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Self-focusing effects can be important  in propagation of e lectromagnet ic  waves in plasma. One of the 
possible mechanisms for se l f - focusing (thermal) is manifested over  a wide range of plasma pa rame te r s ,  en- 
compass ing  both laboratory and ionospheric or cosmic  plasma: In this case ,  as experiments show, thermal  
self-focusing can appear at radiation powers of about 100 watts. A large number of papers is devoted to an 
analysis of thermal  self-focusing (see, for example, [1-5]). 

In this paper,  we examine thermal  se l f - focusing of e lectromagnet ic  waves in tL~ mi l l imeter  range in a 
completely ionized plasma. If we limit ourselves to pulses with microsecond duration T and charac te r i s t i c  
t r ansve r se  sizes r 0 in the range 1-10 cm,  then it is possible to use an average interact ion of the e lec t romag-  
netie field with the plasma. It is assumed that the condition for  quasi l ineari ty of the p lasma is satisfied and 
that the absorption of energy in the field by the plasma stems f rom simple motion of electrons in the field of 
the wave without taking into account turbulence,  decay process ,  and so on, while energy is exchanged by plas-  
ma components due to Coulomb collisions.  These assumptions are  valid in the experimental  situations men- 
tioned above. 

On the s t rength of this, we will use a hydrodynamic descript ion of the plasma motion. Evidently, in this 
ease ,  it is possible to neglect the motion of the plasma along the axis of the pulse. 

In most theoret ieai  papers on thermal  self-focusing,  it is assumed that the deviations of the p lasma 
paramete r s  f rom their equilibrium values are  small .  Then, it is possible to use the l inearized equations of 
hydrodynamics.  However, often such an approach is not adequate and, therefore ,  it is neces sa ry  to examine 
a complete sys t em of equations of hydrodynamics .  An example is the problem related to uhf heating of a pins- 
ms,  where the p lasma paramete r s  can great ly  deviate f rom their  equil ibrium values. 

Under typical experimental  conditions, i .e . ,  p lasma density n of the order  of 10~4-1015 cm -3 and plasma 
tempera ture  T in the interval  0.1-1 eV, the e l e c t r o n - i o n  collision frequency Uei is of the o rde r  of 101~ sec -1. 
Therefore ,  the charac te r i s t i c  time for  equalization of the tempera tures  of plasma components,  equal to (M/ 
m)/Uei ,  where M is the mass of an ion and m is the mass of an electron,  is 10-7-10 -8 sec,  which is much less 
than the duration of the pulse. It follows f rom this that the tempera tures  of the plasma components can be as -  
sumed to be identical. For  a s imi la r  reason,  it is possible to neglect the tonic thermal  conductivity, since 
under the conditions indicated the charac te r i s t i c  time for it is 10-2-10 -3 see.  

The complete sys tem of equations that descr ibes  thermal  self-focusing under these conditions, for 
axially symmet r i c  beams,  has the fo rm 
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Here,  the z axis is directed along the pulse axis; W :: 3nT + (1/2)(M + m)v2n; v is the radial  velocity of the 
plasma; e is the charge  of an electron; co and E are  the frequency and amplitude of the wave field, so that the 
intensity of the electr ic  field is ~ = (t/V2)(Ee i~t + E*e -i~t) ; k = co /c ;  p = nT is the plasma pressure ;  r e is the 
average free flight t ime of electrons in the plasma. 
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We note that in these equations the electrostrietion pressure 

Pst = -~- I E ]~, 

where Wp is the plasma frequency, is not taken into account. 

The ratio of the high-frequency pressure force VPst ~ Pst/ r0 to the thermal pressure force VPT ~ PT/ 

r T is 
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w h e r e  . . . .  t_.. ( % l~v~lE p; and r T ~ r 0 + VT is the c h a r a c t e r i s t i c  s ca l e  of the t e m p e r a t u r e  nonuni formi ty .  
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It follows from here that it is important to take into account striction when veir < I, i.e., for a cotlisioniess 

plasma and for v/roVei > I. 

For the plasma parameters and fields examined here (n ~ 1014 cm -3, T ~ 0.I-I eV, r ~ 10 -6 sec, r 0 ~ 

1 cm), the quantities Vei and v have the following order of magnitude: Vei ~ 101~ sec -I, v < i05-I06 cm.sec -I, 

when Vei~ >> 1 and v/rovei << I and, therefore, it is not important to take into account striction. However, as 
the temperature increases, the contribution of striction will increase rapidly and already for T ~ 5-10 eV the 

striction pressure will become dominant, since the ratio V/Vei increases like T 5/2. 

At the initial stage of self-focusing, the deviations n' and T' from the equilibrium values n o and T o are 

small. Then, we obtain from (I), in the first approximation, the system of equations 
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whe re  c s = ( T / M )  I/2 is the ve loc i ty  of  sound and ~ is the coef f ic ien t  of t h e r m a l  conduct iv i ty  of the p la sma .  

The behav io r  of  the solut ions  of s y s t e m  (2) depends on the quant i t ies  es and ~. F o r  s m a l l  es and ~ , i . e . ,  
es << r 0 / z  and x << r ~ n 0 / r ,  as shown in [6], s e l f - f o c u s i n g  is accompan ied  by s t rong  s e l f -modu la t i on  of the 
putse.  In this e a s e ,  the m a x i m u m  at ta inable  putse ampt i tude  i n c r e a s e s  as the dura t ion  of the s t a r t i n g  pulse 
approaches  s o m e  c r i t i c a l  value % like (r 0 - T) -3/2. 

Let  us now examine  the s y s t e m  (2) wi thout  a s s u m i n g  that n: and T'  a r e  smal l .  Using the parabol ic  ap-  

p rox imat ion ,  i .e . ,  s erring 

E : ,  (t) exp ( - -  r2/r~F2)/F,  

n'  = N(z )g  exp (--r2g/r~), 

we obtain equat ions fo r  the funct ions F(z ,  t) and g(z, t) 
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where fi and T are some constants. 

For large amplitudes 1/F and g, if it is assumed that these quantities increase slowly as functions of 

their arguments, we can neglect the derivatives in (3). Then we obtain the estimate 
t 
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where a I and a 2 are constants. 
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Thus, at the initial stage of self-focusing, we can expect exponential growth in the field maximum and 

perturbation of the density with time. The growth increment in this case increases with decreasing sound 

velocity. On the whole, the picture is close to that for self-focusing of pulses in media with a Kerr nonlinear- 

ity (see [6]). 

In o rder  to study the nonlinear stage of self-focusing,  it is necessa ry  to solve the sys tem (1) numer i -  
cally. However, cer ta in  conclusions can be drawn by leaving the l inear approximation. In the l inear approxi-  - 
mation, the coefficient of absorption is assumed to be constant,  but in actuality,  its magnitude is proportional 
to the density and decreases  with tempera ture  like T 3/2. Since in the process  of se l f - focusing,  the density 
drops ,  while the tempera ture  dec reases ,  the coefficient of absorption must decrease .  This, in its turn,  slows 
down self - focusing and must lead to its saturat ion.  

Let us est imate the range of tempera tures  in which thermal  self-focusing can exist. Evidently, this 
range determines both the temperature of the initial plasma, for which self-focusing is possible, as well as 

the maximum attainable temperature in the self-focusing process. 

An estimate for the density perturbation follows from the equation for the field in (I) 

n' > mc2/4~e2r~. (4) 

F r o m  the second equation of the same sys tem,  we obtain 
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while f rom the third equation, we have the est imates 

maJ~ 
T' ~ e~'-----L- ~ T E ]~ 7-3/2% a = " 

amo2 i 4he a In A" (5) 

Substituting the two last est imates into (4), we obtain 

T3/2 ~ % I E 
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On the other hand, at the developed stage of self-focusing,  when T' > T o and, therefore ,  T ~ T' ,  we 
obtain f rom (5) 

T > Mc2/z2co~. (7) 

Inequalities (6) and (7) give the approximate boundaries for the tempera ture  range sought.  

For  convenience in construct ing a numerical  model, we t r ans fo rm to dimensionless variables in (1). If 
t, r ,  z, n, v, T, and E are  measured in units TO, r0, kr 2, v 0 = c 2 r / r 0 ,  T o and Eo, respect ively ,  then, taking 
into account the inequality ~2T2 >> 1, we obtain 
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and • are dimensionless quantities. 

3mnor ~ 

Within the scope of system (8), we modelled the propagation of pulses having an initial profile of the form 

E = A ~xp ( -  r~/F~- t~/t~), 

with the following base values of the parameters: ~ = 0.2, tt = 2, k = 0, ~ - 300, and ~ = 25. These parameters 
correspond to a hydrogen plasma with an initial temperature of about 0.1 eV, density 1014 cm -3, pulse duration 
0.2 �9 I0 -~ see, and pulse width 0.3 cm with the incident radiation frequency 4.1012 sec -I. 

In the numerical modelling, the initial temperature of the plasma and the incident pulse energy were 
varied. 
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Figure 1 i l lustrates the exponential growth at the field maximum E m = max E and maximum density per -  
turbation n m = max n' along the pulse axis at the initial stage of self-focusing,  following f rom an analysis of 
the l inearized sys tem (2). As is evident f rom numerical  experiments ,  the conclusion drawn is quite well con- 
f i rmed,  if c s is sufficiently large; i .e. ,  C s T / r  0 > 1. At later  stages of self-focusing,  the rate of growth of Em 
and ' n m slows down and oscillations even appear. 

Figure 2 shows the dependence of the maximum field amplitude attainable with self-focusing E m a  x = 
max I E ] 2 OIl the energy of the initial pulse. The effects of self-focusing appear beginning with an amplitude 
in the initial pulse of 0.5 egse. As the s tar t ing amplitude increases ,  the maximum intensity increases  quite 
rapidly to some level, which in our calculations exceeded the initial value by a factor  of 6-8. After attaining 
the maximum, the field amplitude stabilized at a level of about 1.5 cgse. Approximately this picture was ob- 
served experimentally in [2]. 

Until saturation is achieved, the pulse profile remains smooth. If the maximum of the amplitude at- 
tained does not fall into the saturat ion region, then after  the maximum is attained the pulse spreads out and 
is absorbed by the plasma. 

If, on the other hand, the power in the pulse is such that saturat ion of se l f - focusing is attained, then 
its evolution is of a more  complicated nature. After the maximum amplitude is attained, the pulse spreads 
out as before, but in cont ras t  to the case of low powers,  in this case ,  a new maximum appears and begins to 
grow in front of the field maximum. Energy flows into the region of the new peak. After attaining some level, 
a new peak ar ises  in front of this peak and the picture is repeated,  while there is still energy in the pulse. 
Thus, for sufficiently high pulse power, its evolution represents  a sequence of pulsat ions-spikes that gradually 
decay due to absorption. We note that these peaks in the amplitude remain pract ical ly  s tat ionary in space,  i .e. ,  
s tat ionary luminous points, standing foci, are  formed on the pulse axis. 

The typical evolution of the axial profile of a pulse after  attaining the f i rs t  maximum is shown in Fig. 3. 

These resul ts  can be interpreted as follows: in the vicinity of the peak in the amplitude, the t empera -  
ture great ly increases  and the plasma density drops. In the calculations presented,  the tempera ture  on axis 
increased by a factor  of 4-6,  but the plasma density decreased  by a approximately a factor  of 2. As a whole, 
this leads to a decrease  in the absorption coefficient of the plasma (approximately by a factor  of 40 for the 
changes in the parameters  indicated above), i .e. ,  to saturat ion of the nonlinearity. Energy flows, being weakly 
absorbed,  through the region with high t ransparency  formed in the plasma and, if enough of it is left, a new 
peak can form somewhere in front.  The evolution of the plasma tempera ture  on axis is presented in Fig. 4. 

Let  us consider  the role of the electronic thermal  conductivity. For  the parameters  that we have chosen, 
the dimensionless coefficient of thermal  conductivity is about 0.01. The introduction of such a coefficient of 
thermal  conductivity into the equations leads to pract ical ly analogous resul ts ,  having an insignificant effect 
near the tempera ture  maximum. However, as the initial t empera ture  is increased by a factor  of 1.5, the ef- 
fective thermal  conductivity turned out to be significant, since the coefficient of electronic thermal  conductivity 
increases  with tempera ture  like T 5/2. It is the increase  in the absorption coefficient at high tempera tures  that 
led to saturat ion in self  focusing in this case.  

The nor, local nature of the distribution of tempera ture  and density did not have a significant effect on 
saturat ion,  which a rose  at the leading edge of the pulse, since in this region the scale  of the t empera tu re  non- 
uniformity r T ~ r 0 + vt and that of density r n ~ r 0 + (v + cs)t are  of the o rder  of the t r ansve r se  size of the 
pulse r 0. However, for large t and small z, i.e.,  on the trail ing edge of the pulse (see Fig. 3), the scale of 
the nonuniformity r n begins to exceed the size of the pulse, diffraction spreading occurs ,  and self-focusing 
ceases .  
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We note that at the developed stage of self-focusing, there arises strong convective motion of plasma 
out of the nea r - ax i a l  region, and a veloci ty  profi le  c lose  to a shock profi le  f o r m s ,  as shown in Fig. 5. 

The resu l t s  of the numer ica l  modell ing presented  above also encompass  the range  of var ia t ion  of p a r a -  
me t e r s  of the ionospher ic  p l a sma ,  for  which se l f - focus ing  of waves  in the m e t e r  range  was obse rved  in [7, 8]. 
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