
j t e P L - 2 3 3 6 

£A "UC20-G 

PPPL-2336 
PPPL-2336 
D E»* 013640 

DEGENERATE FOUR-WAVE MIXING AND PHASE 
CONJUGATION IN A COLLIEIONAL PLASMA 

By 

J .F . Federici and D.K. Mansfield 

JUNE 1986 

PLASMA 
PHYSICS 

LABORATORY 
DISTRIBUTION OF THIS DOCUMENI'IS UNUNUTEB 

PRINCETON UNIVERSITY 
PRINCETON, NEW JERSEY 

^ S ^ A - T i S L 
n.s- DBPAKDBIIT OF 

DB-JC02-76-CBD-3073 . 



WOT 
PPPL-2336 

Degenerate four-wave mixing and phase 

conjugation in a collisional plasma 

J. F. Federici and D. K. Mansfield 

Plasma Physics Laboratory, Princeton University 

Princeton, NJ 08544 

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 wavelengths longer than lOfim. 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 generates 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 viable PC medium at those long wavelengths. In addition, doubly 

DFWM is discussed. 



I. Introduction 

Degenerate four-wave mixing (DFWM) and its phase conjugate (PC) properties 

have received considerable attention in the literature. 1 - 4 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. Applications of PC to 

the infrared and centimeter spectrum include radar imaging and tracking systems 

and microwave spectroscopy. However, the application of PC techniques to long 

wavelengths is severely limited since reliable infrared and centimeter PC materials 

have not yet been realized. 

Recently, Steel and Lam 5 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{3)) and the reflectivity (R) scale as \*nJTt and A 6n*/T e

2, respectively. Therefore, 

one is naturally led to seek large reflectivities in cold, dense plasmas. Zhong, a who 

extended the theory to include doubly degenerate four-wave mixing (DDFWM), 

derived the same scaling as Steel and Lam for x'3*- Both Steel and Lam and 

Zhong 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 effects 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 raal nonlinear mechanism when collisional absorption is small and the col­

lisional mean-free path is shorter than the nonlinear density grating scale length. 
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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 j£l are possible in the submillimeter to centimeter wavelength range. 

In addition, the effect of the sound wave resonance on DDFWM is discussed. 

The theory of DFWM and DDFWM in a collisional plasma is presented in 

Sec. II. Section III contains numerical estimates of the reflectivity. Section IV 

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

II. Theory 

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

as 

P = X{1)&i + X{2)E,E* + x[3)E,E2E3 + •••. (1) 

The x ' 1 ' term enters the linear dispersion relation. The x ' 3 ) 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 ' 3 ' is nonzero, 

PC can occur via DFWM. In general, we must consider the x term. However, 

since x ( 2 ' is only nonzero in a material which lacks inversion symmetry, 7 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 modulation. The density modulation is formed 

when one of the pump waves and the probe couple via some nonlinear microscopic 

process to form a low frequency density grating in space 

n% ~ explUKn - kp) • r - i(u)m - up)t], 

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

frequency contribution u>m + u>p has negligible effect on j ; ' 3 ' - 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, = kf + kj, - kp w, = ujf + wb — wp. (2) 

In the above expression, the foward pump, backward pump, probe, and scattered 

wave are denoted by f,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 k/ + kj, = 0, k, = —kp, and a phase conjugate signal 

of the probe can be produced. For DDFWM the phase matching conditions are 

k , = kf + kb - kp w, — uf = 0 u)b — w p = 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.8 

DWFM in a plasma was first studied by Steel and Lam. 5 Using the collisionless 

fluid equations, they identified the pondermotive force 

as the microscopic mechanism which generates the density modulation 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 \'*3' to 

be 

vW = ^ ( 4 ) 
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which scales as x^ ~ \*ne/Tt. Here iVc = m«« 2/47re 8 is the critical density at the 

pump frequency u. 

For kXmjp <K 1, Eq. (4) is incorrect since colKsional effects become important. In 

order to include collisional contributions to x ( 3 1 i 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 oi n where n refers to the pump, probe, 

or scattered waves. The slow time scale wave vector and frequency are denoted by 

kmn = km ~ K u » » = <"m - LJn, 

where m and n refer to the pumps or probe. 

The fluid equations governing the fast oscillations are 

^ + V . ( 7 W ) = 0, (5) 

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

For the electron equation 

F = mtN0vhf[ve-vt), (7) 

"•V 
v.t In V Z ^ I - T X 

- Ii1+ InA ' ) ' W 
where v^f is the high frequency collision rate and i/t is the fluid electron-ion collision 

frequency. The high frequency collision rate and absorption coefficient are derived 

in Appendix A. 
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The low frequency oscillations evolve according to collisions! fluid equations for 

singly charged ions and B 0 = 0 . s Viscous effects are small and have been neglected. 

Likewise, the intensity of the pump waves is assumed to be small enough that 

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

neglected. 

The low frequency fluid equations are 

^ + V . ( W V ) = 0, (9) 

| A T ^ + P V . V = - V . q + Q M l i , (11) 

where NfVyP, and T are the fluid density, velocity, pressure and temperature, 

respectively. E, B , R, q, and Qcdi 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=N„+n1(kTl,u„)+Ti2(krn„,u>mn), 

V=0+Vl(k„,W„)+V3(km„,Wmn), 

E= 0 +El(kn,wn)+E2(km„,umn), 

r = r „ + T , (fc„, u; n)+r z(fcm„, wm„). 
In the expansion, kmnXdi, fcmnAm/p, and vcjwn (or equivalentlyA„Ve e/Am / pc) are as­

sumed small. E\ is the imposed laser beam electric field and Ei is the self-consistent 

plasma electric field. The equilibrium density and temperature are constant. The 

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

Ei = - ( E l n expfikn • r - iwnt] + E j n exp[ - ik ; • r + iu>nt]j, (13) 



where k n = kr . + iakrn,a is the absorption coefficient which is derived in Ap­

pendix A, u>n is the wave frequency (positive definite), k^ is the wave vector (choos­

ing k demies direction of propagation), and n refers to the foward pump, backward 

pump , or the probe wave. Furthermore, 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 

^ ( t m i ^ m n ) ' The formation time is determined by the sound frequency 

1 
T/orm ~ 7 • 

Our objective is to calculate the third order x^ using the third order perturbed 

current. The major contribution to J3 takes the form 

J3 . ^ - ^ " L m V i j , (14) 

where n | m n is the low frequency density grating (slow time scale) and Vj; is the first 

order perturbed velocity (pump frequency fast time scale). The coliisional fluid 

equations are valid in calcolating n\mn 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 l/kmn. 

Proceeding with the calculation of x ' 3 \ Eqs. (5) to (6) yield to first order n' = 

n\ = T,e = T{ = 0 and 

„ 1 ieEi m . . , 
vj = exp t k m • r - ujmt] + ex., (15) 

I m,.u) 

since k - Ei = 0 . 

When Eqs. (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 a x B x have the 
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form 

exptik™, • r - iw m n t ] £ ( v l m x Bl„) + c.c. . 

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 

«2 = 2 n ^ " • e x p f i k m " ' ^ _ i u ' m n ^ + c • c • ' ( 1 6 ) 

*&X - ^ + u£ - ».51WlBI1*. 

fcL^(v;m-vj;)/4 
(17) 

"2 = 2 7 ^ m " e x p [ i k m T l ' r ~~ 7 W " " l i ] + c - c - ' ( 1 8 ) 

The last term in Eq. (17) results from combining the Lorentz term Vj x Bj and the 

convective term V\ • Vvj to form the familiar pondermotive term | V(vj • v 3 ) . 

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

^ = -1lrlnexp[ikmn-r-Mmrtt] + c.c., (20) 

_ -1 .71*T.uw»S m . + .7liT^mnn\mn + 3 ^ A ^ e 2 * m T 1 

^2 = ^ 2 3 B m e j q > [ t k m „ . r - i ( ^ m n * ] + c.c., (22) 
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In the above equations, K'(K') is the electron (ion) thermal conductivity. In solving 

for x ( 3 ) ) * w 0 cases are considered: w m n ~ 0 (DFWM) and wmn ~ kmnc,. For 

the second case, the sound waves which are excited enhance n | m l l , x < 3 ) i axi<^L t n e 

reflectivity. 

The DFWM x{3) >s derived using Eqs. (14) to (23) and wm„ -> 0. The third 

order current density is 

J s = - J 3 j exp[ t (k , + k m - k ; ) T - t u ) i < ] + c.c., (24) 

- ie 4 JV D E 1 ( 

J3 , = SmguW^wj [T. + IJ] 
[(E l m-E'J 

3m./miNeue 1.02JV> 1 
+ ( 1 + ( ^ 7 w ^ ^ - ^ ^ ( E l ™ ' E>4 ( 2 5 ) 

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 n must 

refer to the probe and I and m refer to either of the pumps. 

Writing P , = | x S ( E i m • Ei p )E S ( exp[«k, • r - i*.t) + c.c, one can use Eq. (25) 

to derive 
( 3 ) = NJNc(u>m)Nc{u>p)r Zmc/mjNoVc 1.02JV>g (26) 

If collisions are ignored, Eq. (26) reduces to Zhong's result. Furthermore, setting 

u>m = u>p reproduces Steel and Lam's expression for x ' 3 ' . 

The collisional contribution to x^ is produced by local plasma heating balancing 

the thermal conduction of electrons 

The pressure gradient due to collisional heating pushes the electrons into regions of 

minimum | E | thereby supplementing the pondermotive force. This is identical to 

the microscopic thermal force which leads to thermally enhanced self-focusing.13 
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One of the attractive characteristics of DDFWM is the prospect of enhancing 

the x'3> and PC reflectivity by matching the frequency difference between the probe 

and one of the pumps to n plasm*, resonance. In a collisional unmagnetized pla ima, 

a potential resonance exists near u^,n ~ fcj|,ncj where c, is the sound speed. The 

sound wave resonance may be st.idied with our model as long as w m n < .«<,. The 

difference frequency must satisfy the relation 

W * „ = ">TT n̂ 1=1 k m - k„ 1 c, 

In order to simplify thf. analytic calculation, additional crd^rings are assumed. 

Since x ' 3 ' is expected to reach a maximum near cutoff, we choose orderings which 

are valid in thir regime. At high densities close to cutoff, u>mTlvc/u}:^i <§; 1 and 

uerri.lijjmnmi < 1. Under these restrictions 

f 3 ) = K/NcMNJwp) 
X m l 8 (47 r ) 2 T e ( l -D 0 ) 

1.02JVoi/e 

1 + K ' m i l 
] , (27) 

U o U2 „2 1 + ^ ,.,2. "•" q.,,,2 „, AT h „,__ J.2 ^ e ' 

The real portion of the denominator (1 — D0) vanishes when w%n ~ fc^cj, By 

the above orderings, the sound wave is weakly damped since the imaginary portion 

of the denominator is much less th-~n the real part. Therefore, xmi a n < i t n e PC 

reflectivity should exhibit a resonance at the sout-i wave frequency. 

III. Numerical Results 

Once x is known from plasma theory, the expected phase conjugate reflectiv­

ity may be calculated assuming H 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 
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to the two different pump waves produces: two distinct density modulation scale 

lengths. The coupling of the backward pump ana probe generate a modulation 

with scale length 1/fcip ~ l/2fcfr. The forward pump and probe generate a density 

modulation whose scale length becomes very large (l/k/p ~ l/(&/ — fcp)). Since 

kfpL -C 1 for collinear propagation where L is the DFWM interaction length, this 

contribution to x^ 1S negligible. Under these assumptions, Eq. (26) becomes 

,„ NJNc(u>h)Ne(up) \ r Sn^/rmN^ 1 . 0 2 ^ 1 
X 8(4*Y(Te + T,) I + l ^ « ^ „ + SmjTmN.vJ K'k^ J' ^ ; 

where m 3Tid n are explicitly replaced by b and p, respectively. The dominant 

pondermotive and thermal terms in the above ej-.pression are 

( 3 ) ^ K/Nc(u,b)Nc(u,p)T , 1.02JV>,1 
X 8(47r)2(T= + Ti) l ' *£,«' J - W ' 

Physically, the second term in brackets arises from the thermal force due to local­

ized collisional heating. Using Eq. (29) and the definition of K', the criterion for 

significant thermally enhanced DFWM 

Given x^ wd a> foe expected reflected power is given by 1 1 

_ 4 K 2 t a n i i ( ^ ) e - ^ 
~ | 2 a t a » 0 v L ) + 2 K e p ' ^V> 

KC = ( « V 2 a i - a 2 ) i , (31) 

K = j 5 « * ( 3 ) £ f t | t ( 3 2 ) 

cn0 

where n 0 is the index of refraction and L is the interaction length. Note that R ji 1. 

In particular, when the denominator nearly vanishes, one would expect large gain. 

Using Eq. (28) and Eqs. (30) to (32), the 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 COj laser with an 

intensity of 2 x :CB W/cm2. The dashed line is Steel and Lam's result. The limit 
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of validity of the fluid equations L n \ n / P ~ 1 is near n* ~ 4 X 1 0 i e o n - 3 when 

Te ~ 0.75 eV. At low density, collisions become unimportant. Thus our results 

approach Steel and Lam. At very high density, the dominant effect is the spatial 

attenuation of the input waves by collisions! damping. At moderate densities, the 

reflectivity is enhanced by the thermal force. As Tm increases, the thermal force 

becomes less important than the pondermotive force. For nc ~ 10 1 7 and T e 3> Ti, 

x ' 3 ' and the reflectivity scale as 

(3) N°W 1 

X ~ 15700T cfc=A^ p ' 

R „ (l"r.LN0 1 ,E& \> 
1200 c Ncl&l^m*,lfi,}) • 

Since the reflectivity scales as the square of the intensity, one would expect 

greatly enhanced reflectivity for a pulsed C 0 2 laser. For an intensity of 150 MW/cm2, 

the reflectivity approaches 1 (Fig. 3). As before, collisional effects enhance the re­

flectivity above the Steel and Lam result for km.„Xmfp -C 1 and negligible collisional 

damping. 

At longer wavelengths, lower intensities are required since the reflectivity scales 

Hke A 1 0, At far-infrared wavelengths, modest intensities on the order of 2.SMW/cm? 

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 

cutoff. For 1 cm waves, the fluid equations are invalid since kmn)\mfp ~ 1 for 

Te ~ 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 lashion to 

DFWM. Since we are interested in maximizing the PC reflectivity, we take a ) m n = 

kmnC, in Eq. (27). Fig. 7 shows the expected results for a CW C 0 2 laser with 

intensity 2 x 10 s W/cm2. The dashed line indicates what the result would have been 
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if D„ = 0. The •difference between the curves represents the enhanced reflectivity 

resulting from tht sound wave resonance. Similar results are obtained for far-

infrared and millimeter wavelengths (Figs. 8 and 9). The enhancement for the 

2 nun 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,1 2 , 1 3 Stimulated Brillouin Scattering (SBS), 

and Stimulated Raman Scattering 1 4 , 1 5 (SRS) could potentially limit t h : pump in­

tensities or dominate the DFWM phenomenon. However, as Steel and Laiu have 

shown, pondermotive self-focusing, SBS, and SRS are neghgible 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 (kiL <£ 1) for SBS, SRS, and self-focusing instabilities. For the collisional 

plasmas discussed in Sec. Ill, 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 must exceed the threshold 

PT - 5.2 x 1021 — 4 4 W. (33) 

The interaction length threshold is defined by the condition that the intensity of 
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the focusing beam exponentiated once in a plasma of length L (2kiL = l ) . The 

collisional damping threshold is estimated by 2kj/a = 1 where a is the absorption 

coefficient. The interaction length and collisional damping thresholds for thermal 

self-focusing a re 1 3 

ITl ~ 2 x l O * ( ^ ) s ( £ ) 2 T e

s W/cm\ (34) 

n„ X-

where T e is the electron temperature in eV, n^. is the critical density at the laser 

frequency, nt is the electron density, X is the laser wavelength, L is the typical 

length of the plasma, and a is the spot size of the laser beam. For T e = 1 eV, n e = 

2 x 10 1 7 , A = 10 pm, a = 0.05 cm and L = 5 cm, the power threshold is PT ~ 36 W, 

while the other thresholds are In — 140 W/cm2 and iy c ~ 11 hW/cm2. These 

small thresholds may be easily exceeded, for example, using a COj laser in 5 cm 

long plasma. 

A qualitative picture of self-focusing may be used to assess the effect of this 

• focusing 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 Pi may be calculated 

using the expression fc>T the intensity-dependent electron density. 1 3 Following the 

15 



formalism of Ref. 13, we write 

8«Ja 2 

e<j>t = 

where <f>t is the thermal potential, a is the attenuation coefficient. Ke is the electron 

, thermal conduction, / is the intensity, and a is the typical spot size of the beam. 

Setting e<f> = Te defines the limiting po'ver 

flasnsr- ( 3 6 ) 

For 2c = 1 eV,ne = 2 x lO'^andAm,, = 10 ^m, the limiting beam power is P; = 

3.8 kW. Since P( is relatively large compared to the thermal self-focusing thresholds, 

this calculation suggests that even though thermal self-focusing can greatly increase 

the beam intensity, it may be possible to maintain the beam power below the 

limiting value Pi 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 frequency conductivi-

t y . w 

^ t t A f f l - l a^]_^ ) | ^p I 1 (^* ) _ 7 , r (Al) 

fc2c2 = u>2(l - - ^ - i ) (A2) 
w 

The real part of Eq. (A2) yields the ordinary wave dispersion relation &2 — u^+fe 'c 2 . 

The imaginary portion determines the high frequency collision rate and attenuation 

coefficient. 

In the above equations, y 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 CO2 laser with A - 10.6 fim, intensity 

J = 200 kW/cm2, interaction length L = 5 cm. The upper curve is for Tc = 

0.75 eV. The lower curve corresponds to 1 eV. At X. = 0.75 eV and n e ~ 

2 x 10 1 6 cm~&, ki,pXmfp ~ 1. Straight lines indicate the Steel and Lais result. 

FIG. 3. Phase conjugate reflectivity for pulsed CO2 laser with A = 10.6 fim, inten­

sity / = 150 MW/cm2, interaction length L = 5 cm at Ts = 0.75 and 1 eV. At 

T<. - 0.75 eV and nc ~ 2 x 10 1 6 c m - 3 , kbpXmjp ~ 1. 

FIG. 4. Reflectivity for far-infrared source with A = 119 fxm, intensity / = 2.5 MW/cm2, 

interaction length L = 2 cm, at T c = 0.75 and 1 eV. At Tt = 0.75 eV and 

n e ~ 9 x 10 1 4 cm~3,kbp\mfp ~ 1. 

FIG. 5. Reflectivity for millimeter source with A = 2 mm, intensity J = 20 kW/cm2, 

interaction length L = 5 cm, at T e = 0.75 and 1 eV. At T e = 0.75 eV and 

n , ~ 4 x 10 1 3 cm~s, fcbpAm^p ~ 1. Near cutoff large reflectivities are expected. 

FIG. 6. Reflectivity for centimeter waves with A = 1 cm, intensity I — 1 kW/cm2, 

interaction length L = 20 cm. 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. DBFWM phase conjugate reflectivity for CW CO a laser with A = 10.6 fim, 

intensity I — 200 kW/cm2, 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 fun, intensity 

I = 50 kW/cm2, interaction length L = 1 cm at the sound resonance (solid) 

and off resonance (dash). 

FIG- 9. DDFWM reflectivity for millimeter source with A = 2 mm, intensity / = 

25 Wfcm2, interaction length L = 5 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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