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PLASMA HEATING BY REGULAR ELECTROMAGNETIC WAVE
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TYPE OF INTERACTION
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This report is devoted to theoretical research of electrons heating in the low density
unbounded plasma on account of dynamical chaos arising under interaction of charged
particles with high frequency electromagnetic fields in the presence of uniform external

magnetic field. In this case stochastic instability of particle motion is developed due to

overlapping of nonlinear cyclotron resonance’s. We have demonstrated a capability of fast
heating of electrons with low initial energies on account of dynamical chaos arising.

We consider the motion of a charged particle in a constant, externally applied
magnetic field” = {0,0,H,} and in the field of an electromagnetic plane wave. In term of the
dimensionless variables ¢ - w7 — Fw/c,p —» p/mec,k - ke/w) the equations of
particle motion can be reduced to the form:

p=(1=kp/y)Re(Ee™ )+ (e, V) phl+k | yRe{(PE)e"}, F=ply, W =kp/y-1,(1)

where h=H/H,  w, =eH, / mcw,E =eE,d/mcw, W=ki—-t, y=(+p>)"? - the
particle energy ang - its momentum. The set of Eqs.(1) has the integral of motion:

p—Re(iEe™) + w, [7,h]-ky = const . (2)

For subsequent analysis, it is convenient to transform to new variables,8,&,n defined

by p, =pycosb,p, =p,sin0,p. =p.,x=&-p,/w,sinb,y=n+p,/w, cos6. Suppose

that the amplitude of the electromagnetic field is sufficiently small and taken into account
that the particle will interact efficiently with the wave if it fulfills one of the resonance

conditions:
k.p.+sw, -y =0, s =...,—2,-1,0,1,2,... (3)

after averaging over the fast time scale one can find following equations, which describe
particle motion in the case of an isolated resonance:

-k v,

1 .
W.e, cos(6,) y =—W.e cos(B,), 6 =kv -1 s 4)

p:
: Po y y

1288



1998 ICPP & 25th EPS CCFPP ----- Plasma Heating by Regular Electromagnetic Wave...

axpEls

wherelV, = J(W-a,pJ(W+a.p.J (W) , U=kp,/w, J (4 - the Bessel

function, J/(u) - its derivative on the argumerd, = {a,,a,,a.} - polarization vector. Let's

suppose, that during the particle interaction with the wave its energy varies a little, i.e.
V=V V..V, <<V, Where y, is met the resonant condition (3). In view of the
approximating integral of movement:

p. —k.y =a=const, (5)

which can be obtained from (2), one can get a closed set of equaticﬂgsafui)?gwhich are

the equations of mathematical pendulum, find the width of the nonlinear isolated resonance
and the separation between adjacent resonances. The generalized Chirikov’s criterion for
development of the local instability of particles motion in this case is [1],[2]:

w;

RS X

In the energy-momentum spa¢g, p,, > 0, p. } the charged particle can move only on

the surface:

y? =1+p +p2, (7

which is a hyperboloid of rotation. The effective particle interaction with waves determined
by resonant conditions (3), which represents a section of hyperboloid (7) by the plane (3). The
integral (5), along which the particle moves, also is a section of hyperboloid (7) by the plane
(5). As it is known, the section of hyperboloid by plane can be only a hyperbola, parabola or
ellipse. If the particle moves in vacuum, thén=cos(¢) <1, where ¢ - angle between
external magnetic field and waves vector In this case the resonant conditions are closed
curves (in common case ellipses), except for the case Wwhenl (autoresonance). When the
particle moves in a dielectrié;, can be more than 1. In this case the resonant conditions are
non-closed lines (in common case hyperbolas). The integral of the motion (5) kWwisenis

a non-closed line (in common case hyperbolas). This means that it cannot limited the energy
gain by the particle under its stochastic heating. Whérr 1, the integral (5) became a
closed line (in common case ellipses). It leads to the limiting the maximum energy, which the
particle can obtained. From the other side, the closed integral of the motion can allow us to
control the distribution function of the charged particles on the energy. Indeed, in the
conditions of the well-developed stochastic instability the diffusion on the energy of charged
particles takes place. Particles are distributed uniformly in borders of the available energies,
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which are determined by the integral (5) and hiperboloid (7). Charigingve can obtain the
various average energy of particles and various width of the functions of their distribution on
energies. Computer simulation confirm this statement.

At k2 <1 the approximated integral (5) does not limited the energizing of the particle
in conditions of the well-developed dynamical chaos. But with the growth of the particle
energy and its diffusion into the region of higher energies, the condition (6) can be broken.
Let’s find such anglegp between external magnetic field and wave veétor under which
the width of the nonlinear resonance, with the growth of the particle energy, stay more, than
distance between neighbour resonances.

Assuming that the resonance numbein which the particle is situated well over than
the resonance number from which this particle began to move stochastically, from (3), (5)
we can find:

p., =(a(m)+ksw,)/(-k2), ph =(s'w; —a’(n)/(A-k2)-1, (8)
where the constant(n) is defined by the resonance conditions (3) and the integral (5) for

resonance with number. Using (8), and thak >>n, it is possible to give the asymptotic
evaluation of the non-linear resonance width :

~ goa)hsm 1/3
Ay, =4 m{(ax tak, /k)e,s"” —a,c}, ¢, =0447, ¢, = 0411. (9)
From the criterion (6), for wave, with lineadi & {0,i,0}, k = {sin(¢),0,cos(¢)}) or
circular (@ = {cos(¢),1,—sin(¢)} , k = {sin(¢),0,cos(¢)}) polarization we have the following
condition for anglep , under which the width of the nonlinear resonances, stay more, than

distance between neighbour resonances:

16€,c,s"” sin(@) / w, >1, (10).

It is visible from (10), that under the propagation of electromagnetic wave
perpendicularly to the external magnetic field, with the growth of particle energy the condition

of resonance overlapping (6) is fulfilled better and better>(s™"”

). So let's consider the
movement of particle in a field of the plane wave with polarization {0,i,0}, which is
propagated perpendicularly to an external magnetic field. From (1), for movement in isolated

resonance, one can obtain:

2,32

. . W, £ sW '
po=-€J!cos(B,), p. =const B, =s— —-1+—{———1}J sin(8.), (11)
y W, Po
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The set of equations (11) has an integral:

=Y K 5 @), (12)
w, 2 w ' *

The changing of wave amplitude or gyrofrequency leads to the qualitative changing of
the phase portrait of the system (11) for low energy particles. This connected with the right
part of equation for phas@ (11), which includes addend ¢, / p,. This leads to changing
the area of energies, into which particles move (we assume that the initial energy is
y(t=0)=1, w,=1). So, if atg, =0.05 particles withy(s =0) =1 can lie in areay <105,
at £, =0.093, particles, moving in conditions of the isolated resonance can achieve energies
015 is easy to find from (12). Ag, >0.15 the dynamics of
particles is chaotic. In conditions of the developed dynamical chaos there is a diffusion of

V... J15. The valuey,

max

particles to the area of high energies. The diffusion coefficient was found in [1]. For our case
it can be represented in a form:

4/3
&

D= (2 +"£02/3 )2 . 13)

For the demonstration of the diffusion character of particles movement in conditions
of devloped stochastic instability of particle motion and a possibility of heating thermal
electrons of low density plasma by regular electromagnetic fields, for 1000 particles, which
are evenly distributed on the wave length, it was solved the equation (2). The initial energy of
all particles arey =1.00001 It was found that the diffusion coefficient (13) in a good
agreement with results of numerical simulation and that,at 0.2 at 100 periods of HF
wave, the average energy of partickeg > grows on 3 times fronx y >=1 to <y >=3, at
g =03 on 5times, and &, = 0.5 on 7 times.
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