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ABSTRACT

Although degenerate four-wave mixing (DFWM) has many practical applica-
tions in the visible regime, no successful attempt has been made to study or demon-
strate DFWM for wavelengihs longer than 10um. Recently, Steel and Lam estab-
lished plasma as a viable DFWM and phase conjugation (PC) medium for infrared,
far-infrared, and microwaves. However, their analysis is incomplete since collisional
effects were not included. Using a fluid description, our results demonstrate that
when collisional absorption is small and the collisional mean-free path is shorter
than the nonlinear density grating scale length, collisional heating gerierates a ther-
mal force which substantially enhances the phase conjugate reflectivity. When the
collisional attenuation length becomes comparable to the length of the plasma, the
dominant effect is collisional absorption of the pump waves. Numerical estimates of
the phase conjugate reflectivity indicate that for modest power levels, gains 1 are

possible in the submillimeter to centimeter wavelength range. This suggests that
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a plasma is a vi'able PC medium at those long wavelengths. In addition, doubly
DFWM is discussed.
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I. Introduction

Degenerate four—wave mixing (DFWM) and its phase conjugate (PC) properties
have received considerable attention in the literature.' Among their many appli-
cations, PC materials have been used in the visible spectrum as cavity resonators
and for real time image processing and photolithography. Applicaticns of PC to
the infrared and centimeter spectrum include radar imaging and tracking systems
and microwave spectroscopy. However, the application of PC techniques to loag
wavelengths is severely limited since reliable infrared and centimeter PC materials
have not yet been realized.

Recently, Steel and Lam® proposed that long wavelength PC could be achieved
via DFWM using a plasma as the nonlinear medium. From the collisionless two-
fluid equations, Steel and Lam calculated that the third order plasma susceptibility
(x®!) and the reflectivity (R) scale as Mn, /T, and X®n?/TZ, respectively. Therefore,
one is naturally led to seek large reflectivities in cold, dense plasmas. Zhong,® who
extended the theory to include doubly degenerate four-wave mixing (DDFWM),
derived the same scaling as Steel and Lam for x®. Both Steel and Lam and
Zbhong identified the pondermotive force as the DFWM mechanism. However, for
cold, dense plasmas, their analyses are inadequate since collisional effects become
important.

In this paper, collisional eflects are taken into account using a fluid description.
When the collisional attenuation length becomes comparable to the length of the
plasma, the expected reflectivity is greatly reduced from the Steel and Lam result
due to collisional absorption of the pump waves. However, the third order sus-
ceptability may be substantially enhanced above the Steel and Lam result by an
additi »nal nonlinear mechanism when collisional absorption is small and the col-

lisional mean-free path is shorter than the nonlinear density grating scale length.



The nonlinear mechanism is the thermal force resulting from localized collisional
heating. Numerical estimates of the PC reflectivity indicate that for modest power
levels, gains 21 are possible in the submillimeter to centimeter wavelength range.
In addition, the effect of the sound wave resonance on DDFWM it discussed.

The theory of DFWM and DDFWM in a collisional plasma is presented in
Sec. II. Section IIl contains numerical estimates of the reflectivity. Section IV

discusses competing nonlinear effects. Our conclusions are summarized in Sec. V.

H. Theory

In general, the nonlinear polarization of a homogeneous medium may be written

P=xYE +xOEE + xX®EEE; +--.. (1)

The x'* term enters the linear dispersion relation. The x!® term represents the
coupling of three input waves (two pump waves and a probe wave) to produce the
polarization vector of a fourth wave (scattered wave). As long as x{® is nonzero,
PC can occur via DFWM. In general, we must consider the x(® term. However,
since x'? is only nonzero in a material which lacks inversion symmetry,” this term
vanishes for an isotropic, unmagnetized plasma.

Physically, DFWM and DDFWM can be explained in terms of one of the pump
waves scattering from a density moduvlation. The density modulation is formed
when one of the punip waves and the probe couple via some nonlinear microscopic

process to form a low frequency density grating in space
7§ ~ explilkm — kp) * T = i{wm — wp)t],

where p refers to the probe and m refers to either of the pumps (Fig. 1). The high

frequency contribution w,, -+ w, has negligible effect on x®). The other pump wave
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scatters from the grating to produce the scattered signal wave. Likewise, one could
consider the probe wave coupling to the other pump wave. In order to produce the
PC partner of the probe wave rather than some arbitrary fourth wave, the following
phase matching conditions must be satisfied in DFWM:

k,=ks+ki—k, w, = wf+ wp — Wp. (2)
In the above expression, the foward pump, backward pump, probe, and scattered
wave are denoted by {,b,p,s as in Fig. 1. For DFWM, the frequency phase matching
condition is trivially satisfied since all of the frequencies are identical. If the pump
beam- are antiparallel, then ks + ks = 0, k, = —k;, and a phase conjugate signal
of the probe can be produced. For DDFWM the phase matching conditions are

k.,=ks+k —k, w,—wy =0 w,—w,=0. (3)

In DDFWM the frequency conditions are satisfied since the foward pump and scat-
tered wave frequencies differ from the backward pump and probe frequencies. The
wave vector matching condition determines the relative angles among the pump,
probe, and signal wave vectors. By appropriate orientation of the waves, it is pos-
sible to use DDFWM as a real time image conversion process.®

DWFM in a plasma was first studied by Steel and Lam.? Using the collisionless
fluid equations, they identified the pondermotive force

o
-¢
2rmu?

F =

V{(ED)

as the microscopic mechanism which generates the density medulation in the plasma.
When two waves couple together in the plasma, the pondermotive force pushes par-
ticles into regions of low | E | to form a density grating. Another wave scatters
from the density grating to produce the PC wave. Steel and Lam calculated x® to

be
(3 ne/ch

) S
X = @B F T4 ko ~ K, A5 @
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which scales as x(¥ ~ Xn,/T.. Here N. = m,w?/4me? is the critical density at the
pump frequency w.

For kAmsp < 1, Eq. (4) is incorrect since collisional effects become important. In
order to include collisional contributions to x), our corrections to Steel and Lam
involve two sets of equations for the two distinct time scales. In the DFWM analysis
there is the fast pump time scale which is described by fluid equations with only
collisional damping included and the low frequency density modulation time scale
which is described by collisional fluid equations. The wave vector and frequency of
the pump time scale fluctuations are k,, and w,, where n refers to the pump, probe,

or scattered waves, The slow time scale wave vector and frequency are denoted by
kmn=km_k:; Wmn = W, — Wh,

where m and n refer to the pumps or probe.

The Buid equations governing the fast oscillations are

v (vV)=0, (5)
&V _ UP g 1 F
T m-'-?-‘n_(E_*-CVXB)imN’ (6)

where F is the collisional drag term. This term is negligible in the ion equation.

For the electron equation

F = m.Nang(ve —vi), (7)
. In (v/22¢) - 2
Vpy = %(1 + —(—K‘;\—)——z)’ {8)

where 14,y is the high frequency collision rate and o is the fluid electron-ion ccllisicn
frequency. The high frequency collision rate and absorption coefficient are derived

in Appendix A.



The low frequency oscillations evolve according to collisional fluid equations for
singly charged ions and By = 0.? Viscous effecis are small and have been neglected.
Likewise, the intensity of the pump waves is assumed to be small enough that

the contributions from thz high frequency field to the plasma transport may be

neglected.
The low frequency fluid equations are

%gﬁ.v-(NV):o, (9)

B e T+ LE lvamy s T, (10)

EN%+PV-V=—V-q+Qmﬂ, (11)

where N, V,p, and T are the Buid density, velocity, pressure and temperature,
respectively. E,B,R,q, and Q.1 are the electric field, magnetic field, collisional
momentum transfer, heat flux, and collisional heating, respectively.

Equations (5) to (11) are solved using a perturbative expansion for density,
velocity, electric field, etc. in powers of the pump electric field. All first order terms
oscillate on the fast time scale while the second order terms evolve on the slow time

scale:
N=No+ ny (kru wn)+n2(kmn y wmn)g

V=0 +Vi(knswn)+Valbrmns @me)»
E= O +E1(kn1wn)+E2(kmngwmn),
T =T+ T (kn, wn)+T2(kmns Wimn ).

In the expansion, knpAdi, EmpAmsp, and 2. /w, (or equivalentlyA, v /M jpc) are as-

(12)

sumed small. E; is the imposed laser beam electric field and E; is the seif-consistent
plasma electric field. The equilibrium density and temperature are constant. The

probe, pump, and signal electric fields are approximated as plane waves

E, = %(Em expiikn : r — iw,t] + E], exp{—ik; - v + iwnt]), (13)
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where k, = k., + iak,,,a is the absorption coefficient which is derived in Ap-
pendix A, w, is the wave frequency (positive definite), k, is the wave vector (choos-
ing k defines direction of propagation), and n refers to the foward pump, backward
pump , or the probe wave. Purthermore, we assume that the input waves propagate
as ordinary waves.

The validity of the plane wave approximation requires that the laser. pulse
must be long compared to the typical formation time of the density modulation

113(kmny @mn). The formation time is determined by the sound frequency

1
T ~ .
1o onCa

Our objective is to calculate the third order x(® using the third order perturbed

current. The major contribution to J; takes the form

1 .
Ja = —genz v, (14)

where ng, .. is the low frequency density grating (slow time scale) and vy, is the first
order perturbed velocity (pump frequency fast time scale). The collisional fluid
equations are valid in calcalating n$,,,, since the collision frequency is assumed to
be larger than the grating frequency and the mean-free path is shorter than the
grating scale length 1/km,.

Proceeding with the calculation of x(®, Egs. (5) to (6) yield to first order n§ =
ni=Tf=Ti=0and '

1ieE;,, . .
vi = _Em_:v explikm - t — iwnt] + cc., {15)

simce k- E1 =0.
When Egs. (9) to (11) are solved for the second order slow time scale terms

using the expansion given by Eq. (12), coupling terms such as v; x B, have the



form

explikymn + T — twmnt] D (Vim % Bf,) +cc. .

mn

The coupling terms represent the nonlinear processes which generate the density

modulation. Using Eqs. (12), (9), and (10), the second order electron and ion

density fluctuations are

¢ -
Ng =

L
Mamn =

n =

i
Momn

En;mn eXp[tKmn * T — {Wmnt] + €.C.y (16)

~1.71k2, T5 nNof e + némﬂ(w; — t.51wmpt)

2mnt o
- .
k2 vk —wi, 4wl —i.5lwnnte

- k2 No(Vim - vin)/4 (17
krznnvge —wi, + “";e — 251wt
1 i . .
Enzmu exp[’-krnn ‘r— 7wmﬂt] + ¢, (18)
ﬂkvznnT;.mnNo/mi + -71k2 ZmnN /mg + ann( —_ ?:.51&),“,, Ue) (19
Wi — Ry " - (19)

The last term in Eq. (17) resuits from combining the Lorentz termn v; x B, and the

convective term ¥, - Vv, to form the familiar pondermotive term }V(v; - v;).

Similarly, using Egs. (11) and (12), the temperature fluctuations are

1 . .
= $Tm explikmn * ¥ — twmnt] -+ c.c., (20)

— 1.7 T wmn e + Tl wmanti,,, + 3T=N, e TS
£kZ,, + 305 Nove — zgw,,,,,Na

SIN M vV, - Vin/2

s (21)
Kk2, +3—‘N Ve — i2wranN,
1. . .
= ET;mn explikmn * T — iwmnt] + c.c., (22)
3% N, T, — iTimaTthn
= m; - @ 2mn i om (23)

k2,6 + 3TNy, — ifwmaNo
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In the above equations, x°(«') is the electron (ion) thermal conductivity. In solving
for ¥©®), two cases are considered: wmn ~ 0 (DFWM) and wmn ~ kmnc.. For
the second case, the sound waves which are excited enhance n§,.., x®, and the
reflectivity.
The DFWM x® is derived using Eqgs. (14) to (23) and wp, — 0. The third
order current density is
1
Jy = 513, expli(k; + kn — k3) - r — iwd] + c.c., (24)
—7:34.N9E11

8m2wpwaw [T + T3]

J33

|(E. - )

1.02N,u,
rek?

3me/Tnl'NoVe
(*k2,. + 3m,/m;N,v.)

]

1+ (Byn - E;,,)]. (25)

In the above calculation, the ion velocity is neglected compared to the electron
velocity. It is apparent from the phase matching conditions, Eq, (2), that = must
refer to the probe and [ and m: refer to either of the pumps.

Writing P, = %xfﬂ(&m - E1,)E; explik, - r — 5t} + c.c., one can use Eq. (25)

to derive
No/Ne(wm )Ne(w, )[ 3m./m Ny, 1.02N,v,
_(3)__:_0_:___—;:1 1 €, i Voe o]‘ 26
Xomt 8(4r )2 (1. + T3) ++ (kik2, + 3m,/m,-N,v,)] wekZ,, (26)

If collisions are ignored, Eq. (26) reduces to Zhong's result. Furthermore, setting
W = wp reproduces Steel and Lam’s expression for x(¥.
Tke collisional contribution to x(® is produced by local plasma heating balancing

the thermal conduction of electrons
KEV2T, ~ ~m Ny (VE,, - vin).

The pressure gradient due to collisional heating pushes the electrons into regions of
minimum | £ | thereby supplementing the pondermotive force. This is identical to

the microscopic thermal force which leads to thermally enhanced self-focusing.’3
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One of the attractive characteristics of DDFWM is the prospect of snhancing
the ¥(® and PC reflectivity by matching the frequency difference between the probe
and one of the pumps to # plasiie resonance. In a collisional unmagnetized plasma,
a potential resonance exists near w7, =~ k2, c? where c, is the sound speed. The
sound wave resonance may be stuadied with our model as long as wn,. < .. The

diffcrence frequency must satisfy the relation
Wian =| wm — wn |=| km — kn | &5-

In order to simplify the analytic calculation, additional crderings are assumed.
Since x® is expected to reach a maximum near cutoff, we choose orderings -vhich
are valid in this regime. At high densities close to cutoff, w,.,.mu,/w;i « 1 and

Vet /Wmnm; < 1. Under these restrictions

N, /N (wm}N(w, )[ 1.02N,,y,] _
L(3) — / 'p 5
Xomd 8@ -0, ' T =R, )" (27)

.D _ wfnﬂ 1 . -51Vewmn 4ky2n“v‘2|, k127ln IC' + Bz_“-UGNO kﬂ'l‘l.cl kmncr’vo Y
o = 13 2 +¢( 2 9.2 N, ’ 2 ke I
mnCs Wpi Wonn WmniVo Wmn n e

The real portion of the denominator (1 — D,) vanishes when w2, ~ &2 _c% By
the above orderings, the sound wave is weakly damped since the imaginary portion
of the denominator is much less thsn the real part. Therefore, \f:,’ and the PC

reflectivity should exhibit a resonance at the sour-<4 wave frequency.

ITII. Numerical Results

Once x' is known from plasmz theory, the expected phase conjugat« reflectiv-
ity may be calculated assuming » simplified experimental configuration. For the
DFWM case, we assume that all of the input waves are (nearly) collinear and have

the same planar polarization. For the collinear case, the coupling of the probe wave

11



to the two different pump waves produce: two distinct density modulation scale
lengths. The coupling of the backward pump ana probe generate a modulation
with scale length 1/ky, ~ 1/2k;. The forward pump and probe generate a density
modulation whose scale length becomes very large (1/k;, ~ 1/(k; — k)). Since
koL <« 1 for collinear propagation where L is the DFWM interaction length, this

contribution to x is negligible. Under these assumptions, Eg. (26) becomes

" N, /Ne(wy )N (wy) 3m, /m;N v, 1.02N0V¢]
f3) ol Te\wh) e\l
B8(4r(T, + 1) [1 +[+ Kk + 3m,/m,-N.,v,] weky 1 (28)

where m aud n are explicitly replaced by b and p, respectively. The dominant
pondermotive and thermal terms in the above expression are

X ~ No/Ne(ws)Ne(wp) [1+ 1'02Noye]' (29)
8(am)*(T. + T.) PR

Physically, the second term in brackets arises from the thermal force due to local-
ized collisional heating. Using Eg. (29) and ihe definition of x°, the criterion for
significant thermally enhanced DFWM is dpmn/Amyp > 1.

Given x® and «, the expected reflected power is given by*!

2 2 -~2al
R = 4r? tan®*(k.L)e : (30)
| 2 tan{x. L) + 2, |

Ke = (nze’z"‘f‘—-az)%, (31)
= | T
s o= | OB, (32)

where n,, is the index of refraction and L is the interaction length. Note that R « 1.
In particular, when the denominator nearly vanishes, one would expect large gain.

Using Eq. (28) and Eqs. (30) to (32), ihe expected reflectivity can be calculated
for a variety of plasma and wave sources. For simplicity, the plasma is assumed to
be singly charged argon. Figure 2 shows the result for a CW CO, laser with an
intensity of 2 » 7% W/em?. The dashed line is Steel and Lam’s result. The limit

12



of validity of the fluid equations kmpAmsp ~ 1 is near n, ~ 4 x 10*®* em™2 when
T. ~ 0.75 eV. At low density, collisions become unimportant. Thus our results
approach Steel and Lam. At very high density, the dominant effect s the spatial
attenuation of the input waves by collisional damping. At moderate densities, the
reflectivity is enhanced by the thermal force. As T, increases, the thermal force
becomes less impertant than the pondermotive force, For n, ~ 107 and T, » T,

x/® and the reflectivity scale as

3 N,/N? 1
X 157007, kZAZ, '

R~ (1 w. LN, 1  E2

200 ¢ N. KA, mal

2
200 ¢ N.k2A /T,)) )

mfp

Since the reflectivity scales as the square of the intensity, one would expect
greatly enhanced reflectivity for a pulsed CO, laser. For an intensity of 150 MW /cm?,
the reflectivity approaches 1 (Fig. 3). As before, collisional effects enhance the re-
flectivity above the Steel and Lam result for k.. Amfp < 1 and negligible collisional
damping.

At longer wavelengths, lower intensities are required since the reflectivity scales
like A*°, At far-infrared wavelengths, modest intensities on the order of 2.5M W/em?
produce reflectivities on the order of 1 due to thermally enhanced DFWM (Fig. 4).
Likewise, for 2 mm waves (Fig. 5), reflectivities of order unity are expected near
cutofl. For 1 cm waves, the fluid equations are invalid since kmndmsp ~ 1 for
T, ~ 1 eV near cutoff. However, Steel and Lam’s theoryishould provide a reasonable
estimate of the reflectivity (Fig. 6). |

Reflectivity resulting from DDFWM is calculated in an analogous iashion to
DI"WM. Since we are interested in maximizing the PC reflectivity, we take wmn, =
kmnc, in Eq. (27). Fig. 7 shows the expected results for a CW CO, laser with
intensity 2x 10° W/em?, The dashed line indicates what the result would have been

13



if D, = 0. The difference between the curves represents the enhanced reflectivity
resulting from the sound wave resonance. Similar results are obtained for far-
infrared and millimeter wavelengths (Figs. 8 and 9). The enhancement for the

2 mun waves is particularly striking.

IV. Competing Effects

Although the scaling laws presented in the previous sections suggest that gains
of order one might be achieved by simply employing intense pump beams, numerous
competing effects such as self-focusing,'*!? Stimulated Brillouin Scattering (SBS),
and Stimulated Raman Scattering’*!® {SRS) could potentially limit t}= pump in-
tensities or dominate the DFWM phenomenon. However, as Steel and Lan: have
shown, pondermotive self-focusing, SBS, and SRS are neglgible in many plasmas
of interest to DFWM. These effects are small since they generally require large
threshold powers or long interaction lengths. Unlike SRS, SBS, and self-focusing,
there is no threshold power for DFWM. In addition, for many plasmas of interest
the optimal interaction length in DFWM is much shorter than typical gain scale
lengths (k;L <€ 1) for SBS, SRS, and self-focusing instabilities. For the collisional
plasmas discussed in Sec. III, the optimal interaction length for DFWM is limited
by collisional damping.

In addition to the competing effects discussed by Steel and Lam, thermal self-
focusing must be considered in collisional plasmas. The onset of thermal self-
focusing is characterized by three threshold conditions. The power of the laser

beam m.ust exceed the threshold

2
Prosaxiptz (33)
n, 6202

The interaction length threshold is deﬁpei:l by the condition that the intensity of

14



the focusing beam exponentiated once in a plasma of length L  (2k;:L = 1). The
collisional damping threshold is estimated by 2k;/a = 1 where « is the absorption
coefficient. The interaction length and collisional damping thresholds for thermal

self-focusing are'®

In = 2x WCEPGPT Wen, (34

R

n. T2

~ = W/em? 35
IT:: e Ag /CJ’TL 1 ( )

where T, is the electron temperature in eV, n.. is the critical density at the laser
frequency, n, is the electron density, A is the laser wavelength, L is the typiecal
length of the plasma, and q is the spot size of the laser beam. For T, = 1 eV,n, =
2x 107, A =10 pm,a = 6.05 e¢m and L = 5 em, the power threshold is Pr ~ 36 W,
while the other thresholds are Jpy =~ 140 W/em? and Fr. ~ 11 kW/cm?. These
small thresholds may be easily exceeded, for example, using a CO; laser in & cm
long plasma.
A qualitative picture of self-focusing may be used to assess the effect of this
!{ocusing on DFWM. If the pump and probe waves propagate as Gaussian beams,
the beams suffer whole-beam self-focusing. This effect is largely benevolent to
DFWM since the PC reflectivity should increase with beam intensity. However, as
the beams focus, particles are pushed out of the path of the propagating beam by
the thermal force thereby reducing the plasma density in the DFWM interaction
region and potentially degrading the PC reflectivity. One simple measure of the
limiting power beyond which thermal self-focusing leads to significant reduction
of electron density in the interaction region is obtained by requiring the thermally
focused beam to reduce the density by 1/e. This limiting power P, may be calculated

using the expression for the intensity-dependent electron density.'® Following the

15



formalism of Ref. 13, we write

— T'

My, = Te hiald ¥
_ 8ala?
G = T

where ¢, is the thermal potential, & is the attenuation coefficient, x° is the electron
thermal conduction, I is the intensity, and a is the typical spot size of the beam.

Setting e¢ = T, defines the limiting puver
3T k°
= . 36
A=— (36)

For 7. = 1 eV,n, = 2 x 10'7,and\,,.,, = 10 um, the limiting beam power is P, =

3.8 kW. Since F, is relatively large compared to the thermal self-focusing thresholds,
this calculation suggests that even though thermal self-focusing can greatly increase
the beam iniensity, it may be possible to maintain the beam power below the
limiting value F; thereby avoiding competition between DFWM and thermal self-

focusing.

V. Conclusion

This paper has demonstrated that collisional effects ma, greatly enhance the
PC reflectivity above the Steel and Lam result. The additional DFWM mechanism
is predominantly the pressure gradient resulting from localized collisional heating.
Using DDFWM, it may be possible to reduce the required pump power levels by
taking advantage of a resonant frequency of the plasma. Numerical estimates of
the PC reflectivity indicte that for modest power levels, gains of order unity are
possible in the submillimeter to centimeter wavelength range without malevolent
consequences from competing SRS, SBS, and self-focusing. These encouraging re-
sults suggest that a plasma is a viable PC medium in the infrared to centimeter

wavelength range.
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Appendix A.

The effective collision frequency is derived using the high frequercy conductivi-

ty‘IU
N w? (2m)3etw 1 € W2, 2kpgz V2 a
o gy~ By gt g Bty (a)
k2t = w?(1 - m) (A2)

The real part of Eq. (A2) yields the ordinary wave dispersion relation w? = w? +k2¢2.

The imaginary portion determines the high frequency collision rate and attenuation

coeflicient.
w2 vng wi 1
o = SERG Yy (A3)
v In(v2%2) — 1
Vng = -2-(1+———( ) (A4)

In the above equatinns, 7 is Euler’s constant and In A is the coulomb logarithm.
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Figures

FIG. 1. Degenerate four-wave mixing geometry. The subscripts f, b, p, s refer to

the foward pump, backward pump, probe, and signal wave, respectively.

FIG. 2. Phase conjugate reflectivity for a CW CO, laser with A = 10.6 um, intensity
= 200 kW/em?, interaction length L = 5 ¢e. The upper curve is for T, =
0.75 e€V. The lower curve corresponds to 1 eV. At T, = 0.75 eV and n. ~

2 % 10%® em~3, kypAmsp ~ 1. Straight lines indicate the Steel and Lam result.

FIG. 3. Phase conjugate reflectivity for pulsed CO; laser with A = 10.6 um, inten-
sity I = 150 MW/cm?, ivteraction length L=5cm at T, = 0.75 and 1eV. At
T. =075 €V and n. ~ 2 x 10'® om~% kyuAmgp ~ 1.

FIG. 4. Reflectivity for far-infrared source with A = 119 um, intensity I = 2.5 MW/cm?,
interaction length L = 2 em, at T, = 0.75 and 1 eV. At T, = 0.75 eV and

n, ~9 x 1014 C‘ﬂl'—aq kprmfp ~ 1.

FIG. 5. Reflectivity for millimeter source with A = 2 nun, intensity I = 20 kW/em?,
interaction length L = 5 cm, at T, = 0.75 and 1 eV. At T, = 0.75 eV and

M ~4 x 1012 em ™3, ky Mg, ~ 1. Near cutoff large reflectivities are expected.

FIG. 6. Reflectivity for centimeter waves with X = 1 cm, intensity I = 1 &W/cm2,
interaction length L = 20 em. Although the fluid equations are not valid, Steel

and Lam’s theory should give a reasonable result for 0.75 and 1 eV.

FIG. 7. DDFWM phase conjugate reflectivity for CW CO; laser with A = 10.6 um,
intensity I = 200 kW/cm?, interaction length L = 5 cm at the sound resonance

(solid curve) and off resonance (dash).
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FIG. 8. DDFWM reflectivity for far-infrared source with A = 119 um, intensity
I = 50 kW/cm?, interaction length L = 2 cm at the sound resonance (solid)

and off resonance (dash).

FIG. 9. DDFWM reflectivity for millimeter source with A = 2 mm, intensity I =
25 W/cm?, interaction length L = § cm at the sound resonance (solid) and
off resonance (dash). Near cutoff, the resonance increases the phase conjugate

reflectivity by over three orders of magnitude.
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