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It is shown that when a compensated beam of fast Z-ions is decelerated in a
plasma, a strong electric current is produced and can be Z times larger than the
current of the multiply charged ions.

PACS numbers: 52.40.Mj

When a beam of fast multiply charged ions is decelerated in a plasma, an
appreciable fraction of the momentum is transferred to the electrons, owing to
the peculiarities of the Coulomb interaction. This leads to the appearance of an
electron current that can, as will be shown below, exceed by one or two orders
of magnitude the current of the multiply charged ions, The possibility of such a
mechanism of amplifying the current in a plasma was pointed out to the author
by H, Furth,

The present paper is devoted to a theoretical investigation of this
phenomenon, ¥

Consider a half-space x >0 filled with a plasma, into which a compensated
beam of Z-ions of mass M, enters with velocity v, in the x direction. The con-
centration N of the electrons and ions in the plasma is much larger than the
density of the Z-ions: N »N,, Therefore the process of deceleration of the Z-
ions in the plasma does not depend on rhe interaction between them, i.e,, it
is linear, Recognizing furthermore that we are considering here only fast
multiply charged ions, whose velocity is of the order of the thermal velocity of
the electrons, we can neglect in first~order approximation the motion of the
basic ions of the plasma, The deceleration of the Z-ions, i.e., the decrease of
their velocity v, and of their concentration N, with increasing depth of penetra-
tion of the beam into the plasma, is then described by the equationf?s3?
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This equation has a solution that defines in implicit form the function y(x), i.e.,
the ion velocity v,(x), namely
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We now consider the excitation of the electron current, As seen from (2),
the characteristic Z-ion deceleration length L in the plasma is much larger
than the electron mean free path I. Therefore, to determine the perturbation
of the electron distribution function we can confine ourselves to the locally
homogeneous problem, assuming the velocity v, and the concentration N, to be
specified at each point x in accordance with (1) and (2), The kinetic equation for
the electrons is written in a coordinate system that moves with a velocity equal
to the average velocity of the principle plasma ions, It is of the form

See+Sei =—:Sez ’ (3)

where S,;, Sg;, and S,, are the integrals of the electron collisions with one
another, with the principal plasma ions, and with the Z-ions,

The integral S,, is the source of the perturbation of the electron distribution
function, We expand, as usual, the distribution function in a series in the
Iegendre polynomials P,(cosf):

f(v) =f(v)+ fi(v)cos@ + f,(v)P,(cos8) + .. ,

where 0 is the angle with the x axis. Starting with the Landau integral, ! we
arrive at the following expression for S,,:
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Solving now by the usual method®! Eq. (3) with the right-hand side of Ses
[Eq. (4)] know, we obtain the symmetrical fy(v) and the directional f,(v) parts of
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the distribution function, and consequently determine the electron heating and
the average velocity of the electrons relative to the ions, i.e., the electron
current, It can be represented in the form

fe-"ZizuF(y)’ izo =eZNz'uz=eZNz»avo' yavz(m/zTe)l/z' (5)

The function F(y) is shown in Fig. 1. F(y)=1+0(y%) as y —0 and F=4, 80/y3
at y »1, The maximum value F,~1,18 is reached at y ~ 0,8, We present an
analytic expression for F(y) obtained in second order in the expansion of the
distribution function in Laguerre polynomials

F(y) = 1.950F (y) --0.5545F,(y) — 0.06295F,(y)
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Formula (6) is accurate to 1—2%.

In (5), jgq is the density of the current of multiply charged ions. It is seen
from (5) that the electron current produced in the plasma is approximately Z
times larger than the Z-ion current,

The electron current (5) has a nonzero divergence, and should produce a
strong electrostatic field in the plasma, However, under the conditions D <R,
and D« L (R, is the beam radius and D is the Debye radius) the plasma is
quasineutral, N,~ N;. This means that the combined electric current, which is
determined by the action of the Z ions and of the electrostatic field E=- V¢,
has no divergence, V(j,+jg =0. This leads to a quasineutrality equation that
determines the potential of the electric field generated in the plasma':

VGV $)=Vi,. (7

Here & is the plasma conductivity tensor and j, is the source current (5). If

we neglect the effect exerted on the conductivity by the magnetic field produced
in the plasma as well as the change in the electron temperature, then o is a
constant and Eq, (7) is identical with the Poisson equation, Its solution is ob-
tained by expansion in spherical functions, In the case of an axisymmetric ion
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beam we have for the electric and magnetic fields:
b =3 ¢, (r)P(1), Hy = z H¢,k(f)Pk(u) ,
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Here (r,60,¢) is a spherical system with origin at the center of the ion beam on
the plasma boundary x =0 and with an angle 6 reckoned from the x axis, p
=cosb,j,, is the radial component of the current j(5), and &,/ is a fictitious
source in the region x >0 (outside the plasma) resulting from the condition

that the current must not flow through the plasma boundary x =0[j;(~x) = =j(x)].
An essential role is played in formulas (9) by the discontinuities of the current
Je» Which occur at the plasma boundary x =0 and at the point where the Z-ion
beam is stopped, ¢,=L¥(y [see (2) and Fig. 1]; actually, however, the dis-
continuity regions are smeared out over a distance on the order of .

The total electron current forms according to (5), (8), and (9) a closed con~
figuration., In the region occupied by the ion beam it is directed, just as the ion
current, in the x >0 direction—the source current (5) predominate here, Out~
side this region, the electron current is oppositely directed and is produced by
the electrostatic field. The current density increases sharply near the plasma
boundary ¥~ 0 and x ~ x, at the beam stopping point. The magnetic field of the
combined current has only the component H, [Eq. (8)]. It is annular in shape
and encircles the ion beam, The maximum value is H,,, ~mR¢Zj /¢,

Estimates show that the current and the magnetic field produced in the plas-
ma can be appreciable under real conditions. [*~8 The condition for the appear-
ance of a strong current is I <Ry <L,

The author thanks V, L. Ginzburg and H, Furth for a useful discussion.

DThe phenomenon under consideration is similar in character to the dragging of
multiply charged ions in a plasma by an electron flux (runaway of multiply
charged ions), which is considered inf!+2],
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