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Results are presented of an investigation of the nonlinear stage of the weak-field temperature instability of 
plasma waves excited in the direction of the pump field and "strictly" transverse to the constant magnetic 
field. It is shown that in the nonlinear regime the initially homogeneous plasma becomes stratified with a 
characteristic scale much less than the length of the electromagnetic wave. Averaging over the small-scale 
oscillations yields an equation for the average field in a medium with an effective (nonlinear) dielectric 
constant; the equation describes the self-action of the pump wave. Stationary solutions of this equation are 
considered. It is shown that a consequence of the stratification is self-focusing of the wave beam in a 
transparent medium and nonlinear penetration of the wave into the dense plasma. 

PACS numbers: 52.35.Mw, 52.35.Py, 52.35.Hr 

1. INTRODUCTION 

In the dynamics of the interaction of electromagnetic 
waves with a dense plasma, an important role is played 
by processes connected with the development of modula- 
tion instability of the plasma oscillations. The theory 
usually deals with collisionless effects due to striction 
nonlinearity. It i s  known at the same time that in an 
isotropic plasma with infrequent collisions (v << w) the 
mechanism of excitation of the parametric instabilities 
of the oscillations with a characteristic scale larger 
than the mean free path i s  determined by the ohmic 
heating of the The presence of an even 
weak constant magnetic field in the plasma influences 
substantially the motion of the particles and leads, gen- 
erally speaking, to a decrease of the transport coeffi- 
cient. This results expands the plasma-parameter re-  
gion in which the thermal nonlinear effects prevail over 
the striction effects. Thus, obviously, in  a magnetized 
plasma (w, >> v, w, = eH/nzc is the gyrofrequency of the 
electrons) the role of the "mean free path" in the cal- 
culation of the coefficients of transport across  the mag- 
netic field i s  played by the Larmor radius, and there- 
fore the thermal effects a re  decisive for instabilities 
with characteristic scale L, >>pH. This shows that the 
thermal parametric instabilities can play an important 
role in the aggregate of the phenomena that take place 
in a magnetoactive plasma. A theoretical investigation 
of these phenomena i s  of interest also for specific ap- 

m a  in the case of a local dependence of the electron-gas 
temperature on the intensity of the quasistatic field E 
= D/E, (D is the induction; E, = 1 - wV(w2 -mi), wp i s  the 
electron plasma frequency). It is seen that at E, < 0 the 
minima of the density perturbations coincide with the 
regions of the maximum field, and consequently the re- 
gions of higher gas-kinetic pressure; In other words 
compression of the plasma in a certain region is accom- 
panied by a decrease of the pressure in this place (as if 
the medium were to lose elasticity), and this leads to  
further compression a t  increased rates. Since the in- 
equality &, < 0 is satisfied only a t  w > w,, to understand 
the physical picture i t  suffices to consider the simplest 
case of a weak magnetic field (w >> w, >> v), in which the 
high-frequency dispersion characteristics of the plasma 
differ insignificantly from the characteristics of an iso- 
tropic plasma, and i t  i s  important to take into account 
the constant magnetic field only in the equations for the 
low-frequency motions. 

The results  of the linear theory of thermal modulation 
instability of upper-hybrid oscillations a r e  given in Ref. 
3. The nonlinear stage of this instability was consid- 
ered in Refs. 7 and 8 in a quasilinear approximation, in 
which the phases of the growing oscillations were as-  
sumed to be random. This assumption i s  justified in an 
inhomogeneous plasma, in  which the convective trans- 
port produces waves with different frequencies at a giv- 
en point of space. 

plications to the propagation of high-power radio waves The dissipative-instability mechanism described 
in an ionosphere plasmag and to experiments on the in- above is similar to the mechanism of the modulation in- 
teraction of laser  radiation with thermonuclear targets, stability of a collisionless plasma. Therefore in a suf- 
wherein strong quasistationary magnetic fields a re  gen- ficiently homogeneous plasma, just a s  in the collision- 
erated in the plasma (see, e.g., Ref. 6). less  case, phased spatial harmonics of plasma oscilla- 

tions can be generated and can lead to formation of e s -  
We report below the results of an investigation of the sentially nonlinear soliton distributions. (This circum- 

nonlinear stage of small-scale thermal instability of 
stance was noted in Ref. 4 and was confirmed by nu- 

plasma waves excited% the pump-field direction and 
merical calculations in Ref. 9.) 

strictly transverse to the magnetic field. To explain - 
the mechanism of this instability of the oscillations with Obviously, parametric excitation of plasma oscilla- 
characteristic scale much less  than the electromagnetic tions leads to the appearance of nonlinear corrections 
wavelength (pump), we examine the behavior of the plas- to the imaginary and real  par ts  of the refractive index 

282 Sov. Phys. JETP 51(2), Feb. 1980 0038-56461801020282-07$02.40 O 1980 American Institute of Physics 282 



of the electromagnetic pump wave. Usually principal 
attention is being paid to the determination of nonlinear 
absorption, characterized by an effective electron-col- 
lision frequency v , , , . ~ ~ ~ * ' ~  The change of the real  part  
of the refractive index becomes particularly substantial 
if soliton distributions a r e  produced. In fact, the elec- 
t r ic  characteristics of a plasma with soliton perturba- 
tions of the density can be defined a s  the characteristics 
of a mixture of two substances, a homogeneous unper- 
turbed plasma and a soliton gas. The dielectric con- 
stant of such a mixture, as i s  well known," does not 
reduce to a sum of the dielectric constants of the com- 
ponents. It turns o ~ t ' ~ 9 ' ~  that excitation of solitons of 
even moderate amplitude can lead to a substantial 
change in the refractive index of the electromagnetic 
wave and consequently to nondissipative self-action ef- 
fects-self-focusing and waveguide propagation of the 
radiation. It is important that these changes of the re-  
fractive index settle within a characteristic time of the 
order of the time of development of the modulation in- 
stability, i.e., much faster than the ordinary thermal 
nonlinearity due to the redistribution of the plasma 
density in the region occupied by the electromagnetic 
wave. It i s  therefore natural to call these self-action 
processes "fast." 

The purpose of the present paper i s  to investigate the 
self-focusing of waves and the nonlinear penetration of 
the field, which are  connected with the development of 
thermal modulation stability of upper-hybrid plasma 
oscillations. We consider the simplest case of trans- 
verse propagation of electromagnetic waves in a homo- 
geneous weakly magnetized plasma. In Sec. 2 we pre- 
sent the initial equations and formulate for  their solu- 
tion a method that i s  a modification of the averaging 
method. In Secs. 3 and 4 we consider the effects of 
self-action in a "postcritical" and a transparent plasma, 
respectively. 

2. BASIC EQUATIONS. GROWTH RATES 
AND THRESHOLD FIELDS OF THE INSTABILITIES 

The initial system of equations describing the thermal 
stratification of the plasma in the field of an electro- 
magnetic wave consists of the equations of diffusion and 
heat conduction for slow perturbations of the density 
and temperature of the plasma, which ar ise  under the 
influence of the field, and the parabo5c equation for the 
slow complex amplitude of the wave 8 = E(r, t)eiwt. In 
the latter we take into account the spatial dispersion 
due to the thermal motion of the electrons. In our case 
of transverse propagation in a homogeneous magnetized 
plasma with w, << w we have 

where c, i s  the dielectric constant of the unperturbed 
plasma, n and O a r e  the relative perturbations of the 
concentration and of the temperature, E,= (3m 6T w2/ 
e2)1/2 is the plasma field of the thermal nonlinearity, 6 

is the relative fraction of the energy transferred by the 
electron to the heavy particle in one collision, ko= w/c, 
r, is the Debye radius, and D, is the coefficient of dif- 
fusion across  the magnetic field, defined by the rela- 
t i o n ~ ' ~  

where L,, and L, a re  the characteristic scales of the in- 
homogeneity of the concentration along and across  the 
magnetic field, respectively, S Z H  i s  the ion gyrofre- 
quency, and vim is the ion collision frequency. 

Since the characteristic spatial scale X,, i s  small 
compared with the electromagnetic wavelength, i t  i s  
possible to use in  the investigation of the Langmuir- 
oscillations dynamics, the averaging method proposed 
in Ref. 12 and to solve the problem in two successive 
stages. We consider f i r s t  the excitation of the plasma 
oscillations in a field of given induction D = -k; '~ E 
(actually in the given magnetic field of the electromag- 
netic wave): 

next, averaging (6) over the small-scale oscillations, 
we obtain an equation for  the average (vertical) field i? 
that describes the interaction of the pump wave in a 
medium with a certain effective dielectric constant E,,,: 

We consider now the linear stage of the modulation in- 
stability (see also Ref. 3). Linearizing (I), (2). and (6) 
with respect to standing plasma oscillations with wave 
vector k, we easily obtain the following dispersion equa- 
tion 

From this i t  is quite simple to determine, in various 
limiting cases, the increments, threshold fields, and 
the optimal instability scales. Thus, in a transparent 
medium (E,>> v/w) for a maximum instability increment 
of the plasma waves in the pump-wave field that does 
not exceed significantly the threshold value (Y << bv), we 
get 

~ = & ~ @ , ( E ~ ' / E ~ , - I } ,  (9 ) 

where 

k O : p ~ , / 3 r d 2 ,  ~ ~ , / 8 n ~ . ~ , = 2 ~ ( 6 + ~ ~ ~ ~ ~ ~ ) / ~ .  

When the field intensity exceeds the threshold greatly 
(y>> kzp;v) we get the expression 

r= (&?pt~,60~, ' /2~ ,1) '" .  (10) 

In the immediate vicinity of the plasma-resonance re- 
gion ( I  E ~ I < <  v / ~ )  we obtain from (8) from the maximum 
instability growth rate (I? << 6v) and for the correspond- 
ing wave number: 

1) in the case of weak collisions, V / W  << 36w,/w, 
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r-gpJlL { (E~E&) '" -  I } ,  
(11) 

3'bk,,ptrd= (2"Vlo) % (EolEh) '", Ethr =EP (2"v/m)$; 

2) in the case of strong collisions 

In a transcritical plasma (E,< 0, I E,] >> v/w) we obtain 
in the same approximation (I? << 6v) 

r = k ~ t ~ , ( ~ o ~ ~ t h , - l ) ,  

where 

The character of the nonlinear stage of the thermal 
modulation instability and i ts  physical consequences 
differ principally in the cases of a transparent and a 
transcritical plasma. We shall therefore consider 
these cases separately. 

3. NONLINEAR STAGE OF MODULATION 
INSTABILITY IN A TRANSCRITICAL PLASMA 

1. Just a s  in the collisionless case,112 the develop- 
ment of modulation instability leads to a stratification 
of the plasma and to a homogeneous heating of i ts  elec- 
tronic component, a heating determined by the electric 
field averaged over the stratified structure. In a trans- 
critical plasma a t  a sufficiently small  excess of the 
field above the threshold value, when the spatial dis- 
persion of the plasma waves can be neglected (k2ri  
<<v/w), the nonlinear stage proceeds qualitatively in 
the same manner as in an isotropic p l a ~ m a . ~  We con- 
sider this very simple case and formulate the assump- 
tions used to obtain the expression for the effective di- 
electric constant. 

The system (I) ,  (2), and (6) has in the case of a spa- 
tially bounded wave beam several characteristic times. 
The longest of them i s  the time needed to crowd out the 
plasma out of the entire region heated by the field. A s  
a result of this process, a pressure balance is estab- 
lished in the entire region occupied by the field. We a re  
interested in the quasistationary process and in solu- 
tions that a re  realized over much shorter t imes and 
take into account the redistribution of the plasma over 
a scale on the order of the wavelength of the plasma os- 
cillations. In addition, we assume that v i s  constant. 
As a result we arrive at the equation 

d'n vz 

where b = (36)1/2x/p,, and the superior bar  denotes 
averaging over x. The remaining quantities a re  de- 
fined as follows: 

The character of the solution of (16), whose integral 

is of the form 

is easiest  to analyze qualitatively by using the phase 
plane. This plane is shown in the figure for a field ex- 
ceeding the threshold value." It is natural to expect 
that the development of the instability results  in a dis- 
tribution having a period L = 2n/k,, corresponding to 
the maximum instability growth rate (13). Thus, in the 
stationary state the initially homogeneous plasma with 
so < 0 becomes a layered inhomogeneous medium, in 
which the layers with E s -v/w, having a characteristic 
dimension - p , / a  alternate with the layers having E 

E,, with a period L = 2m/kO,,. In the case of a slight 
excess of the field above the threshold, the solution of 
the equation takes the form of a periodic se t  of solitons 
in the form 

spaced L = 2n/k0,, apart, where k,,, is given by expres- 
sions (14) and (15). We note that in contrast to the case 
of modulation instability in  a collisionless plasma12 the 
"thermal" stratification of the plasma does not produce 
an alternating-sign structure of the dielectric constant 
[ s ( x )  <O in the entire stratification region]. 

Using this representation of the nonlinear stage of the 
modulation instability, we easily obtain an expression 
for E,,,. This is easiest to do either by assuming that 
the optimal scale everywhere in the instability region 
is determined by the maximum value of the field at the 
initial instant of time Em,& = O), o r  by regarding the 
optimal scale a s  locally connected with the average 
field E in the given section. In either case, E,,, takes 
the form 

Here k,,, i s  determined by expressions (14) and (15), in 
which E ,  must be taken to mean either Em, at  t = 0, o r  
else E 

From (20) i t  follows f i rs t  that the stratification makes 
the plasma more transparent, I Re &,,,I < Re E,, but in  
contrast to the striction stratification, the thermal 
stratification does not lead to  a nonlinear induced trans- 
parency of a transcritical plasma, since the dielectric 
constant is  still of alternating sign [see (19)]. How- 
ever,  the depth of penetration of the field into the plas- 
m a  can change substantially. 

Another important consequence of the onset of rela- 
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tively extended regions with & S 0 is additional nonlinear 
absorption due to ohmic losses in layers with a dielec- 
t r ic  constant close to c = 0. It is seen that a small  ex- 
cess of the field above threshold suffices to make the 
nonlinear absorption predominant. The result of the 
plasma stratification i s  also an appreciable decrease of 
the threshold field of the striction modulation instability 
in regions with c S 0, and this in  turn can lead to slow- 
e r  (collisionless) stratification with all i t s  conse- 
quences .I2* l3 

2. With increasing intensity of the pump-wave field, 
regions can be produced in which the dielectric con- 
stant is positive. When account is taken of the spatial 
dispersion in these regions, the stationary distribution 
of the plasma oscillations is described by the system of 
equations 

where t%'= ( E ~ ~ / ~ ~ N , T J ' / ~  a d  the bar  denotes averaging 
over the optimal instability scale. 

We consider two limiting cases, in which the effects 
a r e  qualitatively different. If the plasma wavelength 
(A - r , /G)exceeds greatly the characteristic thermal- 
conductivity length pK/fi, the concentration is a local 
function of the field and we arr ive  consequently a t  the 
equation 

In the absence of losses this equation was discussed in 
detail in Ref. 12 for the purpose of obtaining estimates 
for  the parameters of the nonlinear induced transparen- 
cy of a collisionless plasma (of the threshold field in- 
tensity and of the induced-transparency time). Using 
the results of Ref. 12, we obtain the following expres- 
sion for the effective dielectric constant: 

where k,,, is determined by Eq. (14). We see  therefore 
that the threshold induced-transparency field practical- 
ly coincides with the threshold modulation-instability 
field and amounts to 10/9~,I  &,I 'I2. 

To attain analytic expressions in the other limiting 
case of nonlocal connection between n and &(I sol>> bwv 
w i )  we use the fact that the distribution of the concen- 
tration n(x)  is a smooth function of x (over the scale of 
the plasma wavelength r , / G ) .  The solution of the lin- 
e a r  inhomogeneous differential equation (22) can then be 
written in explicit form, using asymptotic methods (see, 
e.g., Ref. 16). The integration constants a re  deter- 
mined under the assumption that the characteristic 
stratification dimension PH/fi is smaller than the 
damping length of the plasma wave -v ,6 /v  = l 6  
and consequently the regions with positive dielectric 
constant constitute high-Q resonators ( w , m > ~ ) . ~ '  

Let the dielectric constant c (x) be positive a t  I x I <xo 
and negative a t  x,<x < L. Using the geometrical-optics 
approximation, we write down the solution of (22) in 

these regions in the following manner: 

It is easy to  estimate the amplitude B of the plasma 
wave excited in the vicinity of the plasma resonance (x  
=+xd, by assuming that the distribution of the plasma 
concentration in the transition region is linear with a 
characteristic dimension 1 [& = (x  - xo)/l]. Applying 
Airy functions to the asymptotic integration (22) and 
recognizing that an integer number of half-wave i s  
spanned by the distance between the turning points, we 
get 

where LA,,,= (3r,21)lf3, cm is the maximum positive val- 
ue of the dielectric constant reached at x = 0 .  

To calculate the parameters of the self-consist strati-  
fied structure we substitute (25) and (26) in (21) and 
average over the characteristic scale of the plasma 
waves. We then get 

It is seen that the continuous distribution of the per- 
turbed concentration of the plasma under strongly non- 
local nonlinearity i s  described by segments of para- 
bolas. We shall not present here the algebraic system 
of equations for the stratification parameter and i ts  
solution, but write out immediately the expression that 
we shall need later for the amplitude of the plasma 
wave : 

Finally, averaging (22) over the characteristic stratifi- 
cation scale (131, using the geometrical-optics solution 
(221, we get an equation for the determination of s,,,: 

It follows from this that both the real  and imaginary 
parts of seff vary. At Imz,,, << I sol we have Rec,,, 
= 3/4 1 &,I and we get for the effective collision frequency 

It i s  seen th2t v,,, decreases with increasing pump-wave 
amplitude (1 = 4D/3s0). This i s  a direct  consequence 
of the increase of the inhomogeneity gradient with in- 
creasing field, and leads to a lowering of the effective- 
ness of the linear transformation. 

4. SELF-ACTION OF ELECTROMAGNETIC WAVES 
I N  A TRANSPARENT PLASMA 

To describe the nonlinear stage of thermal modulation 
instability in a transparent plasma (&,>O) we make use 
of the fact that the instability growth rate has a sharp 
maximum for plasma waves with wave vector k = c b f 2 /  
3'I2r,. Therefore, at least in fields that do not exceed 
greatly the threshold value, it i s  natural to assume that 
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in the nonlinear regime there i s  no enrichment of the 
spectral o r  the spatial  harmonic^,^' and consequently 
the distribution of the field and of the plasma param- 
e te r s  takes the form of a standing wave with k =k,,,. By 
way of example we consider a case in which the distri- 
bution of the temperature can be regarded as quasista- 
tionary and an instability with a growth rate (9) is real- 
ized in the linear stage. However, the results  of a 
qualitative construction of the stationary picture a re  
valid also in the other limiting case (10). Just  as above, 
we neglect the global distribution of the plasma over the 
characteristic dimension of the beam. Putting in (I), 
(2), and (3) 

E=E ,,,(Z+e,cos k s ) ,  n=n,cos kx, 8-%+8,cos k s  

and averaging over the small-scale oscillations, we 
easily obtain an equation for the self-action of the aver- 
age (in the scale 2n/k) field 

2io aE -- +AZ+X: (eo+n.zA)  z - O. 
c ' a t  

The remaining quantities a re  determined by the e q r e s -  
sions 

- n 'o o n.2 e = L e o  ( 4  +A) I E I ~ ,  e , = - n - ~ z ~ ~ ,  e- =--. 
o 4v v i-l 

The only mechanism that leads to elimination of the 
instability within the framework of Eqs. (31) and (32) i s  
the reaction of the growing density perturbations on the 
pump field. It can lead to establishment of a stationary 
state (a/& =o), in which the intensity of the electric 
field in the entire instability region i s  equal to the 
threshold value ( 1  e )  = 1). Consequently, the problem of 
finding the stationary state reduces to a determination 
of that plasma-wave field distribution, for  which the 
average field satisfies the equation4' 

The general analysis of the solution of this kind of in- 
verse electrodynamic problem (as well a s  the answer 
to the questions of i t s  existence and uniqueness) is quite 
difficult. We shall attempt to  describe qualitatively the 
stationary interaction of the transverse and plasma 
waves using by way of a very simple example a wave 
beam propagating in a homogeneous plasma along the 
magnetic field. We assume that the characteristic 
transverse dimensions of the region in which the field 
exceeds the threshold value ( \e l  3 1) a re  much larger 
than the wavelength, and that the longitudinal dimension 
L,, >> l / q  so  that the processes can be described on 
the basis of a parabolic equation for the complex am- 
plitude. Obviously, the development of the instability 
and the associated small-scale stratification change the 
structure of the beams and lead to a distortion of the 
initial form of the instability region. The physical fac- 
tors  that ensure constancy of the field amplitude in this 
region (32) a re  the reflection of the wave and the re- 
fraction-induced bending of the rays. If the wavelength 
is much less  than the characteristic dimension of the 
inhomogeneities ( -1 /n) ,  the reflection can be neg- 
lected. Thus, the equation that describes the stationary 
self-action of the average field takes the form 

under the condition (33). Representing the complex am- 
plitude of the field in the form F =  $ei*, we obtain from 
(34) the following equations for the phase of the field in 
the instability region ( 1  el = g= 1): 

In the axially symmetrical case i t  follows from (36) 
that the solution bounded on the z axis (Y =0) has B ~ ? / B Z  

= 0, i.e., the rays a r e  parallel to the z axis in the in- 
stability region. Thus, the amplitude of the perturba- 
tions of the density and of the plasma oscillations n- 
= const can be determined from the condition that the 
system of rays entering the instability region should be- 
come transformed on the boundary of this region into a 
beam of rays parallel to the z axis, thus ensuring con- 
stancy of the amplitude of the electromagnetic wave 
e= 1. The calculations will be continued for the case of 
a paraxial Gaussian beam in which the intensity distr i-  
bution is described by the expression 

where e, is the maximum intensity at least at the cen- 
t e r  of the beam (Y= 0,z =zp); the characteristic radius 
of the beam is 

while a, and I ,  = kai  a re  the characteristic longitudinal 
and the transverse dimensions of the focal region (it is 
assumed that ka, >> 1). 

We represent the system, resulting from Eq. (34) of 
the paraxial rays in the region where the field below 
threshold (n- = 0) in the form 

where Y, i s  the transverse coordinate of the ray a t  z 
=z,. Applying Snell's law to the leading boundary of the 
instability region and recognizing that the system (35) 
is transformed in this case into a distribution parallel 
to the z axis, we obtain an equation for  the shape of the 
boundary 

It follows therefore that the boundary of the instability 
region i s  concave towards the beam (dr/dz <O at  r>O).  

Next, recognizing that the field amplitude in the in- 
stability region is constant ( /  el = I), i t  i s  easy to esti- 
mate from (37) and (39), using the energy-flux conserv- 
ation law (neglecting reflection) in the case of not too 
large an excess of the field above the threshold (e, 2 I), 
the amplitude of the small-scale stratification: 

Thus, the general qualitative picture of the nonlinear 
interaction of a wave beam with plasma waves is the 
following. In the region where the initial value of the 
field intensity exceeds the threshold, instability de- 
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velops and small-scale stratification of the plasma 
takes place. With further establishment of the self- 
consistent distribution of the field and of the plasma, 
the structure of the rays changes in such a way that the 
leading boundary of the plasma instability becomes con- 
cave in a direction opposite to the initial beam. The 
initial shape of the real  boundary, a s  can be easily seen 
from Snell's law, decreases the divergence of the sys- 
tem of rays  and by the same token expands the instabil- 
ity region. Thus, radiation that enters into the initial 
instability region turns out to  be trapped in waveguide 
channel, i.e., self-focusing of the radiation takes place. 
In contrast to ordinary thermal self-focusing ef- 
fects,'"*'* which a r e  connected with redistribution of 
the plasma density over the entire dimension of the 
wave beam, this process is characterized by an anom- 
alously fast  settling time. To realize this process i t  is 
necessary only that the density be redistributed over 
the characteristic scale of the instability (which i s  of 
the order of the length of the plasma wave), and not 
over the entire dimension of the beam. It i s  important 
to take note of 'the stability of the surface of this region 
of the wave beam relative to perturbation of i t s  form, 
which follows directly from Snell's law and from rela- 
tion (33). 

We consider now separately the region in which plas- 
ma stratification took place. A wave with a flat phase 
front propagates in this region. We investigate i t s  
stability to perturbation of the transverse structure, in 
analogy with the procedure customarily used in self- 
focusing theory (see, e.g., Ref. 19). We represent the 
solution of Eqs. (31) and (32) in the form 

Z= (l+e,) exp [tk, (e,+no) " z ] ,  n-=nNO+n,, 

where 1 el(<< l , n o =  ( n 0 ) 2 ~ / v ,  nD is the equilibrium am- 
plitude of the small-scale stratification of the plasma, 
e, =vl+iv2, 

and linearize. As a result  we obtain the following dis- 
persion equation: 

where T = (4k2DL/w&d-'. It i s  easy to estimate from this 
the maximum growth rate of the instability: ImQ,, 
= (2n0/7)', and the optimal transverse and longitudinal 
wave numbers: 

kopt=~&,- ( 2 n d ~ )  ". 
Thus, the field distribution inside the waveguide chan- 
nel i s  unstable if i t s  characteristic dimension exceeds 

We have confined ourselves above to stationary mod- 
e l s  of stratification of a homogeneous plasma under 
thermal parametric instabilities. The relations ob- 
tained show that thermal stratification of the plasma 
leads not only to additional absorption of electromag- 
netic waves, but also to a change in the character of 
the penetration of the field into the plasma, and in par- 
ticular to anomalously fast thermal self-focusing of the 
electromagnetic waves. To assess  the quantitative role 

of the considered dynamic nonlinear effects in experi- 
ments in which radio waves act on the ionosphere and in 
experiments on laser-driven thermonuclear fusion i t  is 
necessary to carry  out additional investigations with 
account taken of the nonstationary character of the in- 
teraction and of the initial inhomogeneity of the unper- 
turbed plasma. 

"we note that an analysis carried out without allowance for the 
conservation of the total number of particlesf5 yields also a 
transition solution (from one value of the concentration to 
another). 

 he case of a low-Q resonance is analyzed in Ref. 10. 
3 ' ~ s i n g  the final result (40), we can easily estimate that the en- 

richment of the spectrum can be neglected a t  &,,<lGu/w. In 
the general case this representation should be regarded as an 
approximation of the true distribution of the plasma and field 
parameters. 

4 ' ~ r o m  the mathematical point of view the problem considered 
here i s  equivalent to that of a stationary gas discharge pro- 
duced in the field of a beam of electromagnetic waves (see 
Ref. 17). 
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Thermodynamic properties of a nonideal argon or xenon 
plasma 
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Results are presented on shock-wave dynamic compression and on the investigation of the equation of state of 
a strongly nonideal argon and xenon plasma. The experiments were performed with explosive propelling 
devices, using the energy of the detonation of powerful condensed explosives. A considerable increase of the 
pressure and a decrease of the internal energy are established. This is a consequence of the deformation of the 
electronic energy levels of the strongly compressed plasma. A quantum-mechanical model of a bounded atom 
and a pseudopotential model of a plasma are proposed to describe this effect. 

PACS numbers: 52.25.Kn 

1. INTRODUCTION power ionizing shock waves produced when powerful 
condensed explosives a r e  detonated. The combination 

The operation of many contemporary technical de- of electronic-contact and optical basic methods has 
vices i s  based on concentration of appreciable energy made it possible to register the kinematic characteris- 
in dense which leads to the production of a t ics of the motion of the shock waves and, by using the 
high-pressure plasma with strong interparticle interac- mass, momentum, and energy conservation laws to ob- 
tion. The theoretical description of the physical pro- tain the equations of state d a dense shock-compressed 
cesses in a nonideal plasma entails considerable diffi- plasma. 
culties of correctly accounting for the varied and struc- 
turally complicated multiparticle interactions, and i s  The experiments yielded shock waves with velocities 

possible at the present time only in  the limit of low up to 9.6 x lo5 cm/sec. The plasma generated thereby 

density by the methods of perturbation o r  in 
has a high temperature T- (2-6) x lo4 K and a pressure 
P- 1-6 kbar, and i t s  density approaches that of the 

the case of idealized systems by computer-experiment 
liquid phase (see Figs. 4a and 4b below). Thus, the  method^.^^^ The main source of information on the 
plasma investigated in the experiment is nonideal with properties of strongly compressed plasma in this situa- 
respect to a broad spectrum of interparticle interac- tion i s  experiment, which makes i t  possible to estab- 
tions with substantial participation of excited states of l ish the limits of applicability of the asymptotic approx- 
atoms and ions. imation and which yields the required information for 

the construction of thermodynamic models of a strongly 
nonideal plasma. 2. EXPERIMENTAL TECHNIQUE 

Experiments on shock compression of inert gases 
Experiments with a nonideal plasma call for high local were performed with generators of rectangular shock 

concentrations of the energy in dense media and for the 
use of diagnostics methods that a r e  not traditional in 

waves using explosive driving  system^.'^*'^*'^ In these 

plasma physics. This is due to the patently insufficient devices, the metallic flyer plates were accelerated to 

number of thermodynamic measurements made in the 5-6 km/sec by the detonator products of charges of 

region of advanced nonidea1ity.'-l3 In particular, there powerful condensed explosives. The high uniformity 

a r e  no systematic investigations of the region of ex- and reproducibility of the dynamic parameters of the 

tremely high plasma densities, where strong interpar- generators was attained by using specially shaped det- 

ticle interaction manifests itself not only in the contin- onation lenses, flyer plates of special construction, as 

uous spectrum, but also causes distortion of the dis- well as by using active charges with geometrical di- 

crete energy levels of the electrons bound in  the atoms mensions sufficient to establish stationary detonation. 

and ions .'* The collision of the moving flyer plates with the con- 
densed targets produces in  the latter shock waves with - 

In this paper we present the result of investigations of maximum pressures  of the order of 1 mar. The emer-  
the thermodynamic properties of a dense nonideal plas- gence of the wave to the interface between the target 
m a  of argon and xenon, obtained by compression and by and high-pressure inert  gas i s  accompanied by expan- 
irreversible heating of the gases in the front of high- sion of the target material in the centered release wave 
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