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INTRODUCTION

Accelerators with "closed" electron drift and
extended acceleration zone (ACED) [1-4] are the
simplest and most promising of the stationary elec-
tromagnetic plasma accelerators; in these ac-
celerators ions are accelerated by the electric
field that develops in the plasmsa. The present
work initiates a series of experimental and theoreti-
cal investigations of the "single-lens" variant of
ACED.! The experiments were performed with Ny,
Ar, Kr, Xe as working gases at voltages Uy up to
1000 V and discharge currents Ig=~ 15 A. A sche-
matic diagram of the accelerator is shown in Fig. 1;
the dimensions of one model are also indicated.

Fig. 1. Basic amrangement of the accelerator. a:
insulators; 4) anode; 5) magnetic circuit with poles; 6) main cylindrical surface; 7) com-
pensator-cathode; b: 1) annular emirting electrodes; 2) power supply.
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1. BASIC CHARACTERISTICS OF ACED

An almost radial magnetic field is produced in
the annular accelerator channel with dielectric
walls; this field satisfies the condition

RL >LC >R3Lp (1)

where Ry and Rgy are the ion and electron Larmor
radii, respectively, and L is the length of the
channel.

The potential difference necessary to produce
the longitudinal electric field Ug is applied betweesn
the anode and the compensator cathode. The com-

1The two-lens variant of ACED has been described in [5, 6].

1) Magnetization coils; 2) gas feed; 3)



pensator cathode is the electron source and is
placed near the slit of the instrument. Usually it is
a gas-discharge element with thermionic cathode
and supplies electrons necessary for the ionization
of the gas, the compensation of the ion flux from the
accelerator, and the compensation of the electron
loss at the walls of the channel. This compensation
is not always obtained under laboratory conditions.
The discharge takes place in crossed (ELH)
fields; the gas is fed from outside through the to-
roidal hollow box-anode with holes for uniform
flow of the gas into the channel. When condition (1)
is satisfied the electrons execute EL H drift along
the azimuth, diffusing to the anode. The neutrals
arriving from the anode are ionized in this rotating
electron cloud.

The ion acceleration occurs without disturbing
the quasineutrality since the ion space charge is
compensated by the magnetized electrons. When
(1) is satisfied the ions leave the channel with an
energy (first approximation)
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where $&* is the potential at the point of formation
of the ion. The extended ionization zone and also
the presence of oscillations in the system lead to a
widening of the energy spectrum of the ions.

In the analysis of the processes inthe accelera-
tor, as in most plasma systems, it is necessary to
distinguish between the equilibrium configuration
and the perturbation. By the equilibrium configura-
tion we mean the stationary flow, in which the dis-
tribution of the parameters is similar to that mea-
sured experimentally (and averaged over time) and
satisfies the stationary conditions of hydrodynamics
orkinetics, The main difficulty in the analysis of
the equilibrium configuration in the ACED is re-
lated to the anomalously large electron mobility in
the channel transverse to the magnetic field. Ac-
tually, for typical values of the density (n = 101!
em™3), the electron temperature (Te = 10 eV), and
electric and magnetic fields (E; = 30 V/cm, Hy =
10% Qe), the longitudinal electron current computed
in the Coulomb collision approximation is

3)
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where S, = 102 cm? }'s the cross section of the chan-
nel; ¢ = 0.9 - 101°T¥2), At the same time experi-
ments show (for example, {1]) that Iaz is com-
Parable with the longitudinal ion current Ij,:

L.~{03 =001 Wg=I_+1.,] )
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i.e., under the conditions above it is of the order
of 1 A. It should be stressed that the high trans-
verse conductivity is important for the operation of
ACED; with the Coulomb conductivity alone the
entire potential difference Ug is concentrated in a
thin sheath at the anode whose thickness is of the
order of the electron Larmor radius (7].

The anomalously large transverse electron
mobility can be accounted for by two factors.

First there is the conductivity near the wall
[8]: Electrons moving freely along the lines of
force collide with the wall more often than with
ions and neutrals, being reflected from the wall
at the Debye discontinuity. For a sufficiently
rough surface of the Debye sheath at the insulator
the reflection of the electrons can be regarded as a
diffusion process. Thus, near the dielectric wall an
electron current flows in the direction of the anode;
this current is given by

nVET,

L (5)
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under the assumption that the quantities in (5) have
identical values at the inner and outer dielectric
walls.? Here, ® is a dimensionless factor ~1 and
depends on the extent to which the reflection is a
diffusion process; m is the electron mass, Rgy =
R, + Ry)/2, and R; and R, are, respectively, the
radii of the inner and outer insulating walls.

An estimate of I, for the typical conditions
considered above yields Igz ~ 3 A, which is in
agreement with the experimental order of mag-
nitude. A theoretical model of the equilibrium
configuration can be constructed in the case of
the conductivity in the region adjacent to the wall,

The electrons interact with the external ob-
ject, i.e., the wall, and therefore the following re-
lations hold in the volume (excluding the ionization
zZone):

0="2 LB (v, H) (62)

dv; e
M Si=eE+ Ziv, H], (6b)
in which the electron inertia, the ion temperature,
and electron-—ion collisions have been disregarded.
System (6) must be supplemented by the equation

" of conductivity (5) of the region near the wall, the

continuity equation for both the components with
appropriate boundary conditions, and the equation
for Tp.

IOtherwise the expression for leg can be written separately for the
inner wall and the outer wall of the channel.
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Oscillations in the plasma are the second pos-~
sible reason for the anomalous electron mobility.
In 2 number of cases it has been shown experi-
mentally [9, 11] that the oscillations play a de-
cisive role in the enhancement of the longitudinal
electron current Is;. In the presence of turbulent
conductivity the expression for lgz is different
from (5) because in this case the conductivity is not
determined by local averaging of the flow character-
istics. Furthermore, it is necessary to take ac-
count of the electron—ion interaction explicitly.
Formally the turbulent conductivity can be treated
as a certain force K appearing in the equation of
motion of the electron component:

dv,

m ——

B ——E—L(v, Hj+ K240,

(7a)
Obviously it can be assumed that K « H = 0.

In the ion equation of motion the term —K must be

included because the diffusion of electrons is due to

the interaction between the electron and ion com-~

ponents

~ej | Vp;
o Ml

M —eE 4 Sy H|—K (Tb)

The presence of the terms +X in the equa~
tions of motion leads to the appearance of the corre-
sponding term in the energy equation for each com-
ponent, i.e., the anomalous conductivity necessarily
leads to anomalous "heating™ of ions and electrons.

An analytic expression for K is not available.
Its form can only be predicted on the basis of ex-
perimental data and present (highly restricted)
theories for turbulent processes. Thus a correct
model of equilibrium configuration in the regime
of zero conductivity cannot yet be constructed. For
this reason the model of conductivity in the region
adjacent to the wall will be used in the theoretical
analysis. The further analysis of the processes in
ACED requires a simple form of Eq. (6a). Taking
the scalar product of (6a) with H we have

AP 1 dp,

9l en dl *

(8)

Here, ¢ is the plasma potential and 9/ 81 denotes
differentiation along the lines of force, on which the
electron temperature can be assumed constant:

T,=T,3), 9)
v is the index designating a line of force. Since
the electron pressure p, = nkTo(y) we can inte-
grate (8) and obtain an important equation:
o Al gn 2@ (y). (10)

e Ty (f)
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The quantity & 1(y), which is conserved along
a line of force, is called the "thermal potential.® {
If Te is negligibly small, then r

® =~ B (1) 1y

which means that the lines of force are equipoten~
tials. It should be noted that (8) is valid even in
the case of turbulent conductivity by virtue of the
assumption made earlier that K + H = 0. Thus at
small values of T, it is possible to produce ar-
bitrary configurations of electric equipotentials ip -
the plasma volume, which can be used for the ac- }
celeration and focusing of the ion streams {10]. A
given relationship &1 (y) can be obtained either

by virtue of the internal conductivity of the channe]
or through the use of special electrode holders that
extend out to the dielectric walls (Fig. 1b). The
ACED is a system with a complete set of plasma
parameters n, vj, Ve, P, E, H. The study of the
dynamics of compensated ion beams in ACED and
their stability will contribute to the development
of plasma dynamics as a physical discipline. Also,
mastery of the principles of producing electric
fields of required configurations in the plasma will
facilitate the development of high-current accelera-
tors, plasma-optical systems, and thermonuclear
devices. The interest in the theoretical and experi- .
mental investigations of the physical processes in :
the ACED is motivated by these factors. As already
mentioned, there is a considerable amount of pub- .
lished work on single-lens ACED, in which the volt-
ampere characteristics of the discharge have been :
determined, the distributions of the potential and
the ion current in the channel have been meassured,
and information about the oscillations in the system
has been gathered. Theoretical studies have at-
tempted to develop a model of the ionization insta-
bility. In view of the fact that the investigations
have been carried out by different groups and deal
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Fig. 2. Distribution of magnetic field in the accelerator channel-



with separate problems, as yet there is no unified
picture of the processes in ACED. The effect of
the magnetic field structure, the turbulent oscilla-
tions, the problem of interaction between the ion
stream and the walls, etc., have not been inves-
tigated.

In the theoretical and experimental work, con-
ducted atthe V. L Kurchatov Institue of Atomic Energy
since 1963, attention has been devoted mainly to a
systematic understanding of the factors that deter-
mine the pattern of the processes in single-lens
ACED and to a search for means to control these

processes.

9. MAGNETIC FIELD IN THE CHANNEL

The magnetic system of the accelerator model
(Fig. 1) contains three magnetization coils; these
make it possible to vary the configuration and the
strength of the magnetic field over a wide range.

In the present work, however, only those configura-

tions are considered in which the magnetic field Hy

increases with the longitudinal coordinate z and

Hy = 0 for v = Ray. These configurations are called

positive-gradient fields (normal):
via=">0 (12)

Two typical magnetic fields are shown in Fig.
2a,b; the variation of the radial component H,.(z)
along the channel, measured by a Hall sensor, is
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celerator channel Ryy = B + Ry)/2, where H, can
be assumed to be zero. The configuration of Fig. 2a
is characterized by a vanishing magnetic field near
the anode. Obviously, by virtue of (10) the cur-
vature of the lines of force facilitates the focusing
of the ion stream at the plane r =Rgay. In the case
shown in Fig. 2b, the magnetic field near the anode
is large and is approximately one half of its maxi-
mum value; however, the curvature of the lines
of force within the channel is small. In both cases
the lines of force are symmetric with respect to
the median surface r = Ryy.

3. VOLT-AMPERE CHARACTERISTICS
OF THE DISCHARGE

The model of the accelerator is placed in a
vacuum chamber having a volume of ~1 m3, which
is evacuated by oil pumps. Under operating con-
ditions (with gas feed m) the pressure in the cham-
ber is less than 2 - 10~¢ mm Hg.

The volt-ampere characteristics of the dis-
charge for different feed rates of the working gas
and a fixed magnetic field are shown in Fig. 3a,b.
Here, L denotes the so-called "consumption cur-
rent"

I em

m:-ﬁ :Iu.-

The volt-ampere characteristics can be divided
into two segments:

also shown for both cases. These relationships DIy <Ino (13)
correspond to the midpoint of the gap of the ac- 2) 1, > 1a |
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Fig. 3. Volt-ampere characteristics of the discharge in the accelerator.
a: Xe, 1) m=2;2)4; 3)6 mg/sec, Hy = 300 Oe (Fig. 2b); b: Ar,
Ig=eh/M. Dm=1.6" 1073 2)23 1073 3)3.1 - 1073 g/sec, Hy =
530 Oe (Fig. 2a); c: Ar, m=2-1073 g/sec. 1)Hy=230; 2) 265; 3) 133:
4) 67 Oe (Fig. 2a); d: Xe, H) Fig. 2b.
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In the first segment, where the increase in Pg, i Iy :
; . . Ud ={y— U In — . (15) .
the power supplied to the discharge, causes an in- _/fﬂ ,
crease of the current, the accelerator operates in "M

the regime of incomplete ionization. In the second Here, Uy, U*, and x are constants that depend on .
segment there is almost no increase in Ig, but the A, Hyp, and T". The lower the ionization potential of :
discharge voltage Uy increases sharply, correspond-  the working gas, the lower the values of Uy and U*, |

ing to a regime with complete ionization. The low~  and the higher the value of ¥ . The structure of the '
er the ionization potential of the working gas, the coefficient x will be investigated in a later paper.
more clearly defined is the transition from the re-  For the accelerator model with magnetic field
gime of ionization to that of current saturation. shown in Fig. 1 and with argon as the working gas
For an easily ionizable working material for ex~ the values of these coefficients are as follows:
ample, Xe) the discharge current in the region of Uy~ 200V, U* ~ 450 V, B = x o3/M = 1.25.
saturation can exceed L, appreciably, indicating If the magnetic field is varied, keeping m, A,
either appreciable electron current or an appreci- andI' constant, then Uq and I undergo variations
able fraction of doubly charged ions in the ion as shown in Fig. 3¢,d. These results indicate that
stream. there is a critical magnetic field Hep beyond which |
When the geometries of the channel and the the changes of the current and voltage are insig-
anode, the material of the dielectric walls, and nificant, i.e., there is a magnetic saturation effect, -

the configuration of the magnetic field are specified, It should be noted that the variations of the geomet-
the discharge voltage Uq is determined by the gas A ric and structural factors also have a noticeable
and the feed rate m, the discharge current I3, and  effect on the nature of the function Uq(lg). ,
the magnetic field H,: In order to determine the components of the
discharge current Ig = Ij; + Ig; the total ion cur~

Ug =4, m, 14, Hy, 1), (19} rent Ij in the flux from the accelerator has been
measured by a deep cylindrical collector with nega-
where I'" represents the geometric and structural tive bias (Fig. 4). In the investigated range of the -
factors indicated above. It follows from Fig. 3a, b parameters the secondary electron emission is less
that the dependence of Ug on the feed m for a than 7%. The results of these measurements, pre- :
given A, Hy, and I' can be approximated by the sented in Fig. 4, show that in the better regimes the
expression relative value of the longitudinal electron current isj
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Fig. 4. Ratio of ion and electron currents. a: 1) accelerator, 2) collector; b;
Hy = 530 Oe (Fig. 2a), th = 2.3 - 1073 g/sec [Ar]: c: Ar, Hy = 530 Oe (Fig. 2a),
Uq = 220-600 Vi d: = 2.3 - 1072 g/sec [Ar], Hy=530 Oe (Fig. 2a), lez/1q =
0.35.
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Fig. 5. Measurement of the potential in the accelerator channel by an emitting probe.
a) Ar, ™= 2.3 mg/sec, Uq = 400 V, Hy = 580 Oe (Fig. 2a); b) Ar, m = 2 mg/sec,

Uq = 500 V, Hy = 300 Oe (Fig. 2b).

Le: ~0.35.

i (16)

£ =
5=

; The variation is small the entire investigated
. part of the volt-ampere characteristic and is es-
"~! sentially independent of m, the feed rate of the
- working gas. Some increase of £ is observedin a
" working gas with a lower ionization potential. Fig-
ure 4 shows that the relative value of the electron
current ¢ is determined by the magnetic field in
_the channel, or more accurately, by the quantity

z'f, H dz; the integral is taken over the entire length

_ of the region Ly, where the radial magnetic field
.-exists. In the region of magnetic saturation (H >
Hep) ¢ also remains fixed,

4. DISTRIBUTION OF THE POTENTIAL
AND ION CURRENT IN ACCELERATOR
CHANNE L

_ The plasma potential in the accelerator chan-
nel is measured by an emitting floating probe; the
construction of the probe is shown in Fig. 5. The
signal is fed to a cathode voltmeter with input im-
Pedance of 10 MQ. Figure 5 shows the equipoten-
tials of the electric field, & = const, and also the
potential distribution @ (z) along the channel in the
n.liddle of the gapr = R,y for different configura-

tions of the magnetic field. A characteristic fea-
ture is that the longitudinal electric field E, de-
velops in the entire accelerator or in a greater

part of it. Where the magnetic field is close to
zero the electric field E; is also small. The longi-
tudinal field Ez is proportional to the local mag-
netic field since

E ~ H* (a ~1). (17)

This relationship holds even in the region of
magnetic saturation, where the discharge voltage
is essentially independent of H. As yet it has not
been possible to find the right explanation for the
presence of the potential jump near the anode; the
magnitude of this discontinuity decreases with in-
creasing U4 and tends to zero in the region of cur-
rent saturation.

The ion current density is determined with a
double electric probe (Fig. 6) with negative bias
of the ion collector. The results of the measure-
ments are presented in Fig. 6. The variation of
the total ion current Ijz along the channel, deter-
mined by integrating the current density over the
cross section,

R,
1= 2zrj.dr,

iz
R,

is also shown in the same figure.

It is evident that in the region near the anode
the stream is well formed and does not interact
with the channel walls. The ionization of the gas
fed into the channel occurs in this region; the ion
current increases from a certain value, causing the.
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Fig. 6. Distribution of the ion current inside the channel. a: Ar, m= 2.3 mg/sec,
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collector.

ionization in the immediate vicinity of the anode,
to a value comprising (0.9-0.95)I4 at the maximum.
An interaction of the beam with the walls, which
leads to the loss of ions, is observed in the second
half of the channel; as a result the total ion current
is reduced to 0.6 Ig. The ions hitting the walls
lose their charge, which must be compensated for
by the electrons. This leads to an appreciable in-
crease of the longitudinal electron current passing
through the output section of the channel to a value
0.35 I compared to (0.05-0.1) I4 at the current
maximum.

From the known distributions of the potential
& (z) and the ion current Ij;(z) one can determine
the nature of variation of the effective transverse
conductivity of the plasma along the channel for the
electron component:

j!f 1.!

et T T R T (18)

The sharp decrease in the conductivity in the
neighborhood of the maximum of the magnetic field

(Fig. 7) is noteworthy.

5. DISCUSSION OF THE RESULTS

The experimental results presented above show

that the distributions of the potential and the ion
current in the channel are very complex. There-~

fore it is not possible to obtain a complete analytical
expression for the volt-ampere characteristic and
to analyze it as a function of the external param-
eters. Calculations for a number of theoretical
models of the ACED will be published later. In this
note we restrict ourselves to a quantitative discus-
sion of the results.

First of all it should be noted that in the ideal
scheme of ACED with Coulomb conductivity in which
the ions do not interact with the walls and are gen-
erated in a thin sheath near the anode, the discharge
voltage Uq must be independent of H in view of the
negligibly small electron current Iyy. In this case
the discharge current I is determined only by the
feed rate of the working substance.

The inclusion of an extended (2-3 ¢m) zone of
ionization retaining the Coulomb conductivity must
yield values of the discharge voltage Ugq which
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Fig. 7. Transverse conductivity of the plasma in the accelerator
channel. m= 2.3 mg/sec[Ar], Ug =400V, I5=4 A, He= 530 0¢
(Fig. 2a).
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would exceed those observed in the experiment by
an order of magnitude. The reason for this lies in
the fact that under the conditions of strong mag-
netization of the electrons impeding their diffusion
transverse to the magnetic field, alarge electron
current must flow through the 2-3 ¢cm segment of
the channel. The largest discharge voltage would
correspond to the regime of incomplete ionization,
i.e., the volt-ampere characteristics for an ex-
tended zone of ionization and Coulomb conductivity
would be "falling™ curves. Thus, experimentalde-
pendences Uq(Id) having an opposite nature in-
dicate that in the regime of small ionization the
anomalous conductivity of the plasma shows up
especially strongly. Onthe otherhand, inthe regime
with the ionization close to the limiting value the
anomalous conductivity gets weakened.
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