
on the medium and are in general (though not
necessarily) counter propagating. It is assumed
that the pumps are aberration-free plane waves.
The proble (E~) is then incident at some angle 8

with respect to the forward pump (E~). The signal
(E,) is produced by the nonlinear polarization,
which in general is given by

where

= Sy (E ~ E)E

&

hagi
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3 is the degeneracy factor, and i is summed over
forward, backward, probe, and signal.

For DFWM, the phase-matching conditions are
given by

CO~+ (d& —CO —CO = 0s

%, +%, -%, -%, = 0.
The polarization for the signal wave can then be

written as

NL (3)p (~ =~, +~~-~,)= 2X-, (E& E,}E~.

+ —', pic}(X, ~ E ~ )Xi

+ 2}lp '(E~ 'E~)E,*+c.c. (4)

A similar expression for $~~" is found with E~ -E, .
One then proceeds to solve the coupled Maxwell

wave equations between the signal and the probe.
The details of this general calculation can be found
elsewhere. " Physically, the first two terms
usually represent an interaction between the probe
and one of the pumps producing a spatial modula-
tion of the index which results in a scattering of
the remaining pump. The third term generally re-
presents a coherent term. It can result from a
two-photon resonance with a sealer susceptibility
oscillating at 2&v, g, ~ Ez). However, it can also
result from a coherent coupling between the probe
and a pump producing a tensor susceptibility,
N,E, ) or (E,Eg).

Although' in typical X
' materials the nonlinearity

produces purely refractive changes, in resonant
saturable absorbers both nonlinear refractive and
absorptive changes can occur via incoherent and
coherent atomic interactions. In materials with
large absorption and low saturation intensities,
these effects can be quite large compared with
those more common nonlinear materials such as
CS, and Ge.

In the absence of pump absorption or depletion
and no motion a rigorous derivation of the non-
linear response of a two-level saturable absorber
may be made" by assuming a homogeneously
broadened saturating two-level system described
by the susceptibility X(E):

2o., (i+ 6)
I (I+ 5'+ iE/Z, i') '

where 6 = (&o —~0)T2 is the normalized laser de-
tuning from line center,

~ E, I' = A'/T, T2p,
' is the line

center-field saturation parameter, no = p'b, &~T2k/

2e h is the line center small signal field attenua-
tion coefficient, k = ~/c, and T(T,) is the longitud-
inal (transverse) relaxation rate. Assuming E = E,
+ ~, where ED= E&+E~ and AE =E~+E, and ig-
noring pump absorption, the polarization is ex-
panded about E, assuming r E/Eo«1. Using this
expansion of the fields given in Eq. (2}, the coupled
equations of interest are

E F
S

FIG. 1. Geometry for DFWM. In general, the pump
beams (E& and E&) are counter propagating. In this
case the signal (E~) produced by the nonlinear response
is counter propagating to the probe (E&).

dE,' = eE, + j~Ep+,

~ = —e+E~+ EKE (6)
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where

where

av= (~X(' o')~' (10)

A plot of the ref lectivity for various parameters
is shown. in Fig. 2. Several interesting properties

and I,' = I,(1 + 5') is the frequency-dependent sat-
uration intensity and n is the index of refraction
including the nonlinear anomalous dispersion. In
this case the reflection coefficient (the ratio of
signal intensity to probe intensity) is given by

(X sinwL ('

can be seen by studying the figure. In an absorb-
ing medium when 5 = 0 (i.e., line-center opera-
tion), the dispersive contribution is zero resulting
in a purely absorptive interaction. However, if the
laser is detuned, the dispersive contribution be-
gins to dominate the absorptive contribution for
I/I, »1. The absorption becomes negligible and
the reQectivity can easily exceed that obtained on
line-center operation with gain readily obtained
(R &1). For completeness, curves are also shown
in Fig. 2 for an inverted two-level syste~, char-
acterized by a g,l (where g, is the electric field
gain per unit length). In general, the two-level
system has a resonance condition established by

which manifests itself as a singularity. The
singularity is eliminated if the system is
treated by a fully nonlinear theory to allow for
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FIG. 2. Reflectivity as a function of the normalized laser intensity. Curves on the right (solid line) are for absorp-
tive two-level systems and curves on the left (dotted line) are for an inverted two-level system.
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pump depletion.
The above discussion pertains to the first two

. terms of the polarization given in Eq. (4). The
third term, called the coherent interaction term,
can be generated by various interactions in a reso-
nant system. Of particular interest is the con-
tribution in a three-level system described by a
two-photon resonance. The description assumes
three levels with levels 1 and 2, and 2 and 3 con-
nected by dipole-allowed transitions. The prelim-
inary description of this interaction has been given
by Liao, Economou, and Freeman, ' and Steel and

Lam. ' A detailed description of two-photon DFWM
is given by Larn' and Sargent. ' This term can best
be understood by considering the simultaneous in-
teraction of the forward and backward pumps pro-
ducing a two-photon coherent excitation between
states

~
1 & and

~
3 & oscillating at a frequency 2~

(twice the laser frequency). The interaction of
the two-photon coherence with a third field (E~)
via an induced electric dipole coupling leads to
the generation of the signal wave oscillating at the
laser frequency. The phase-matching conditions
are the same as in Eq. (8} insuring that the signal
will be counterpropagating to the probe for coun-
terpr opagating pumps.

Assuming a three-level model shown in Fig. 3,
a perturbation solution may be derived from the
density matrix equations, Then using the polar-
ization expression P = Tr p, p we find4

&0 I~»l'le. l'Ãf. E~l e*~ ' ""'"
4ih' [y„—i(~„—2~)] (y„ia„)—
x + ~

~

1 1
(12)

(ri2 i&2'} (&32 +

where 6» = w» —~y, &
= —,'(y,. + y,.) and y, is the decay

rate from level i. We note first that such a polar-
ization is not characterized by a spatial modula-
tion of the medium. Bather the nonlinear suscept-
ibility is seen to oscillate in time at 2w on reso-
nance. We see that if the intermediate state is
detuned greater than the intermediate linewidth,
then the overall linewidth is given by yy3 In this
case the polarization may be written as

, &. ~,.+i(~„-»} IT,.I'lu. .l'

&( E ~ E E+ i' ' r -((d3z co) t
~

~
b

We note that as in the simple two-level model,
this nonlinearity is characterized by an absorptive
and dispersive component. Hence an expression
for the ref lectivity similar to Eq. (9) can be simply
derived. As we note below, we shall observe that
under certain conditions this polarization may
give rise to signals as large as the usual two-level

FIG. 3. Level diagram for a three-Jevel system. The
laser is at frequency co while the level energies are at
g (d2g and f (832

response. The more general description including
the ac Stark shifts and saturation is given by Lam. ~

An additional interaction that can give rise to
this third term is the tensor polarization (e.g. ,
E~E~:F,) generated by Zeeman coherence from an
induced electric quadrupole in degenerate reso-
nant systems. ' This is to be discussed in detail
elsewhere" but as we mention below does not ap-
pear to be a significant interaction in SF, in our
high pressure regime.

DFWM IN A FOUR-LEVEL SYSTEM

The idealized two- and three-level systems de-
scribed above demonstrate very clearly the phys-
ical behavior of DFWM in a saturable resonant
absorber. However, most atomic and molecular
systems studied in the laboratory are usually
complicated by the presence of other energy levels
coupling to the optical interaction either directly
through a dipole moment or indirectly through
collisions. This is precisely the situation in SF,
under our experimental conditions. In particular
Brunet, '9 Garside, and Armstrong have shown
that under certain conditions, SF, may be modeled
as a four-level system. Figure 4 shows a typical
level configuration assumed for SF,. The popula-
tion in the v, = 1 level is one half the ground-state
population allowing for hot band transitions out of
v6 = 1. The ground state to ~, = 1 transition is not
IR active but the v, mode is IR active. The cross
sections vs4 and o» are in the ratio" of o,je» =
= 1.5. Hence, assuming comparable relaxation
rates (implying comparable saturation intensities)
we expect a nonlinear response from both trans-
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13) v6= 1

12
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FIG. 4. Level diagram for a four-level system
describing SF6. +~3 represents V-V relaxation between
levels 2 and 3 and P3~ represents the V-T relaxation
from p6=1 to the ground state.

(14)

-=iAjj(1-5jj),

Ijj —I jj(1 + 5jj),

(15)

and 5,z is the normalized detuning for the ij tran-
sition. The definition of w remains unchanged;
i.e., w = (~ k ~'- n„'}~' and the ref lectivity is given
by Eg. (9): R = 1k sinwL1/1wcoswL + us sinwL 1'.
The interesting term is 1kP. We can write this
as

1K1' = A'„(1+ 5'„)+ A',,(1+ 5,',)

~12A34( 12 34} ' (17)

itious. Owing to the large number of transitions
actually available out of each level, the detuning
can be assumed small, i.e., »—- „. For very
short pulses, the collisional relaxation from 12 &

to 13& can be ignored (I'»-~ec 'Torr ') but for
longer pulses this rate along with 1"„must be con-
sidered" since (in the cw limit) the laser will
cause a net transfer of population from 11& to

The modeling of DFWM for such a system in-
cluding I'» and I'„due to collisions with arbitrary
&„and &„has been developed by Lam." How-
ever, if we assume &~ & I'„' and I „' then we can
derive all the. relevant behavior by a slight mod-
ification of the above DFWM model. We find the
reflectivity is still given by Eq. (9) but K, n, and
~ are redefined for the decoupled four-level sys-
tem. In this case we can write a and K as ~ = ay/
+ e,4 andK =K„+K,4, where

1 1+ 2I/I~),
"1+5' (1+4I/I')~' '

,~0 1-&5jj
Pj jj 1 + 52 (1 + 4IsPs )v2

The first two terms represent the sum of the in-
dividual responses while the third term represents
an interference effect. If G„and 634 are opposite
in sign we observe a destructive effect thus re-
ducing the ref lectivity. Physically the effect of
this four-level model is to produce substantially
different macroscopic behavior than anticipated by
Fig. 2. The interference terms can actually pro-
duce a significant minima as a function of I in the
reflectivity. As we see below, if I,', &l34 and n»
& +,~, a double maxima in the ref lectivity is pro-
duced when pump absorption is included. The de-
tails of this model including finite I'» and I'„are
discussed separately. However, we have found
that this model coupled with a phenomenological
pump absorption gives excellent agreement with
our experiments.

EXPERIMENTAL CONFIGURATION

The basic configuration for the CO, laser is
shown in Fig. 5. The oscillator was comprised of
a high-pressure Tachisto TEA discharge and a
low-pressure continuous cs discharge to ensure
single longitudinal mode operation. Two aper-
tures were inserted in the oscillator cavity to
assure TEM«operation. The laser was grating
tuned as shown and stabilized by piezoelectrically
controlling the cavity length. The basic oscillator
provided a gain switched pulse (no tail} with a con-
trolled width of 140 to 200 nsec. For short-pulse
experiments, a 1-nsec pulse cauld be extracted
from the main pulse using an electrooptic switch
from II-VI, Inc. The oscillator output was amp-
lified using a Lumonics 101 TEA discharge con-
figured for three passes using lenses to image the
input through the amplifier which included a spa-
tial filer. The beam then freely propagated to the
experimental area.

The arrangement for our experimental studies
of DFWM is shown in Fig. 6. We chose this ar-
rangement for the counter propagating pumps since
the more common approach of retroreflecting the
forward pump to produce the backward pump leads
to complications in interpretation if there is sig-
nificant absorption of the forward pump. We have
observed important differences for pumps differ-
ing in intensity by only several percent. This pro-
blem usually only results for DFWM in saturable
absorbers due to absorption of the forward pump.
The probe beam is generated by reflection from
the back surface of the principal beam splitter (a
wedge). For the 1-nsec experiments, an adjust-
able beam delay line was included to match the
path lengths. The DFWM signal was detected by
either a fast Societe Anonyme de Telecommunica-
tions (SAT) HgCdTe detector (LN, cooled), a slow
high-sensitivity Santa Barbara Research Center
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EXPERIMENTAL RESULTS AND COMPARISON
WITH THEORY
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FIG. 5. Optical configuration for the laser used in
DFWM. The laser could be operated in either a short-
pulse or long-pulse mode, with either single-wave-
length or multiwavelength capability.

(SBRC) HgCdTe detector (LN, cooled), or an in-
frared vidicon from ISI Corp. The input beam was
monitored by a Rolfin photon drag detector. Pol-
arization rotation was performed with CdS X/4
of X/2 wave plates. Polarization analyzers were
of the wire grid variety.

The SF, was contained in an evacuated cell with
NaC1 windows. The cell was capable of maintain-
ing a vacuum of 10 ' Torr when sealed off. We
found, however, that it was necessary to evacuate
the cell and refill with SF, every few minutes.
Failure to do this resulted in a gradual increase
in the nonlinear response. The effect was so
dramatic as to eventually cause an order-of-mag-
nitude increase in the signal at low laser intensi-
ties. We are presently unable to explain the cause
of this effect. Reproducible results were finally
obtained by evacuating the cell and refilling with
SF, between each data point.

~ ~

1.0—
yO

~yO

0

The most important objective of these experi-
ments was to quantitatively compare our experi-
mental measurements of the nonlinear response
arising from incoherent population dynamics to
theoretical predictions of the four-level model.
For these measurements, a 2-cm cell was used
with a pump-to-probe angle of less than 8 = 2' in-
suring sufficient overlap for 0.25 cm diameter
beams. The pressure of SF, was 10 Torr, ensur-
ing that SF6 was homogeneously broadened by col-
lisions. The laser was tuned to the P(20) line of
the 10.4-pm branch and the pump intensities were
carefully balanced. As mentioned above, a more
general theory of resonant DF%'M shows that if
the pumps are unbalanced, the response is not as
expected. " For these experiments, the ratio of
probe intensity to pump intensity was kept constant
and much less than one.

The experimental dependence of ref lectivity on
incident pump intensity was measured on the P(20)
line for pulse widths of 1 and 140 nsec. Assuming
a l",,' relaxation time of order 1 p, sec Torr typical
of V-V relaxation processes" we see at 10 Torr
that V-V relaxation is important in the long-pulse
experiments but negligible in the 1-nsec experi-
ments. Hence, significantly different behavior is
expected as observed in the results shown in Fig.
'7.

CO2 LASER

O.OO1 —~

~ T' = 140 nsec
P

Q T = 1.2 nsec
P

FIG. 6. Experimental configuration for measurements
of DFWM in SF6.

I I I

0.01 0.1 1.0 10.0 100.0

1&+ 1b (MW/cm )

FIG. 7. Experimental measurement of reflectivity
as a function of pump intensity. Data is shown for two
different pulse widths.
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One first observes that the curves while similar .

in shape are displaced from each other. Intuitively
one expects this since the effective saturation in-
tensity for the short-pulse experiments is much
higher than for the quasi-cw long-pulse experi-
ments. In general, I, = hao/oT„wher eT, is the
longitudinal relaxation time. However, if &~ & T„
we must redefine I, as I, = hw/o&~. Estimates of
T, indicate reciprocal rates of order 100 nsec
Torr. Hence w'e expect the 1-nsec data to be shif-
ted to higher intensities by roughly an order of
magnitude at 10Torr. This behavior is confirmed
by the data.

The point of inflection in both curves was an-
ticipated in the above discussion based on an as-
sumed foux'-level behavior. The lack of a dip in
the reflectivity at that point implies that despite
the presence of any anharmonic shift in the levels,
the two transitions contributing to the DF%M sig-
nal are characterized by roughly the same fre-
quency but different saturation intensities and ab-
sorption coefficients.

In the small-signal region of these curves we
observe that the dependence on intensity is much
stronger than the I' predicted by the original two-
level model. This is caused directly by pump ab-
sorption which we discuss below in comparing with
theory.

Finally, we observe the most dramatic differ-
ence between the two curves is that for &~ = 140
nsec the curve is decreasing rapidly at high in-
tensities which no such effect observed for the &~

= 1 nsec data. Furthermore, comparison with two-
level model predictions (Fig. 2) shows that the de-
pendence on I on the high-intensity side of the peak
is not as strong as observed in the data. Ne be-
lieve this sudden reduction in the nonlinear response
is related to multiple -photon absorption and dis-
sociation. The evidence of this arises from num-
erous reports in the literature of a fluence (P} de-
pendence for multiphoton absorption" correspond-
ing to a threshold of $-0.1 J/cm'. Threshold is
used loosely to denote the fluence where a signif-
icant fraction of molecules have been highly ex-
cited. This corresponds to an intensity threshold
at this pulse width of order V00 kW/cm2. One
wouM expect a significant modification of the pulse
width corresponding to tQe point when either the
molecule was dissociated or was excited to a high
lying state with corresponding reduction in o.'0.
This is shown in Fig. 8 where four pulse shapes
are shown. Figure 8(a) shows the incident pulse
shape as it comes from the laser. Figure 8(b}
shows the actual signal pulse shape at low inten-
sity (I- 80 kW/cm'). The pulse shows clear nar-
rowing as expected for a third-order nonlinear
process. Figure 8(c) shows a broadened pulse at

tb)

IL

(c)

FIG. 8. The temporal response of the DFWM signal
for various laser intensities (100 nsec/czn). (a) Laser
reference pulse, (b) I=0.08 MW/cm2, (c) I=0.8 MW/cm2,
(d) g= j.0 MW/cm .

I'8 1+V'& P = . [II P1- (f2PIih
(18)

where p is the density matrix, II is the Hamilton-
ian, and 1" is the decay matrix. The V V' operator
represents the motion term. This term gives rise
to the velocity broadening as well as velocity hole
burning in inhomogeneously broadened media and
thermal washout of spatial hole burning. It is the
latter effect which impacts our experiments.

I-800 kW/cm'. The broadening is the result of a
saturation of the nonlinearity. However, in Fig.
V(d} a complete breakup of the signal is observed
believed to be caused by a multiphoton excitation
of SF, to high lying states. Figure 8(d} was gen-
erated at I = 10 MW/cma (Q

- 1.4 J/cm'). The
threshold for this temporal behavior corresponds
to the intensity at the peak of the reflectivity curve
for &~ = 140 nsec.

The data taken with &~ = 1 nsec shows no such
behavior indicated above over the fluence range
studied. Assuming the fluence threshold is pulse
width independent, we can infer that such behavior
would not be observed until we achieved a pump
intensity of order 100 lÃV/cm'.

The constraints of our modeling discussed above
imply that an exact comparison can only be made
for the data taken with &~ = 1 nsec. These con-
straints arise for three reasons. In the theory
discussed above, the velocity term was assumed
to be small. In particular, the general quantum
mechanical transport equation can be written as
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Spatial hole burning in homogeneously broadened
gaseous laser material is well known because of
the standing wave inside the laser cavity. The
same effect occurs in DFWNI in resonant gaseous
saturable absorbers. Physically, spatial hole
burning is caused by a spatial modulation of the
population difference in a saturating resonant sys-
tem. Such spatial modulation is produced by the
interference of two waves with k vectors k, and
%„respectively, and a corresponding fringe
spacing of n/k sin8/2 where 9 is the angle between

k, and k, . The hole burning describes the spatially
periodic saturated absorption and dispersion pro-
duced by interference of the two beams. In the
steady state the magnitude of the population mod-
ulation would be determined by the ratio I/I~» if
motion of the atoms or molecules was not a prob-
lem. However, including motion corrects for
atoms which have been excited but drift into re-
gions where atoms are not excited. Hence the
modulation depth of the population difference is
reduced by an amount determined by y' = (T,kV,
sin8/2) ', where Vo is the thermal velocity. For
y «1 the transit time is short compared to the
decay time causing thermal washout. For y»1
the thermal washout is negligible. In this case it
implies the large angle grating is nearly complet-
ely washed out (y -0.1) while the small angle
grating is only slightly reduced (y

- V). For ~~ & T„
y becomes y'= [~,V, sin0/2X] '. For nsec-type
pulses and the experimental conditions given, y»1
implying thermal motion is negligible for both
gratings and hence, motion may be ignored.

The second two constraints on our modeling
making it difficult to compare theory with the long-
pulse experiments are collisional relaxation ef-
fects and multiple-photon absorption. While I am
has included V-V and V-T relaxation in the four-
level model" of Fig. 4, we have chosen to ignore
these complications in our modeling. This was
necessary since the rates at 10 Torr are such
that it is questionable as to whether a steady-
state condition is really achieved in the gas for
v~ = 140 nsec. However, for &~ = 1 nsec these ef-
fects may clearly be ignored. The additional com-
plication of multiple-photon absorption mentioned
above makes comparison at higher intensities un-
reasonable. Efforts to quantify this effect into a
model for DFWM appear too difficult due to the
current level of physical understanding of such
processes.

For the above reasons the analysis and compari-
son with experiment was confined to the short-
yulse experiments. Assuming the four-level
model, we must evaluate the parameters which

go into the theory. Itemizing them, they are
u', Q, a,',L, 6», 534, and IS@I,', . The independent

variable can then be chosen to be I/I,', . Noting
that the short-pulse small-signal (power) absorp-
tion coefficient" is given as 0.5 cm ' Torr ', we
can evaluate e,',L and &3'4L using the cross-section
ratio (a,own, o, = 1.5) and the thermal population dis-
tribution. Recall that o.'„and +34 are the field
absorption coefficients. For the interaction length
of 2 cm at 10 Torr we find n„L= 2.9 and &34L
= 2.1. It is also reasonable to assume that because
of the six rotational transitions overlapping the
P(20) line that 5„=0. Furthermore, a large den-
sity of states available for transitions out of the
excited state (e.g., v,) would imply a similar as-
sumption for 6,~(5s4= 0).

Since very poor data is available on I,', and I 34

we leave the ratio an adjustable parameter though
it is known that I;JI';, & 1. It would then be a,ntici-
pated that while the

~
1 &-

~
2 & transition would

saturate at I',I, the
~
8 &-

~
4 & transition would

still contribute significant absorption, effecting
not only the probe and signal amplitudes but also
the pump amplitudes. While in the original mod-
eling of two-level systems it seemed reasonable
to ignore pump absorption in the region of peak re-
flectivity (I=IS„T), this is clearly no longer justi-
'field in a four-level system. To account for this ef-
I

feet a phenomenological absorption model was used.
Inparticular, we recall that the equations of motion
for Iz and I~ are given by dl&/Cx = —2noI&/(1+ Ir/I, )
and dIJdx = 2q, I~/(1+ Ir/I, }, where x is assumed
positive in the direction of If and Iz = I~+ Iq ~ Ig-
noring standing wave effects one can easily show
that the product I&I, is a constant of the motion;
i.e., I~(x}I,(x) = const While. the coupled equa-
tions can be simply integrated, the solution for
I&&» is implicit. However, an excellent approxi-
mation can be realized by setting I&I, = I&I,'e '",
where the field absorption coefficient e = ny2+ Q34

and a,&
= n,'&/(1+ ID/I&&} with the frequency depen-

dence implicit to avoid confusion and the zero
superscript on I refers to the boundary value.
There is one additional correction needed. A
more explicit form of Eqs. (I}and (8) show that
in fact I is really (I&+ I,}/2. Hence, approxima-
tion must be made. In this case it was assumed
I =I e '~~ . Despite the apparent simplicity of
this model, comparisons of its predictions to an
exact numerical model" have shown amazing agre-
ement except in the limit of large &OL where the
pump absorption correction fails. This is not
totally without some explanation. The correction
for saturating pump absorption becomes important
only when &g» 1. However, in the original work
studying the two-level model, it was shown. that
dependence of ref lectivity on el becomes very
weak for o.+» 1. But where the correction is
most important is in the transition from the small
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FIG. 9. Comparison of foui-level theoretical model
with pump absorption to experimental ref lectivity
measurements (v&=1.2 nsec). The only adjustable para-
meter is I(4/Ift.

signal to large signal limit. Here, the model with-
out pump absorption shows the ref lectivity depends
only quadratically on I while both the phenomeno-
logical correction and the numerical model show
a much stronger dependence. Depending on the
conditions this dependence may reach cubic arising
from the decreased absorption in the pumps. This
correction also shows that peak ref lectivity occurs
at a higher value of I/I, „T than predicted by the
model with no pump absorption. However, the
peak valve of R is not significantly effected by this
correction.

Using the value of I;JI» to achieve a best fit
with the experimental data and assuming 6»-63/
-0, the four-level model gave remarkable agre-
ement with experiment as shown in Fig. 9. We
see that the data corresponds to an I,', of order
0.2 MW/cm' in reasonable agreement with the pub-
lished cross section and the expression for I' = 4u/
o&~, where &~ is the laser pulse width assuming
~~ «T,. As indicated above, the dependence of the
reflectivity on pump intensity is stronger than
quadratic due to pump absorption and is accurately
given by the model. The inflection point in the re-
flectivity is seen to be a direct manifestation of
four-level behavior. The ratio I',JI,*~ was 55.
This is somewhat arbitrary since it is determined
by where the curve peaks which we were unable to
study.

Hence, the four-level model has given excellent
agreement with experiment using parameters con-
sistent with those of SF,. More detailed compari-
son with the model seems difficult due to the dif-

ficulty in incorporating the complex spectroscopy
of "SF,. However, there are numerous qualitative
properties which can be shown using SF,.

In addition to saturation of the reflectivity for
Ip„~/I„, &1, we expect an additional saturation
of ref lectivity for I~/I„, = 1 as I~ (the probe inten-
sity} increases to approach the pump intensity.
This saturation results from a reduction of the
coupling coefficients as I~ contributes to saturat-
ing the absorption. The experimental behavior is
shown in Fig. 10 for the P(20} line. Comparison
with the model is not possible since the model is
based on the assumption that I/I, „,« l.

As indicated above due to the spectroscopy a
detailed comparison of the effects of detuning
appears difficult. Indeed, at the P(20) wavelength
of CO, in the 10.4-gm branch, there are six Q

'

branch transitions available to participate in the
interaction in addition to hot band transitions. "
Each branch has its own resonance detuned by
some amount (of order 100 MHz} from the P(20)
line. However, we were able to demonstrate
qualitatively the increase in signal when detuned.
The ref lectivity was measured for various laser
lines extending over the entire range of the SF,
absorption spectrum. Each measurement was
optimized as a function of pressure for that fre-
quency. The results are shown in Fig. 11, which
also shows the total SF, absorption spectrum taken
from Brunnet. 22 In the center of the absorption

7
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Z 4K
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3

X

)
I

D0
0'

10 20 30 40
PROSE INTENSITY/PUMP INTENSITY (%}

FIG. 10. DFWM return as a function of the probe-to-
pump intensity ratio. The region of validity of the small
signal regime is in the linear portion of this curve.
The saturation of the return is because of saturation in
the absorption caused by the probe.
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FIG. 11. DFWM ref lectivity as a function of wave-
length in SF6. The dotted line represents the experi-
mental measurements of DFWM. For each measurement
the pressure was optimized. The solid line represents
the absorption in SF6 (arbitrary units). The largest
reflectivities were obtained in the P(8) line at 60 Torr
in the region where the interaction is primarily because
of the nonlinear dispersion rather than the nonlinear
absorption;

band, the response is dominated by pure absorp-
tion. The anomalous dispersion contribution to
the nonlinearity is negligible since contributions
on one side of the resonance are opposite in sign
to those from the opposite side (as discussed a-
bove). However, at the higher and lower frequen-
cies, the absorption is falling off quite rapidly,
leaving a primarily dispersive response. This re-
sults in a ref lectivity of 38% at the P(8) line; much
higher than predicted by theory for zero detuning
(i.e., 6 = 0). Such a dependence clearly supports
the expected off-resonant behavior.

The pressure dependence of the DFWM reflec-
tivity for a simple two-level homogeneously pres-
sure-broadened system can be obtained from the
homogeneous theory discussed above if one takes
the appropriate pressure dependences. En partic-
ular, one must adjust T, and T, (the longitudinal
and transverse relaxation times) and hence the
normalized detuning parameter, 5, and the sat-
uration intensity, I„,. However, the problem for
SF, is greatly complicated by the contribution of
pressure-broadened lines far off line center. A
calculation proved too difficult but Fig. 12 shows

FIG. 12. Pressure dependence of DFWM ref lectivity
on the P(8) line of C02 in SF6.

the observed pressure dependence on the P(8) line
reflectivity.

Correction of an aberrated probe beam was dem-
onstrated in both the long-and short-pulse regime.
The aberration was provided by inserting a salt
flat whose surfaces were aberrated by etching in
water. The aberration was inserted in the path of
the probe beam just before the beam entered the
cell. The signal was observed in the far field of
a 30-in focal-length lens on the infrared vidicon.
Details of these measurements and the excellent
aberration correction is given in Ref. 18.

The results discussed thus far pertain to non-
linear processes arising from the first two terms
in Eq. (3); the incoherent absorption-dispersion
terms. At the power levels for the above long-
pulse data, we experimentally observed no con-
tribution from the third term in Eq. (4) when the
probe-beam polarization was rotated n/2 rad, thus
eliminating the first two terms. While the phys-
ical origin of the susceptibility describing this
third term (the coherent term) depends on the sys-
tem involved, for SF, at 10 Torr, we believe the
important description is based on the two-photon
(TP) interaction discussed above. In particular,
R& ~ E, oscillates at 2a&0 of the laser frequency.
As we discussed, this effect becomes important
in the limit that the TP Rabi frequency is compar-
able to the TP dephasirg rate, i.e.,

(gTP ~ (TTP)-I

The experimental study proceeded using 1-nsec
pulses on various CO, lines of the 10.4-jtLm branch.
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The DFWM configuration was the same as discus-
sed above. The pump intensities were of order 5
MW/cm', and the interaction region was 10 cm.
The cell could be cooled to 140 K, where the re-
flectivities were observed to be highest. Shown
in Fig. 13 is a plot of the measured reflectivity as
a function of wavelength at 140'K. The ref lectivity
is highest at the P(16) line. In fact, the TP signal
equals the one-photori contribution. Owing to the
discrete tuning nature of CO, lasers, we were un-
able to precisely locate the TP resonance frequen-
cy. How&ver, the approximate location is consis-
tent with computer simulations of SF, (Ref. $2).
The signal return observed at the P(16) line was
measured at both 140' and 300'K showing a factor
of 10 increase at 140'K. As we have noted
this is expected if the transition arises from.
ground-state populations. The ground-state pop-
ulation at the P(16) line increases by three at
140'K. Since the signal varies as the number
density squared, we can conclude that a ground-
state transition and not hot-band transitions is

104

O 1 —PHOTON DFWM
~ 2—PHOTON DFWM

T = 140oK

responsible for this resonance.
The room temperature pressure dependence is

shown in Fig. 14. The decrease in signal at high
pressure is due to absorption.

The TP contribution to DFVfM has some interest-
ing properties. First, due to the counterprop-
agating pumps, the signal is Doppler free. This
has obvious useful spectroscopic implications (see
Refs. 3 and 4). Also, since no grating results
from spatial hole burning, there is no notional
washout to degrade the signal. Finally, since in
general the intermediate state is detuned from
resonance, there is no radiative state involved in
this interaction. This implies the potential for a
greatly improved signal-to-noise ratio in the re-
flectivity.

An alternative explanation of this coherent term
is Zeeman coherence' between degenerate mag. -
netic substrates briefly mentioned above. Ne have
observed this in our C%' DFWM experiments at
50 mTorr in SF, discussed elsewhere. " However,
it is anticipated that such effects are eliminated
by dephasing collisions at high pressure and would
not have the spectral structure of Ref. 4.

For some applications, it may be necessary to
consider DFWM of multiwavelength radiation.
The DFWM theory for broadband materials is

I I I I I I
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FIG. 13. A comparison of reflectivity for one-photon
DFWM and two-photon OFT measured in SF6 at 140 K
and 1-Torr pressure in a 10-cm long cell. Note that
on the PQ6) line the 1 and 2 photon contributions are
equal.

u) 5—

CC

4

CQ
fX:

3
z
(3
M

0
0

CV

I I

6 8 1O
I

12 14

PRESSURE (Torr)

FIG. 14. Measurement of the two-photon signal as a
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significantly different than for resonant materials.
Three-level resonant theory shows the potential
for very interesting, novel spectroscopy. We
have experimentally observed simultaneous DFWM
in addition to multiwavelength phase conjugation
for adjacent CO2 lines in SF, and have discussed
this elsewhere. "

both for its spectroscopic power and phase con-
jugation properties. The intrinsic simplicity of
this technique coupled with its high signal-to-noise
ratio and a detailed theoretical understanding
make it a very powerful tool in both of the above
applications.

CONCLUSION

Our experiments have demonstrated many im-
portant aspects of DFWM. Despite the complex
spectroscopy of SF„we have demonstrated agre-
ement between a four-level theory and experiment
in a homogeneously. broadened system. In addition,
we have observed two-photon DFWM and shown
that it can equal one-photon processes on reso-
nance. The importance of DFWM is recognized
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