
ment of such instabilities, and obtained quantitative 
characteristics of this ,process. 

It follows from our analysis that the use of the two- 
stream instability concepts to interpret the radioemis- 
sion from pulsars does not contradict the assumption 
that the near-pulsar plasma i s  relativistic. Investiga- 
tions in this direction were performed by a number of 
workers.lO-l5 It must be noted, however, that in these 
studies the relativism was taken into account by using 
rather crude and not always consistent simplifying as -  
sumptions. This raised objections (see Ref. 3). The 
approach described above makes i t  possible to improve 
the earl ier  analysis. The development of a consistent 
theory of collective processes in a relativistic plasma 
would be useful both for the interpretation of radiation 
from pulsars and other astrophysical problems, and 
for laboratory applications. 

We a r e  grateful to R. Z. Sagdeev for a discussion of 
the results and to G. I. Melikidze for useful discussions. 

"It i s  assumed, however, that the distribution function de- 
creases  rapidly enough a t  momenta much larger  than the 
average; for details see  below. 

"In the derivation of (2.4) we take into account the one-dimen- 
sional character of the particle momentum distribution. For 
this reason, expressions (2.4) cannot be obtained from the 
analogous formulas (38) and (39) of Ref. 6, which pertain to 
an isotropic distribution. 

3'The need for introducing a finite po i s  c lear  also from the 
Maxwellian-distribution example considered in Ref. 17. 
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Nonlinear effects in the excitation of a magnetic field in 
a strongly ionized plasma 
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We consider the nonlinear dynamics of the magnetic instability of a one-dimensionally inhomogeneous 
plasma. It is shown that the principal nonlinear effect that limits the growth of the magnetic perturbations 
is the dissipation of the temperature inhomogeneity of the plasma. An estimate of the maximum value of 
the exciting magnetic field is obtained. 

PACS numbers: 52.35.Py, 52.35.M~ 

1. It is known that to obtain a high temperature dense appearance of strong magnetic fields can lead to asym- 
plasma with the aid of powerful photon beams o r  charged metry of the heat flux and affect most adversely the re- 
particles, the optimal procedure is to produce adia- gime of compression and heating of the plasma. 
batically spherically symmetrical heating. Therefore 
serious misgivings were expressed when spontaneous Several assumptions were made concerning the cause 
excitation of a magnetic field, reaching lo4-lo6 G, was of excitation of the magnetic field. It is shown in Refs. 
observed in experiments with laser The 6-8 that the magnetic field can be produced in the re-  
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gion of resonance absorption of light. If plane-polarized an experimental determination of the zone of excitation 
light is obliquely incident on an inhomogeneous plas- of the magnetic field could help identify the cause of the 
ma, the electromagnetic wave is transformed into a instability. However, since the mechanisms considered 
plasma wave in the reflection region. Under these con- above can occur simultaneously, an unequivocal separa- 
ditions, the damping of the waves produces a vortical tion of one of them is an exceedingly complicated task 
component in the radiation-pressure force, and i t  is this and has not yet been performed. 
component which leads to excitation of a quasistationary 
magnetic field. Usually in experiments the heated target 
is a plate of organic material. When such a target i s  
irradiated by a focused laser beam, a plasma is pro- 
duced with a density that varies in the direction of the 
beam and with a temperature that varies in a plane nor- 
mal to the laser beam. With this circumstance in mind, 
i t  was proposed in Ref. 3 that the mechanism respon- 
sible for the excitation of the magnetic field is the action 
of the thermelectric power in the inhomogeneous plas- 
ma. 

Indeed, if the plasma pressure gradient is balanced 
by the electric field: 

e N E = - V p ,  

then it follows from Faraday's law 

where t, is the pulse duration in nanoseconds, L is the 
characteristic dimension of the inhomogeneity in cen- 
timeters, and T is the temperature in electron volts. 
For example, for typical values in experiments with a 
laser plasma t, - 1 nsec, L =lo-' cm, T = eV we get 
B = 2x lo6 G. In the case of spherically symmetrical 
heating, the plasma is one-dimensionally inhomogen- 
eous (along the radius), the density and the temperature 
gradients a re  collinear, and therefore the considered 
mechanism turns out to ineffective. The gradients a re  
not parallel possibly a s  a result of the development of 
Ray leigh- Tay lor instability of the target profile near the 
front of the thermal wave.' In this case the magnetic 
field is excited in the post-critical region (N>N,=mw2/ 
4nez, N is the plasma density, w is the radiation f re-  
quency, and e and m a re  the charge and mass of the 
electron). 

It is shown in Refs. 10-13 that a one-dimensionally 
inhomogeneous plasma is unstable to the development of 
magne tothermal perturbations. Physically, the mechan- 
ism of this instability consists in the fact that when in a 
plasma a re  produced fluctuations of a temperature which 
is inhomogeneous in a direction other than the direction 
of the initial inhomogeneity of the pressure, fluctuations 
a re  produced in the magnetic field, and this leads to the 
appearance of a heat flux that strengthens the temoera- . . - 
ture perturbation. In a strongly ionized plasmau the 
instability of a convective character and the enhance- 
ment of the magnetic field occurs in the course of the 
drift of the magnetic force lines a t  the rate of thermal 
diffusion in the electronic component. The necessary 
condition for instability development is parallelism of 
the density and temperature gradients, or more ac- 
curately v N . V T >  0. This situation is realized in the 
subcritical ( N <  N,,) region of the heated plasma. Thus, 

The fundamental question in our porblem is the de- 
termination of the maximum amplitude of the excited 
field and of the mechanism of the saturation of this 
amplitude. In view of the complexity of the problem, 
no satisfactory answer to these questions has been ob- 
tained s o  far ,  apart from a numerical simulation with 
a computer and qualitative A quasilinear 
theory of the increase of the thermal conductivity of the 
plasma on small-scale fluctuations of the magnetic field 
was constructed in Ref. 7, and the amplitude of the fluc- 
tuations was again estimated from qualitative consider- 
ations. 

In the present paper we consider analytically the 
problem of nonlinear stabilization of the growth of a 
magnetic field in the course of development of magneto- 
thermal instability of a one-dimensionally inhomogen- 
eous strongly ionized plasma. We discuss the nonlinear 
effects, their role in the saturation of the unstable per- 
turbations, and their influence on the heat transport, and 
obtain an upper -bound estimate for the maximum value 
of the magnetic field. 

We note that the mechanism discussed in Ref. 6 for 
the field saturation due to current of the electrons 
trapped in a plasma wave is effective only in the region 
of resonance absorption, and under the condition I/L 
> ( m / - ~ ) ' "  ( 1  is the electron mean f ree  path and M is the 
ion mass) the stabilization by convection of the plasma 
a s  a whole becomes likewise ineffective for the instab- 
ility in question.'.' 

2. The dynamics of the magnetothermal instability 
of an inhomogeneous plasma is described by the follow- 
ing system of hydrodynamic equationslosU: 

Here S1= e6B/mc i s  the velocity vector of the cyclotron 
rotation of the electron, T is the electron free path time, 
X =  T T / ~  is the electron thermal diffusivity, N and T a r e  
the density and temperature of the plasma, while the 
coefficients y and @ a s  functions of the magnetic field 
were calculated in Ref. 15. 

Equation (1) contained two types of nonlinearity: some 
a re  due to the dependence of the transport coefficient 
on the magnetic field, and others a re  due to the oblique 
components of the thermoelectric power and of the heat 
flux. We choose a coordinate system in which the initial 
density and temperature a r e  inhomogeneous in the direc- 
tion of the X axis, the perturbations a r e  inhomogeneous 
in the XZ plane, and the perturbation of the magnetic 
field has only y component. 
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So long a s  the magnetic field is not too strong, so  that 
S ~ T  <<I, under conditions when 

dT, dlnN dlnT, 1 
-=const, - - 
dx < - 9  ax ' dx L, 

where L, i s  the characteristic dimension of the varia- 
tion of the perturbation in the z direction and To is the 
unperturbed temperature, the system (1) can be re-  
duced to a single equation with respect to the quantity 
p = fir: 

It is easy to establish that the nonlinearities due to 
the thermoelectric power influence only the trajectory 
and the drift velocity, and do not affect the field source, 
which is described by the right-hand side of (2). The 
decrease of p, with increasing 6B leads to a slowing 
down of the drift in the direction of the X axis, and a 
decrease of /3, leads to its acceleration. However, the 
ratio of the numerical coefficients is such that the sum- 
mary effect reduces, a s  is seen from (2), to decelera- 
tion. In the Z direction, the situation i s  just the op- 
posite-the nonlinearity leads to appearance of an in- 
creasing z component of the dirft velocity, consequently 
to a bending of the trajectory of the force lines. 

The motion of the perturbation is specified by the 
characteristics of the equation (2) 

on which it takes the form 

1-3.8p2 d ln p dlnN 
--2 25 - 

1-0.3~' dx d z .  (4) 

Integrating (4) we get 

At p2<<1 Eq. (5) leads to the result of the linear theory.'' 

It is seen from the solution that the slowing down of 
the growth of the magnetic field i s  proportional to the 
decrease of the temperature gradient along the Z axis: 

The nonlinearities determined by the thermoelectric 
power contribute only to the exponent of the factor that 
characterizes the decrease of a6T/az. Since the ther- 
mal-conductivity coefficients a r e  positive-definite func- 
tions of the magnetic field, only the decrease of the 
thermal conductivity in the increasing magnetic field 
prevents the quantity a6T/az from vanishing or rever- 
sing sign, and consequently these effects only decrease 
the growth rate 6B, but cannot lead to saturation of the 
magnetic-field level. Thus, growth of the magnetic field 
does not stop a t  the level 51~<<1. When the magnetic 
field is increased to values 527 - 1, the nonlinear effects 
connected with the heat fluxes become substantial. 

3.  The appearance of a temperature perturbation that 
is inhomogeneous in z leads to the onset of a magnetic 
field, and both factors perturb the main heat flux 

This gives r ise  to fluxes 

The maximum enhancement of the perturbations corre- 
sponds to 69, = 0. Then 

and 

The nonlinear (second) term in (8) describes the ad- 
ditional convective heat transport due to excitation of the 
magnetic field in the plasma. In the case of stationary 
heating source (over the time interval characteristic of 
the instability), this flux leads to a dependence of the 
initial temperature To on the time. To separate this ef- 
fect, we substitute in the heat balance equation pertur- 
bations of the type & ( x ,  t )eike and average the equa- 
tion over z .  When (8) i s  taken into account we get 

Relations (9) describe the reaction of the perturba- 
tions on the initial state of the plasma. It is seen that 
i t  consists of a decrease of the initial inhomogeneity of 
the temperature, which is one of the causes of the in- 
stability. Comparing the time of the decrease of the 
temperature To 

with the instability-development time ri -a/u -a2/oAX, 
we find that 7, < ri a t  

P ~ > ~ A Y ~ / ~ A " O . ~ ,  (lo) 
where the last inequality follows from the definition of 
the coefficients B and y. 

Let us estimate 6Bm,,for a plasma with parameters 
N =  5x1OZ0 ~ m - ~  and T = l  keV. In this case r=2x10-l2 
sec  and 6Bm,=1O4 G. Thus, a relatively high level of 
the exciting magnetic field is  still insufficient for a sub- 
stantial distortion of the heat transport in a one-dimen- 
sionally inhomogeneous plasma. When the condition Q r  
= 0.5 is  satisfied the initial temperature gradient be- 
comes smeared out by the nonlinear heat flux, and the 
growth of the magnetic field stops. 
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Heating of spherical targets by intense laser radiation in the Kal'mar installation produced, besides 
spherically symmetric emission of thermal plasma ions, as various methods have shown, also jet-like 
emission of groups of fast ions of energy -0.5 MeV. It is shown by analysis of the possible acceleration 
mechanisms that the &sewed effect is due to ponderomotive acceleration of the ions in the region of the 
critical density by the resonantly amplified electric field of the laser radiation. A theory of resonant ion 
acceleration, in which account is taken of the nonlinear interaction of the plasma waves in the critical- 
density region, is proposed. Estimates of the energy and of the number of the fast ions agree with the 
experimental data. 

PACS numbers: 52.55.Fp, 52.50.Jm, 52.35.M~ 

1. INTRODUCTION 

An important problem in laser-mediated thermo- 
nuclear fusion is the determination of the redistribution 
of the absorbed energy in the plasma and the generation 
of the accelerated part ic les .  T h e  appearance of fas t  
ions that c a r r y  away an appreciable fraction of the ab- 
sorbed  energy has  been repeatedly reported in recent  

In experiments with the nine-channel "Kal'mar" 
l a s e r  installation in which solid and hollow she l l  
t a rge t s  were  heated, a new effect was observed against 
the background of the spherical ly  symmetr ica l  expan- 
sion of the plasma corona, namely jetlike accelerat ion 
of par t ic les  t o  high energy (on the o r d e r  of 0.5 MeV). 
The  purpose of the p resen t  paper  is t o  explain the 
physical nature of the observed effect and to calculate 
the main character is t ics  (number and energy) of the 
f a s t  particles. I t  is shown on the bas i s  of a n  analysis  
of the possible ion-acceleration mechanism in a non- 
stationary and inhomogeneous p lasma that  the forma- 
tion of a jet of f a s t  ions is due to electrostat ic  accelera-  
tion of the part ic les  in the region of plasma resonance. 
The  presently prevailing theory of ion accelerat ion in 
plasma resonance4 can  explain accelerat ion of the ions 
t o  a n  energy on the order  of s e v e r a l  dozen kiloelectron 
volt. T o  descr ibe  ion accelerat ion t o  higher energies  
it is necessary to take into account the nonlinear de- 

formation of the s t r u c t u r e  of the e lec t r ic  field in the 
region of the plasma resonance,  s ince  the  field p r e s -  
s u r e  turns out in this c a s e  t o  exceed the  gas  kinetic 
p ressure .  Such a nonlinear theory of resonant  accel-  
eration of ions is developed in the p resen t  paper. T h e  
derived formulas explain the experimentally observed 
number and energy of the f a s t  ions. 

F r o m  the point of view of laser-mediated thermo- 
nuclear fusion, an important question i s  the influence 
of the ion jets on the s y m m e t r y  of the compression of 
shell-like targets .  In the c a s e  of resonant ion accel-  
eration, this influence tu rns  out to  b e  s m a l l  because 
the average  momentum t rans fe r red  to  the  she l l  during 
the  t ime  of the collapse is s m a l l  compared with the 
gas-kinetic p r e s s u r e  of the  plasma.  T h i s  is due to the 
shor t  duration of the ion-acceleration process .  

2. INVESTIGATION OF THE DYNAMICS OF 
EXPANSION OF THE PLASMA CORONA 

The  experiments  were performed on the nine-channel 
"Kal'mar" laser installation, t h e  diagram and diag- 
nostic assembly of which are described in detail  in 
Refs. 5-7. The  l a s e r  radiation was  focused f r o m  nine 
directions on spher ica l  t a rge t s  of g lass  (SiO,) of di- 
a m e t e r  f r o m  80 to 200 p m ,  placed in the cen te r  of a 
vacuum chamber.  With each light b e a m  having in the  
region of the  t a rge t  a d iameter  "150 p m  and a n  optical 
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