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High—current ion beams with energies of a few ten
kiloelectronvolts are of great importance for using in mod-
ern technologies. Among variety of existing or being devel-
oped gas—discharge ion sources the ion sources based on a
plasma—beam discharge are of special interest [1]. One of
the methods for charged particle beam formation in the
beam-plasma discharge, which has been redlized, for ex-
ample, in a straight beam—plasma discharge, is to accelerate
charged particles in a plasma volume. In such systems for-
mation of strong double electric layers took place [2]. Prac-
tically al potential drop applied to the discharge was con-
centrated in the double layer. Formation and acceleration of
contrary ion and electron flows occurred in the electric field
of the double layer.

However, in refs. [1-2] the formation of double layers
moving along the discharge gap was observed. This fact
makes difficult to use the double layer as an accelerating
system in ion sources based on a straight beam-plasma dis-
charge.

In this paper we present the results of theoretical in-
vestigations of dynamics of high—current ion beam forma-
tion in the electric field of the double layer stabilised by
spatial reversal of magnetic field in the volume of a pulsed
straight discharge at low pressures.

We consider the processes accompanying the forma-
tion of a double €electric layer and the generation of charged
particle beams in a magnetized plasma placed in an external
electric field. The system is axialy symmetrical. The mag-
netic field configuration is chosen such that reversal of the
magnetic field direction occurs at the middle of the system
length. The magnetic barrier exhibits an anomalous resis-
tance to the current of magnetized electrons.

From current continuity follows connection of electric
fields in plasma out of reversal E, and in plasmain reversal
E E;~Eoi/o,. Here g;, 0, are plasma conductivities. Then
potential A¢ is distributed as follows A¢p=Ad;[1+(L-
l)oilopl] . Here Ag; is the potential, distributed in inverse
region; L isthe systemlength, |; isthelength of inverse.

Taking into account that  O=VgW, /4TI,
0,=,//4Tvs , where Vg is an electron collision frequency;
wye is €electron cyclotron frequency, i , W, are electron
plasma frequencies in inverse and out it. Because Vg« ,
then Ep«Ei and al potential is distributed in inverse region

00 = A0, [1+
+[(L=1;) /1 ](vg /wce)z(ni I'n,)] =40,
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To describe the spatial distribution of electrostatic
potential in the system, we use Poisson’s equation

b :41'[e(ne —ni) ,where " =09% /02> .
Integrating it we obtain

2

(¢') = 8nejd¢(ne - ni). (1)

First, let us consider the case when in the cathode
region, i.e., between the cathode and magnetic field
reversal, and in the reversal region
(z£2z,-0z,/2, wherez,, Az, are the longitu-
dinal coordinate and the width of reversal region, re-
spectively) the plasma density is negligibly low. Hence,
the spatial change of the electrostatic potential profile
near the reversal in the cathode region occurs smoothly
and, therefore, the electrostatic potential distribution in
this region has the following approximate dependence

VA
b= L Here Az isthe distance between
Az, - Az,
the cathode and reversal, ¢, is the potential at the

anode end of reversal, Z isthelongitudinal coordinate.
Conversely, in the anode region near the reversal
(222, + Az, /2), the spatia change of the electro-

static potential occurs sharply. Therefore, from the con-

tinuity condition of electric field
¢ |Z=ZO+A§ -0 =0 |z:ZD % .o One can obtain
q) ra = Aq) "

We use the following expressions for spatial dis-
tributions of electron and ion densities of the anode
plasma:

n, =n, exple0 - 49)/T,],
n, =n,/\1+ 2680 -0)/T,,

where N, and T, are the density and temperature of

the anode plasma, respectively.
From (1) and (2) we get the expression for the
spatia electric field distribution:

(0)" /8, T, ={exple{ 0 —~A9) / T,] +
+1+2e(0d —0)/ T,IV2 -2

©)
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From the continuity of electric field at the anode end of
reversdl, i.e, with z=2z, + Az, /2 orwith ¢ = ¢, we
obtain

¢ra =
= 00 - (37, /2000) *(r, /02, +02,)) B
From (4) one can obtain ¢, = A .

The motion of anode plasma ions toward the cathode
essentially changes the spatial potential distribution in the
cathode region. Because the reversal ensures a large resis-
tance to electric current, the potential drop partialy occurs
in the reversal region, and the absence of any considerable
secondary electron emission provides the formation of the
precathode layer of potential drop. At the stage of existence
of the precathode potential jump the plasma density near the
cathode increases.

We find the potential distribution using the following
expressions for electron and ion densities in the precathode

region
N, =n, exp[e(d) —q)c)/TC] +
+(j./e)(m, /(T +2e9))", ®)
n, =(jo/e)m, /(T, +2¢{o. —0 )",

where T, ¢, N, are the temperature, potential and den-
sity of plasma in the cathode region, respectively, je is the

electron current density from the cathode, ; is theion cur-
rent density from the plasma toward the cathode. Introduc-

ing (5) in (1) if j, <<j,A/m,/m, andedp_ >>T_, one

can find that the field intensity in the precathode layer ‘(I) 'C‘

is determined, in the main, by ions and equals approxi-
2 .

mately (¢::) = 811, (2m, ¢, /€)">. When the emission

current density satisfies the condition j; = j,4/M,/m, ,
the field intensity in the precathode layer can be written as

()" =

. . ©)
= 8rj, (2m, 6./€)"*[1- (j. / j;)(m/m,)"?].
To describe the electrostatic potentia distribution in

the vicinity of magnetic field reversal, we use (2) and the
following expression for electron density in the cathode

region N, =N, exp[e(q) -0 c)/Tc]. The ion density in
the cathode region, which includes the plasma ions of the
cathode region of maximum density N and the ion beam

accelerated from the anode plasma and neutralized by the
plasma electrons of the cathode region, can be written as

786

[l [l
=n. - T —
n, =n, expg(fbc 0)/T. o

+n, /{1+[2e(a0 -9)/T 1.
Using (1), (2), (7), from field continuity condition
in the reversal vicinity, i.e, in Z=2z, Az, /2, and
from approximate constancy of electric field

E e :((I)ra —(I),c)/AZr in the reversal region
we gt that, with n,>>n, and

(eAd)/Ta)(rda/AZr) < 1, the potential change in the
plasma of the anode region A — @, is in the order

of T, and AY — ¢, <<A¢, where r, is the De-

bye radius of plasma electrons in the anode region. The
potential change in the plasma of the cathode region is

¢, b, <<Ap. In other words, the potential
Ad — @ is distributed over the interval of magnetic
field reversal. Here, ¢, and ¢, are the potentials at

the anode and cathode ends of the reversal, respec-
tively.

It is necessary to note that, at alow plasma density
in the cathode region, the conditions for ion beam for-
mation in the reversal region are non—optimum since a
value of potential jump in the anode region in the re-
versal region (Z, <2<z, +/z, /2) is smal and
since the density of electrons in the cathode part, that
neutralize the space charge of the ion beam, islow.

Asthe plasma density increasesup to N, >>n,,

the potentia distribution in the system changes.
Namely, the ion space charge layer near the cathode
disappears and, since the magnetic field reversa pro-
duces a large resistance to electron current, practicaly
al the potential difference applied to the electrodes is
concentrated in the vicinity of the reversal as a double
electric layer.

As, now, the €lectric field intensity

‘Em,er%\l‘'~‘A(1)/AZr and the potential drop in the

vicinity of the reversal are maximum and the plasma
density in the cathode region is high, we shall take into
consideration the possibility for a portion of high—
energy electrons to pass through the reversal. We take
into account that there is an electron beam in the anode
region and that all the applied potential difference is
distributed in the vicinity of magnetic field reversal. By
analogy with (6) we find that, with n_ >>n_ and

N, <n, 4 JT,/T.,
0. = A¢[1— (eng/2T,)(r. /Az,)A],

d) rc = Aq)(2"1aTc/ncTa)]J2 (rda/AZr )
)

()
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where on o Isthe density of plasma electrons of the cathode
region that penetrate through the reversal.
Hence, at this stage, i.e., with N >>n_, the follow-

ing optimum conditions are formed to generate the ion
beam in the vicinity of magnetic field reversal:
i. largeelectricfield in the vicinity of reversal;
ii. high plasma density in the cathode region, this provides
space charge neutralization of the ion beam.

We note that the pause T inion beam generation isno
less than the time of ion beam transit between the magnetic
field reversal and the cathode, i.e:

1= Az (M, /2eAd ). This is due to the fact that with

disappearance of the precathode potential jump the ion
beam begins to be formed by the double layer located in the
vicinity of magnetic field reversal.

The electron beam being formed in the field of the
double layer tends to increase the plasma density in the an-
ode region.

In this part we show that, if the plasma density of the
cathode region exceeds the critical value, this leads to de-
struction of the double layer.

The electric field of the double layer accelerates
plasma electrons of the cathode region toward the magnetic
barrier. The magnetic barrier slows them down. Because of
the chosen magnetic field configuration the quasi—stationary
radial electric field of polarization, which balances the lon-
gitudinal field of the double layer, appears in the vicinity of
the reversal. With this distribution of the crossed fields,
there arises an angular electron drift with the velocity

Vg =C[@EZHr —ErHZ)/HZ and current j, = €nv .
As soon as the magnetic field nonuniformity is sup-

3
pressed so OH =(2T;/c)jdzdr2rje/(zz + rz)/2 that
OH =H,, the electrons of the cathode region plasma
penetrate into the barrier along the cylindrical periphery

region a adistance R, = Cz(me/e)(EZ/Hf) from the

centre of the magnetic barrier. In this case the electrons get
on the magnetic field line taking them away to the anode

region. Thisoccurswhen N, = HZ /4TRAd .

It is necessary to note that this consideration is holds
true if the R, isless than the width of the reversal region

Az, , namely, Az, = C/OC o )

frequency of plasma electronsin the cathode region.

The electron propagation through the barrier can be
provided also by instability of electron azimuth flow with
Vg relative to ions. Due to this instability the field Eq is
generated. In this case the force F appears F=-vgVMe .
Here vy is effective frequency of electron collisions. Due
to it the electrons propagate through barrier with
V0=V gtV g[OMec/eH; or V,,=c [OEg/H,[]. The passage of an
intense electron flow through the magnetic field reversal
short—circuits the external power source and causes the de-
struction of the double electric layer.

where @, isthe Langmuir
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So a conclusion can be made that the high—voltage
discharge with the electric field distanced from elec-
trodes is a simple and effective ion beam source. The
present results indicate that the magnetic barrier effec-
tively provides spatial and temporal stabilization of the
double layer and allows one to control the place of
appearance of the double layer and its lifetime. A
strong double layer is formed in the vicinity of mag-
netic field reversal.

The optimum conditions for ion beam generation
are created when the plasma of high density has been
formed in the cathode region. The ion beam energy is
determined by the potential jump in the double layer.
The ion beam current density corresponds to Bohm's
current density of the plasmain the anode part.

The pause in ion beam generation is due to the
transition of the potential jump from the precathode
region to plasma volume, namely, to the vicinity of
magnetic field reversal, with an increasing plasma den-
sity in the system.

The electron current through the magnetic barrier
is effected by self—consistent penetration of electrons
deep into the inhomogeneous magnetic field along the
cylindrical surface. In this case, under the action of
external electric and inhomogeneous magnetic fields,
the electrons create the configuration of crossed fields,
that provides a self—consistent suppression of the mag-
netic barrier owing to induction of azimuth current. At
large times, when the plasma with the density higher
than the critical one is formed in the system, the mag-
netic barrier is suppressed and the double layer is de-
stroyed.
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