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Volume Production of Negative-Tons
in the ReFlex Type Ion Source

Kouichi Jimbo

Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720
ABSTRACT

The production of negative hydrogen fons is investigated in the
. reflex-type negative ion source. The extracted negative hydrogen
currents of 9.7 mA (100 mAfcn?) for H™ and of 4.1 mA (42
~mAIcm2) for D~ are obtained continuously, The impurity is less

then 1%. An isotope effect of negative ion production is observed.

When anomalous diffusion in the positive column was found by
Lehnert and Hoh (1960), it was pointed out that the large particle
loss produced by anomalous diffusion is compensated by the large
particle production inside the plasma; i.e. the plasma tries to
maintain itself. "The self-sustaining property of the plasma* is
applied to the reflex-type negative jon source. Anomalous diffusion
was artificially encouraged by changing the radial electric field
inside the reflex discharge. The apparent encouragement of negative
ion diffusion by the\ increase of density fluctuation amplitude is
observed. Twice a much negative ion current was obtained with the
artificial encouragement as without.
It is found from the quasilinear theory that'the inwardly

directed radial electric field destabilizes the plasma in the
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reflex-type ion source. The noniinear theory hased on Yoshikawa
method (1962) is extended, and the jnomalous diffusion coefficient
in a weakly fonized plasma is obtainjed. "The electrostatic sheath
trap®, which increases the confinenént of negat'lve_ibns in the
reflex-type ion source, is also discussed.

It has been suggested that the dissociative attachment of
- e1§ctrons to excited moleculeés might be responsible for the high
negative ion production in a hydrogen plasma: Bacal and Hamilton
(1979). A recent calculation by Wadehra (1979) showed a significant
erhancement of the dissociative attachment rate by the vibrational
excitation of the initial molecules. The largest attachment rate
#2 given at an electron temperature of about 1.5 eV.

In our experiment, the maximum extracted negative ion current
was obtained at an electron temperature of about 3 eV, which is
calculated from the anomalous diffusion mechanism proposed by the
author. Our experiment results are conmsistenti with the production
mechanism of negative fons through the electron volume production
process proposed by Allan and Wong (1978), and Wadehra's calculated
results (1979).

iv



Table of Contents

Acknowledgments

Nomenclature

1.
2,

3.

5.

Introduction
Production of negative jons

(1) Electron volume production of hydrogen
negative ions

(2) Assumptions
(3) Model concept of analysis
Cathode sheaths effect in the reflex~-type fon source
Anomalous diffusion in a weakly jonized plasma
(1) Introduction
(2) Low freguency instabilities in a weakly
ionized plasma
(a) Assumptions
(b) The supercritical condition
(c) Discussion
(3) Anomalous diffusion coefficient
(a) Assumptioms and derivation of the fluid
equations
(b) Considerations
(c) Anomalous electron transport
Reflex-type negative jon source experiments
(1) Experimental arrangement
(2) Experimental results and considerations
(3) Discussion and experiments with modified geometry

Conclusions

Page
vii

viii



Appendix 1. Diffusion of plisma

(1) Classical theory of diffusion in weakly ionized
plasmas
(a) Diffusion in weakly ionized plasmas
(b; Mmbipolar diffusion without a magnetic field
(c) Ambipolar diffusion with a magnetic field

(2) Classical theory of diffusion in fully ionized
plasmas

(3) ‘Anomalous diffusion
(a) Bohm diffusion
(b) Anomalous diffusion in the positive column
(c) Anomalous diffusion in the reflex dischange

Appendix 2. Interaction of plasma with boundaries

(1) Space charge effects
(a) The space charge limitad flow
(b) Effect of initial velocity on the space
charge iimited flow
(c) The space charge Timited flow with
positive charges

(2) The plasma sheath equation and the Bohm
sheath ¢riterion

(3) Sheaths and the space charge Timited flow
(a) Sheaths
(b) The space charge 1imited flow in a
double sheath
{c) Primary electron current from the cathode
Table of references
Tables

Figure Captions

vi

76

77

84

86

91
9N

102
109

110
1o

nz
115

e

127
127

130
133

138
142
146



ACKNOWLE DGMENTS

I am greatly indebted to Don Hopkins and Tom Downs for modifying
the power supply systems used in carrying out my experiment, [
would like to thank Klaus Berkner for his excellent criticism,
Martha Duefas for typing this thesis, and Mayumi Nakagawa and Mayo
Mita for proofreading it. ‘

Many contributions were made by the members of the MFE Group at
Lawrence Berkeley Laboratory through discussions, suggestions, and
encouragement.

In particular, I would like to give special thanks to Ken Ehlers
for years of patient help, excellent advice, and guidance. Finally,
I would like to express my deepest appreciation to my adviser,

Prof. Robert V. Pyle, for his patience, faith and supervision of my

thesis.

vii



@ My X} > o

h-]

-

=l -1 A o
v n » v wY

<

Nomenclature
Speed of light
Unit charge of electron
Resistivity of plasma
Mean free path
Wave vector
Electric field vector
Magnetic field vector
Plasma frequency
Left hand cut off frequency in plasma
Right hand cut off frequency in plasma
Debye length |
Larmor radius
Atomic number
Production term .
Density distribution of species "s"
Density of species “s*
Mass of species “s®: particularly M= and miaM
Cyclotron frequency of species “s"
Temperature of species "s"
Pressure of species "s"
Diffusion coefficient of species “s*
Mobility of species “s*
Fluid velocity vector of species "s*
Flux vector of species “s"

Collision frequency of electron with neutral particles.

viii



CHAPTER 1
INTRODUCTION

In this work, we study volume production of negative fons in the
reflex-type negative jon source. Production of negaiive ions has
been important for applications in nuclear physics: Ehlers'I (1965).
Recently, the production of negative fons has been found useful to
heat fusion plasmas via high energy neutral beams.

The most common method of heating toroidal plasmas, using Ohmic
heating, cannot produce sufficient plasma temperature to achieve
“break even": as much eiiergy is produced as is used to heat the
plasma, since it is limited by T"?"2 dependence of plasma
resistivity.

Presently, the injection of fast neutral atoms appears to be a
highly attractive method for heating toroidal plasmas for bringing a
fusion reactor to ignition (Fig. 1-1). The conversion of the fast-
ion beam into a beam of fast neutrals to enter the magnetic field of
the plasma device, and its reconversion to the ionic state by charge
exchange and fonization in the plasma seem to be quite efficient.
Stix2 {1972) also showed that the fraction of energy which is
transferred from the injected ions directly to the plasma ions by
collision, is observed to be reasonably high. Ohkawa3 (1974)
suggested that the use of momentum transfer due to the neutral-beam
injection can drive impurity ions out of tokamak plasmas.

Neutral beam injection (NBI) appears highly competitive with

other methods of heating for a full-scale thermonuclear fusion



plasma especially for reactor purposes. The required power input
with neutral injection scales with the total number of particles in
the plasma. The injected fons can reproduce several times their
initial energy in fusion reactions while they slow down and heat the
bulk plasma. A toroidal plasma heated by MBI can produce net
thermonuclear power under conditions far less restrictive than
Lawson's criterion: the two-component reactor suggested by Dawson et
a1.4 {(1971). On the other hand, the power in radio-frequency (RF)
heating methods tends to scale with the size of the device.
RF-heating can also weight the energy input in favour of the more
energetic particles like the case of N BI, but is less well suited
to achieve optimal ion distribution functions.

The LBL multi~filament ion source has now been developed to the
point of being able to supply ions in the 80- to 160 keV range. The
field free type ion source, capable of 65A operation at 120 keV, has
given fairly satisfactory operation for pulse lengths up to 1.5
seconds, and gives an atomic-ion (D+) fraction in the accelerated
beam of about 65%: Berkner et al.> (1979). The magnetic bucket
ion source, in which the walls are lined with permanent magnets in a
cusp arrangement, indicates that the atomic-ion (D+) fraction will
be 75% to 80% at the arc power appropriate for 120 keV: Ehlers and
Leung6 (1979).

In near-future experiments, neutral beams of higher energy and
of a single atomic component might be necessary to penetrate to the
center of large fusion plasma so as to drive a seed current for D.C.

tokamak operation or control end plug potentials to increase the



plasma confinement time in tandem mirrors. Negative fons seem to be
the only effective intermediary for efficient production of such
neutral beams.

The *neutral beam” sources currently used in controlled fusion
research convert the extricted positive ions into neutral atoms by
electron capture in hydrogen gas. However, for high energy beams
the efficiency of neutralization falis off rapidly.

For a thick gas neutralizer, the efficiency of conversion to
neutrals is a function only of the ratio of the eiectron capture
cross section of the ion to the stripping cross-section for the atom
(Fig. 1-2). Since the stripping cross section falls above 50 keV,
asymptotically as In (E)/E, while the capture cross section falls
off much more rapidly, the efficiency of neutralization falls off
faster than linearly in the beam energy.

For a negative ion beam, the neutralizer efficiency-does not
suffer from the same unfortunate energy dependence as for a positive
jon beam (Fig. 1-3). This is essentially because the excess
electron in the ion, being much less tightly bound (0.754 eV) than
the first electron (13.6 eV), causes that weakly bound electron to
have a much larger collisional detachment cross section in regions
of higher energy. This makes the high efficiency production of
neutral atom beams possible. Therefore, the higher energy one-
component beams (> 200 keV) can be produced most efficiently by
stripping an accelerated negative ion beam.

At LBL, the generation of negative ions through various methods

has been studied: the double charge exchange production with a cesium
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jet by Hooper et 11.7 (1980), whereby low energy positive ions are
converted to negative jons by two sequential electron captures in a
. cesium vapor target; the surface production by Leung and Ehlers8
(1981), where negative ions are produced by backscattering or
desorption induced by energetic bombardment; eléctron.volume
production in which low-energy e]ectrons.]egd to negative-ion
formation by &issociative attachment or dissociative recombination
by electron collisions with hydrogen molecules or hydrogen molecular
ions.

This experiment is about the generation of negative ions through
electron volume production, using the reflex-type discharge.

Because the discharge has a small volume and high particle density,
diagnostics are difficult and 1imited to external measurements of
voltages, currents, and elzctrical-noise signals. Efforts have been
concentrated on modifying the arc-chamber of the ion source to
improve the continuous negative ion beam yield and its current
density. In particular, modifications in the source geometry were
sought to give satisfactory negative ion yield with limited gas flow
rate through controlling the axial magnetic field and the radial
electric field inside the arc-chamber.

In Chap. 2 the method of production of negative ions through
electron volume processes, and related efforts will be described.
Also, the basic model concept of negative ion production in the
reflex-type negative ion source wil: be discussed. We will try to
find out the mechanism through which the high intensity negative ion

beam is obtained in the reflex-type ion source. We will analyze the



mechanism from two points of view; the cathode sheaths in the
reflex-type ion source increase the confinement of negative ions,
and the anomalous diffusion encourages the production of negative
ions through the electron volume process to compensate the ions lost
by the anomalous diffusion. In Chap. 3 we talk about the effect of
cathode sheaths in the reflex-type ion source. The electric field
in the transition region, which is the region between the cathode
sheath and the plasma, is calculated using a simple model., The
length of the transition region is also calculated. We will show
that the electric field is strong enough to repel the negative
jons. Most of our analysis and model concept are based on the
anomalous diffusion theory developed by the author in Chap. 4. We
will show that the radial electric field destabilizes the plasma
from the quasilinear theory, anud the anomalcus diffusion coefficient
is derived from the nonlinear theory. Our discussion of anomalous
diffusion presented in Chap. 4 is related to many other works.
Therefore, in Appendix 1 we will reviaw the history of lhe
development of diffusion theory in weakly ionized plasmas. In
Appendix 2, problems of space charge effects, the Bohm sheath
criterion, and sheaths are also reviewed. Those concepts are very
important to understanding of weakly ionized plasmas. The
experimental results and its considerations will be given in Chap.
5, and the summing-up and conclusion will be presented in Chap. 6.
We will show that our experimental results and analyzed conclusion
based on the anomalou, diffusion theory are consistent with the

electron volume production mechanism of negative ions suggested by



Hadehra9 (1979). We will also show that twice as much negative
ion current is obtained experimentally with the artificial

encouragement of anomalous diffusion.



CHAPTER 2
PRODUCTION OF NEGATIVE IONS

(1) Electron volume production of hydrogen negative dons

Three methods for the formation of negative jons are reviewed by
Hiskes]0 (1979): double charge-exchange processes, surface
processes, and electron-volume processes. 1In this Chapter, we shall
consider only the electron-volume processes. ‘

Until recently, it has been generally considered that the main
negative ion H production processes in hydrogen plasmas are the
electron collision processes with neutral molecules in the ground
state; such as dissociative electron attachment and polar

dissociation.

g’ H +H
e + H, —>

2T~ g+ H
e+ H,—3 B v +e

The cross sections for reactions of these kinds have been measured
by.Schulz]] (1959); a sharp peak of the cross section with a
max imum at electron energy, 14.2 eV, is attributed to the second
reaction. Rapp et al.lz (1965) also observed a similar peak of
cross section. An understanding‘of hydrogen discharge seemed to be
established.

However, the equilibrium negative ion density calculated by
Nicolipoulou, Bacal and Dnucet\3 (1977} for a hydrogen plasma

using the known formation and destruction processes is about 100
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times lower than the density measured in their low pressure hydrogen
plasma experiment. That discrepancy showed that their known H™
formation processes were not sufficient to explain the actual
density of H ionms. ’

However, these results were questioned because of the method of
measuring the H~ density with a Langmuir probe. The anomalous
high W~ density was confirmed by Bacal and Hamilton]4 (1979) by
photodetachment of the negative hydrogen ion: and ¢bserving the rise
in electron density. The recent experimental studies of dissociative
attachment and vibrational excitation by Allan and Hong]5 (1978)
in electron collisions with Hy and D2 renewed the interest in
negative ion production in hydrogen plasmas. It has been suggested
by Demkov'® (1965), Al1an and Wong'® (1978), and Wadehra'’
(1978) that dissociative attachmeui of electrons to excited
molecules might be responsible fur the high negative production.

The process is interpreted in terms of the formation and
dissociation of unstable states of HE. The competition,
between electron emission and dissociation in the molecular negative
ion, could lead to a strong dependence of the dissociative
attachment cross section on the mass of the hydrogen nuclei, and the

initial vibrational and rotational staie of the neutral molecule.

*
e+ H2 > e + H2

* - -
e +H > H > H+ H

2

Calculations by Nadehra]7 (1978) based on the above mechanism



showed a significant enhancement of the dissociative attachment
cross section by vibrational or rotational excitation of the initial
molecule. Particularly he looked for a mechanism capable of
populating the hydrogen molecular vibration levels with v » 6.
Calculations of dissociative attachment rates are also reported
by Hadehrag (1979) (Fig. 2-1 and Fig. 2-2)., The attachment rate
coefficient at the electron temperature of 1.5 eV was taken to be on

3 1

the order of 10°'° cm® sec”! in a previous analysis of

negative ion densities in a hydrogen plasma. Wadehra's result,

however, indicate that this‘coefficient could be as high as 10-8

cnd sozc'.|

, 1f there exist vibrationally excited hydrogen
molecules, especially those excited in higher vibrational levels.
For botk H2 and D2 the dissociated attachment cross sections are

-16 c

greater than 2 x 10 mZ for vibrational levels with

thresholds below 1 eV.

The cross sections for the collisional excitation of the ground
state of hydrogen molecules leading to vibrational excitation are
calculated by Hiskes]s (1980). The maximum cross section to all
of the vibrationally excited states is at an electron energy of
about 40 eV; which is smaller than the electron energy, 60 eV, where
hydrogen molecules attain the maximum ionization cross section. The
vibrational levels with v > 6 require that the hydrogen molecule
should have an internal energy greater than 2eY. If the molecules
are "heated" to get vibrationally excited molecules, large dissocia-

tive electron attachment is expected at the relafively Tow electron
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energy of 1 eV. Even a modest heating of the plasma can, therefore,
Tead to significant negative ion production.

. This production meckanism may be investigated with the reflex-
type negative ion source; which has been developed at LBL by
Eh‘lers‘I (1965). The reflex-type ion source pro&uces negative ions
through volume producticn and it is well known tha't it gave the
highest negative hydrogen ion current density (40 mA/cmz) in the
1960's.
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(2) Assumptions

We assume that the ref{ex-type negative ion source
produces observable negative hydrogen atoms only through the
electron-volume process. In the reflex-type fon source (Fig. 2-3),
the diameter of the arc-defining hole is half of the diameter of the
cylinder column. Ye can expect that high energy primary electrons
accelerated at the cathode sheath are confined in the center part of
the cylinder by the strong magnetic field; it i5 related to “the
magnetic filter effect* proposed by Leung and Ehlers8 {1981). To
analyze the negative ion production mechanism in the reflex-type ion
source, we divide it into two regions; the central region and the
surrounding region. We assume the average electron energy in the
central region is higher than that in the surrounding region.

According to the production mechanism proposed by Nadehrag
{1979), we need both high energy electrons to produce the
vibrationally excited molecules and low energy electrons to produce
the negative ions by dissociative attachment to the vibrationally
excited molecules. The first process has the maximum cross section
at an electron energy of about 40 eV, and the later reaction has the
maximum cross section at an electron energy of about 1 eV. 1In
ordinary discharge plasmas, most electrons are produced by
ionization and the electron energy is low. To get many nagative
jons, we also need high energy electrons; we need something to
“heat" the plasma. Ir. the reflex-type negative ion source, there

are both high and Yow energy (temperature) electrons.



12

In the central region, the primary electron: jonize some neutral
gas and also excite some neutral gas into vibrationally excited
states. The primary electrons heat the plasma. In the surrounding
region there are not so many high energy primary electrons. Nearly
all of the electrons in the region are produced by ionization. Also,
plasma electrons produced in the central region come there by
diffusion with positive ions. The electron averagé energy in the
region is expected to be much Tower (about leV) than that in the
central region (about 40eV): Chap. 5. In the surrounding region,
the negative ion production through electron dissociative attachment
to vibrationally excited molecules may be very large. The mechanism
produces a high-intensity negative ion yieid.

We assum2 that the production process of negative ions is weill
described by the fluid equations: the process is controlled by
classical diffusion. According to a standard method to anaiyze the
mechanism, we had to solve the continuity equation of density ng
for each species "s" in each region. The flux Fs = "s;;’ which
is used in the continuity equation, is derived from the equation of
motion; Es is the fluid velocity vector (Appendix 1).

In the central region, we had to consider the following
equations: positive ions np and plasma electrons n, are
produced by primary electrons (ionization), vibrationally excited
molecules n, are also produced by primary electrons and some
negative ions n, are diffused from the surrounding region. In the

previous experiments by Ehlers! (1965), five times as much

negative ion current is obtained wher the arc-defining hole is
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recessed from the wall of the cylinder: the surrounding region is
produced by the modification besides the central region. We assume

that few negative ions are produced in the central region.

> >
W o+ oy, T, = st
Tt
n, +v-i~’P-s"
at

where S* is a production term by ionization.

3l1+"'-"_"'

3{1 v rv Sv
where S; is a production term of vibrationally excited
molecules.
>

-
3l‘|n + V-]"nao
at

In the surrounding region, we had to consider the faollawing

equations: negative ions n. are produced by the dissociative

n
attachment of plasma electrons ne to vibrationally excited
molecules n,, ana positive ions np are diffused from the central
region.

where S; is a production term of plasma electrons, and S; is a

loss term of plasma electrons.

in_ﬂ +;-Fp-0
at
an +-V.‘-1:=-S-

|
<
<
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whare S; js a loss term of vibrationally excited molecules.
;t"_n + 7. i*; - s; -s,

where S; is a production term of negative jons, and S; is

a loss term of negative ions.

We have neglected positive and pegative jon losses by
recombination. In the ordinary method of analysis, space uniformity
is assumed and flux gradient terms are neglected. However, the
reflex-type ion source is located inside a strong magnetic field and
the radial density gradient is sharp. We cannot neglect those
terms. Therefore we have to solve four two-dimensional continuity

equations in two regicns at the same time.
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(3) Model concept of analysis

The one-dimensional continuity equation for two component plasma
in the reflex discharge was solved by Chen.‘9 (1962). To decide the
boundary condition in the radial direction, he assumed that particle
fluxes are controlled by Bohm diffusion, and that the fluxes disappear
at the wall of the cylinder; Bohm diffusion is discussed in Appendix
1. To decide the boundary condition in the axizl direction, he
assumed that particle fluxes are controlled by the sheath condition.
He derived the primary electron current theoretically; these topics
are discussed in Appendix 2.

It is very difficult to solve four two-dimensional continuity
equations in two regions under proper boundary ﬁonditions. The
derivation of the electric field and the treatment of produc*fon or
loss terms are not easy. Above all, in the the reflex-type ion
source, the assumption that the production process is controlled by
the classical diffusion process is suspicious. We may have to treat
nonlinear equations. Therefore, we do not try to solve the equations
presented in Section (2).

We will rather try to find out physically the mechanism through
which a high density negative ion current is obtained in the
reflex-type ion source. Then, taking advantage of the mechanism, we
try to increase the negative ion current. Wz will show in Chap. 3
that the negative ions are well confined in the axial direction, since
there are two cathode sheaths in the reflex-type ion source. We will

show in Chap. 4 that the inwardly directed radial electric field
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inside the reflex~-type ion source destabilizes the plasma, and that
the reflex-type ion source is controlled by anomatous diffusion
process. Then, the anomalous diffusion coefficients are derived
theoretically.

In Chap. 5 we will analyze our experimental resutts based on
-the anomalous diffusion theory presented by the author in Chap. 4.
From the experimental results, we will show thet the calculated
negative ion density in tite surrounding region increases as the
calculated electron temperature decreases from 40 eV to about 1 eV
(Fig. 5-10 and 5-17). However, the electron energy in the central
region is still expected to be_high enough to produce many
vibrationally excited molecules. If the negative ion production
mechanism proposed by Hadehra9 (1979) and his calculated results are
not true, then the negative ion density should have a maximum value
around an electron energy of 14.2 eV. We believe our experimental
results support Wadehra's calculated results.

Then, we will also try to increase the extracted negative ion
current through the encouragement of anomalous diffusion. Twice as
much regative ion current was obtained with the artificial
encouragement as without. The anomalous diffusion mechanism, in which
we do not need to treat the production terms, can be used to increase

the negative jon current in the reflex-type negative ion source.
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CHAPTER 3
CATHODE SHEATHS EFFECT IN THE REFLEX-TYPE ION SOURCE

We assume the.two cathode sheaths in the reflex~type ion source
confine the negative ions effectively in the axial direction. In
this chapter, the previously unnoticed effects of cathode sheaths in
the reflex discharge are considered. Based on simple assumptions in
a one-dimensional plasma, the electric field in the transition
region will be calcuated. Effects of the electric field in the
reflex discharge will be discussed.

For a weakly ionized plasma in the positive column of the low
pressure discharge, Langrmrir20 {1929) made the following
assumptions. Most of the voltage difference from cathode to anode
in typical gas discharge is concentrated in a cathode sheath; the
rest of the volume is nearly field free compared t~ the cathode
sheain, the space charge of the postive ions being neutralized by
Tow velocity electrons. The current toward the cathode is limited
by the electron and ion space charges in a double sheath near the
cathude. When ions are produced uniformly throughout the space, the
ions flow in nearly equal numbers to anode and to cathode; the
electrons and negative ions go to the anode only.

However, during the course of his researches, Langmuir found
that the electric field penetrated beyond the shzath edge, into the
plasma, and accelerated ions toward the sheath, Later, the effect
of this field was recognized by Bohm’! (1949). The region, which

accelerates ions, is called the transition region.
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In the case of the reflex discharge, the Bohm sheath criterion
is applied only in the axial direction because of the strong
magnetic field, The whole cylinder wall acts as an anode. Both
ends of the reflex discharge are cathodes: one hot and the other
cold. There is no anode sheath but there are cathode sheaths.

The whole of the arc voltage is concentrated in the cathode
sheaths (in the order of 100 volt). In the transition region, there
is still a voltage difference (in the order of 10 volts). As
pointed out by Salz et a1.22 (1961), the transition region in the
reflex discharge penetrates far into the plasma region {much longer
than a Debye length) and constitutes an electrostatic well in the
middle part of the cylinder.

We try to investigate the tramsition region using a simple siab
model {Fig. 3). The transition region is defined as a region
between the plasma region and the sheath region. We assume, for
simplicity, that no ion is produced there. We call the plasma side
of the transition region the plasma edge (x = o), and the sheath
side the sheath edge {x = L). At the sheath edge, the plasma
density is less than that in the plasma.

In the plasma region where the plasma potential is constant,
both electrons and ions are in collisional equilibrium and the
charge neutrality is preserved (ni = “e)’ In the sheath region
which shields plasma, neither electrons nor ions are in collisional
equilibrium. Charged particles experience no collision inside this
region. A strong negative electric potential keeps both electron

and ion fluxes the same to produce a steady state in the plasma.
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Although ions simply fall into the cathode, electrons strike the
cathode so often that thay mﬁst be repelled if the distribution is
to be steady. The velocity of ions entering sﬁeaths has to satisfy
the Bohm sheath criterion; ions must enter the sheath regirn with a
velocity greater than the acoustic velocity: Bohm21 (1949). The
space charge effect, the Bohm sheath criterion, and sheaths are
discussed in Appen&ix 2.

In the transition region, we assume that only electrons are in
collisional equilitrium and the charge negtrality 15 not strictly
conserved. Since the shielding by the sheath is not perfect, a
small portion of the strong electric field inside the sheath
penetrates into this region through the sheath edge.

The small electric field accelerates ions towards the sheath so
that they can satisfy the Bohm sheath criterion. However, the
collisions with neutral particles prevent them from accelerating
freely., We also assume that the density of primary electrons is
small compared to that of plasma electrons.

For a weakly ionized plasma, the fluid equations, which are
discussed in Appenix 1, are as follows; all physical quantities are

defined in ordinary ways; n_ is the density of electron, Pe is

the electron pressure, u_ is the fluid velocity of electron, and

e

v, is the collision frequency with neutrals.

From the one dimensional equation of motion of electrons,

due de
NeMJE * g =~ ®Mefem MeMgle

Since electrons are in thermal equilibrium, there is no net flux.

(3.1)
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Since Po = neTe we get the following equation:

dne
=0y g~ NeueE = 0 (3.2)
where Te is the electron temperature, l'.be is the diffusion
coefficient of electrons, and e is the mobility of electrons.
Then, '
ng= ngexp(- %E x) (3.3)

where n, is the charge density at the plasma edge (x = 0).
From the results of Chen's exper-iment19 (1962) of the reflex
discharge: "e’"o = 0.2 at the sheath edge (x = L). Then, we

get the following relation:

Te
E=1.6g (3.4)

In the transition region, ions are not in thermal equilibrium
anymore. Thus, we have to keep the inertia term in the eguation of
motion of ions. We assume that

1 dp—i- <« 1
AR 3
where n; is the density of ion and Pi is the ion pressure.
Then, in the same way as for the electron case, we get the following

equation,

du.

Tt ViU - =0 (3.5)

where v is the collision frequency with neutrals.

A solution of the differential equation is



2l

ug= (u, - g'fﬁ’ exp(~v;t) + gfﬁ (3.6)

where vy is the average ion velocity at the plasma edge.
Generally, when “it »> 1, we can neglect the first term of

u;. At the sheath edge, the jon velocity is determined by the

1
T
ui = /;—e-- s—fn- . (3-7)

Bohm sheath criterion:
Then, equating £gs. (3.6) and (3.7), we get the following result

w.M /T
i / e
E= I (3.8)
In Chap. 6 we will show that Te = 40 eV in the central region
of the reflex-type negative ion source, and the collision frequency
of ions with neutrals is in the order of vy = 107 /sec.
Then, the electric field in the transition region is calculated
from Eq. (3.8),
E = 65 volt/cm
And the length of the transition region is calculated from Eq. (3.4},

L=1cm

The reflex-type ion source is operated with an arc voltage of
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300 volt., Its length is about 6 cm. The strength of the electric
field seems reasonable. The length of the transition region is
one-third (2 cathode sheaths) of the total length of the ion source.
When negative ions exist in the plasma, which is weakly ionized,
the average temperature of negative ions is usually in the order of
1 eV, Therefore, the electrostatic well is stfong enough to
completely trap the negative ions, but not strong enough to trap all
of the electrons which have much higher temperature. In the
reflex-type negative ion source, negative ions are expected to be
concentrated in the middle part of the cylinder where the ion exit
slit locates. JZ call this phenomenon “the (electrostatic) sheath
trap of negative ions". We believe this phenomenon is one of the
reasons why we can get a2 high intensity negative ion beam in the
reflex-type negative ion source, which will be discussed more

precisely in Chap. 5.
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CHAPTER 4
ANOMALOUS DIFFUSION IN WEAKLY IONIZED PLASMA

1) Introduction

We assume that the radial diffusion in the reflex-type ion
source is controlled by anomalous diffusion mechanism. In this
chapter, we are going to derive the supef—critical condition and the
anomalous diffusion coefficients in a weakly ionized plasma. In
earlier experiments with the positive column, an instability has
been observed in the presence of a strong longitudinal magnetic
field. A theoretical explanation of this phenomenon has been given
by Kadomtsev and Nedospasovz3 (1961) who discuss the growth of
screw-shaped disturbances. The axial electric field tends to 1ift
up the electron screw relative to the ion screw. This is equivalant
to a rotation of the electron screw in the positive azimuthal
directions. Due to subsequent charge separation, azimuthal electric
fields will arise. This tends to drive the particles outwards with
a speed of the E cross B drift and tends to destabilize the plasma.
This is so-called “"the screw instability®. A1l experiments support
the theory.

The instability mechanism of the reflex discharges was
investigated by Hoh24 (1963). He pointed out that the occurence
of a critical magnetic field in the reflex discharges may be due to
an instability which is caused by the plasma particle currents

flowing in the Hall direction. In a partially ionized plasma, in
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which the electric aﬁd magnetic fields cross, the electrons drift
more rapidly through the neutral gas than the ions. Thus, an
electric space-charge field is produced in the Hall direction. This
causes a subsequent drift of the charged particles in the radial
direction. If this drift is in the direction of dacreasing density
and increasing potential, an instability may result. Hoh's theory
which is called "the neutral drag instability" explained the
instability mechanism well when the energy of primary electrons are
relatively low: Pavlichenko et al.?® (1966), and ThomassenZ®
(1966). When the velocity of primary electrons is much faster than
the thermal velocity, the effect of the¥beam instability has to be
considered, as well as the fact that it is difficult to make the
analysis. Hoh's theory may well be applied to hot cathode reflex
discharges in which the primary electron energy is relatively low.

Even though the instability mechanisms of both the positive
column and reflex discharge were proposed, no direct mechanism for
the anomalous diffusion induced by the instability wés given. On
the other hand, Yoshikawa and Rose27 (1962) derived an exprassion
for a diffusion coefficient, which, in suitable 1imits, gives both
collisional and Bohm diffusions.

Their expressions are derived from the time independent fluid
equations under dominant Coulomb collisions; the motion of the ions
is neglected. They considered the following physical mechanism in
which a density gradient normal to the magnetic field gives rise to
a Hall current, If there are small density fluctuations, a space

chiarge field, which is electrostatic, must be set up parallel to the



25

Hall current to preserve its continuity. This field, crossed with
the magnetic field, leads to motion in the direction of the pressure
gradient. To obtain a net flux in this direcgion, after averagino
over the fluctuations, the second order terms must be retained. The
enchanced diffusion is obtained within the 1imits of low pressure or
the limits of high magneticlfield. Reasonably good agreement
between Yoshikawa's theory and experiment was found by Janes and
Lowder28 (1966). A straightforward extension of his theory, in
whizh the ion motion is considered, was also proposed by

YoshikawaZ? (1970).

In Section (2), we derive the super-critical condition from the
quasilinear equations in the Cartesian coordinate. We will also
show that the super-critical condition is applicable for both the
positive column and the reflex discharge, and that the plasma in the
reflex-type ion source is unstable because of the inward directed
radial electric field.

In Section (3), we derive the anomalous diffusion coefficient
from the nonlinear theory developed by Yoshikawa and Rose27
(1962). The electron-ion collision frequency in their method is
replaced by the electron collision frequency with neutral atoms. In
a weakly jonized plasma, the collisions with neutral atoms are
dominant and Coulomb collisions will be neglected. We assume that
the instabilities are already excited and saturated. The anomalous
diffusion coefficient is obtained as the second order quantity in

Fourier expansions.
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2) Low frequency instabilities in a weakly ionized plasma

a) Assumptions

The well known instabilities derived from fluid equations are

"the two stream instability*, “the gravitational instability", and
“the resisiive drift instability". Here, we investigate
instabilities related to anomalous diffusion, which is caused by low
frequency instabilities. Both *"the two stream instability* and “the
gravitational (flute) instability", which need particular mechanisms
to excite them, are not considered here. 1In a weakly ionized
plasma, where Coulomb collisions are neglected, these is no pure
“the resistive drift instability". However, if there is a conséant
Oth order electric field which exists only in a weakly ionized
plasma, the electric fielq unstabilizes the dispersion relation even
though the inertia term of ion equation is neglected. The
instability is caused by charge separations in the Hall direction.
The charge separations are caused by the drag force between charged
particles and neutral atoms through the Oth order electric field,
and the charge separations produce fluctuating higher order electric
fields. The time averaged second order electric field in the Hall
diection pushes particles in the perpendicular direction of the Gth
order magnetic field by the E cross B drift.

We attribute the instability to drift-like waves. In a weakly
ionized plasma, the dispersion relation is messy since Oth order
electric fields exist. We may call them "drag wave" since they are
produced by the drag force.

The average first order electric fields are sinusoidal, and the
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time averaged first order electric fields are therefore zero. They
do not contribute to any particle transport. The steady Oth order
electric fields affect plasma through the drag force. Therefore, we
mention it as "the resistive drag instability* instead of “the
resistive drift instability*. It includes both "the screw
instability" and "the neutral drag instability".

For weaky ionized plasmas, the fluid equations, which are

discussed in Appendix 1, are shown below; n_ is the density of

S

species "s", U, is the fluid velocity of species “s¥, Ps is the

pressure of species “s*, y_ is the collision frequency of species

S
"s" with neutrals, and Z is the production term.

From the continuity equation,

an R
?Fs_ + Vnsus - Zns (4.1)
From the equation of motion neglecting the effect of gravity,
dﬁs - G;xE -
Mg gt~ * g = NgAg(E + == ) - ngmovug (4.2)
from the equation of state,
v n
S =Y 3 (4.3)
P ng _

where y is the ratio of specific heats Cp/Cv.
These equations can be solved by the procedure of linearization.
The dependent variables are separated into two parts as follows:

+ +
Ug = Ugg T Ugy fg= N5o * N1
-+ <>

+ + = -+
E=E; +E B = By * B]
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where Usps Neqs E], and-B], are the first order terms of
species “s® and they are very small. By this we mean that the
amplitude of oscillation is small, and terms containing higher
powers of amplitude factor can be neglected.

When only the low freauency instability {much less than ion
cylotron frequency) is considered, we need only keep the time
derivative only in the continuity equation. The time derivative in
the equation of motion will be negligible since the collision
frequency with neutrals is large enough. We assume that the first
order magnetic field B] is very small and that the Oth order fluid
velocity u, is zero. We also assume that the Oth order density
n, is unifbrm in both y and z direction; n has a gradient only
in the x direction. Since we consider only low frequency
instabilities, the change caused by the instability is isothermal;
that means y = 1.

We shall omit subsripts *1" for the first order terms, and
subscripts "s" for the Oth order terms. Then, we get the foilowing

two linearized first order equations with VPs = Ts Vns:

an - an
; s + no(Vus) + ug axo = zns (4.4)
i x 8
z .U * 5% > -
1
Tgng = noag(E" + —=——) * nag E; - ngMovoug (a.5)

where E' is the first order electric field.
We assume that there is a constant magnetic field Bo only in
the z direction, We also assume that there are constant electric

fields Eo both in the x and z directions. We consider only the
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electrostatic perturbation produced by an electric potential.

We are interested in anomalous diffusion in weakly ionized
plasmas, particularly those in “the positive column® and “the reflex
discharge®. In this section we are concerned with mainly the source
of the resistive drag instabilities in a weakly ionized plasma: “the
positive column® and “the reflex discharge*. We treat them under

the periodic boundary condition in the Cartesian coordinates.
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b) The supercritical condition

We shall omit subscript “0* for the Oth order quantities. We
assume that the first order electric field is electrostatic and that
it is produced by an electrostatic potential. The oscillating
quantities are assumed to behave sinuscidally. From the linearized
equation of motion for electrons, we get the following eguations;

Ne is the first order electron density, ¢ is the first order
electrical potential, and Ug is the first order fluid velocity
vector of electron,
- ->
> Ug X B >
TMg = - ene(E - ¢+ __15___) Ny ug (4.6)

Then, we get

A n
. e
ex = Pe [i I3 (ky - aekx) * 8 (Ey - aeEx)J

=
L]

A n
R e
ey "be[1 I3 (ky - aekx) *AE (Ex * aeEy)

n k
Uy, = -ug 7(1A n—: - Ey)

ez
eB e
where ﬂe = and e = ﬁ;;

v 1 nT
e e'e

a = =, b= and A= ——-n¢

e a ° e 2° e
e 1+ae

From the linearized equation of continuity for electrons,

Mg 4+ p vl + Ugy oo, In, (4.7)
3t 3x
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Then,

R . an
~iwng + in (kx"'ex + kyuey+ kz"ez) *ug 3x = Mg

We define that the perturbed electro-static waves are traveling
along the z direction, which is the direction of the magnetic field,
and the y direction, which is the Hall direction. For prevailing
conditions, we can assume kx =0 and Ey = 0.

Generally for electrons with as << 1 and b, = 1, we get

cn' : 12
e Ky gw * Tk u ¢ (4.8
o E, . -8)
(w + ky VDe) + ky 5 + kZ"eEZ + "(kZDe - 2)
T '
e e n _2n
where De = m—ve- N vIJe = - T and n' = %

In the same manner, we get am equation for jons assuming kg <« k§

n; X ¢
i 3 (4.9)

[ o4
X .
(w - kyb VD-]) + kyb 5 - kZuiEZ + iY

cn' L2 .2
where X--kybgﬁ- —'Ikyabui

2 .2 .2 n'
Y'kyaboi+“h“i Ex-n—- Z

M d T
A= —, = sy and voy = -~ —
8 I ;" " & m

eB e i
Qi- ﬁE‘"i' E 2 andDi-mi
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If we assume charge neutrality, we get the following instability

criterion from the dispersion relation.

[a%2(kZ - (@920 - ab -;-uel-gl - 1 ()

k,k '
+To(k2 + aPlyugn; + a%0kZ o2+ bkBZ] Bt (- By(-E,)
+ L%k, § 27 + (K ug + K a%bu)2 2

> [a"’b(k Koug)? + (2% k"’k L

+ [(a% kskzui)z + 2% k2 kzu ug - (a2 k Lk E %0,

2,2, 2 2.2, 4 e, 2
+ (b kykz 'R + a‘b ky“i) T}vDi

2. .4 2,2 -
+ (2%b kyui +b kykz ue) TevD

Notice (n'/n) < O
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c) Discussion

In prevailing conditions for the positive column, it is
satisfied that v; > 8;(3; » 1, b; = 0, a%b; = 1) and
Ez <0, E= Ex > 0. We can also assume that ks >> kz, g
De > b; and that (-n‘ln)2 is small. Then, we get the

> “i’

following instability criterion for the positive column.

' cE l
ki ky wewy "%')(' —EE) +\[(k§ %'%‘)2 * (kg ve * “5 "1)2] z

>a k;uf (- _)(_B_) + [(k L (ky o D,

+ Uk Koug)? + (k)% wgug + (k2 E)20 D,
+ (k;uii) vge (4.10)

In the case of the positive column, F.z and Z terms contribute
to destabilize the plasma; Ex =E., vge, Di and De
terms contribute to stabilize the plasma. (n*/n) < 0 must be also
satisfied. A similar relation is derived by Kadomtseév and
Nedospasov22 (1961}, however, the physical meaning of each term is
less apparent.

When an instability sets in, many particles are lost by
anomalous diffusion. Then the particle production has to be
increased to compensate the particle loss to keep plasma in the same
state. More charged particles (ions and electrons) are produced by
the primary electrons, which are supplied from the cathode by the

steady electric field Ez. Therefore, the production rate Z is
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increased. The increase of electric field Ez was observed in
Lehnert's experiment30 (1958) when instabilities set in. The
relation batween the electric field Ez and the magnetic field was
theoretically explained by Kadomtsev and Nedospasov23 (1961).

Alternatively the anomalous diffusion is induced by the large
particle production to reduce the pacticle density. On the other
hand, the particle diffusions and electron diamagnetic drift try to
eliminate the charge separation which causes the instability.

In prevailing conditions for the reflex discharge, it is
satisfied that v; = Qi(ai =1,b; = 1/2); which will be

explained precisely later. It is also satisfied that Ex = Er <0
2
y e
D, >> D; and that (-n'In)2 is large in the reflex discharge:

and Ez = 0. We can assume that k% >> kg. Hg >> Ui

chen]9 (1962). Then we got the following instability criterion

for the reflex discharge.

' ' cE ' .
PRSI B I O g7 e 0 gt g kT 2

1 2 2,.1.42 1 ,,2¢cn'2
> [?—(kykz ue) +-2-kyky uiue"‘t(kyk-n-)]ﬂi

1,2 2,1.24 1 cn'\2
* Lglkgk,u® * 5 kpky wine - (kk, 57071 0y
1,22 1,4 2
* iz k_ykz o 7 ky"i) ‘I"1"Di
1.4 1,22 e
* Cgkguy * 7 Kkoug) T, vp (4.17)
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In the case of the reflex discharge, Ex = Er and Z terms
contribute to destabilize plasma. Dy, v%1 and V%e terms
contribute to stabilize the plasma. We do not know about the
contribution of the De term.

Since Ex = Er is negative in the reflex discharge, the plasma
will be unstable when (- n'ln)Ex »>> 0, which is shown by S*lml.m3'|
(1963). A similar relation is also derived by Hoh?? (1963).
However, neglecting the effect of a sharp density gradient, Hoh
concluded that the plasma is destabilized when Er is decreased
(dvfdr is increased). Our conclusion is opposite: the plasma is
destabilized when E. is increased {- Er is decreased)., In Chap.
5, we will show that this conclusion is consistant with the
experimental results.

According to Hoh24 (1963), the experimentally obtained
critical magnetic field of most of the reflex discharges is lower
than 500 gauss. 1In the reflex-type ion source, the magnetic field
is variable from 1500 gauss to 5000 gauss. Thus, the reflex type
ion source is completely in anomalous region.

When an instability sets in, many particles are lost by
anomalous diffusion. Then, the number of electrons inside the
column, which keeps Ex = Er negative is reduced. The potential
in the center of the cylinder is decreased (less negative). Then
the voltage drop in the cathode sheath is increased. That effect
accompanies an increasing supply of the primary electrons and an
increasing particle production rate Z, Alternatively the anomalous

diffusion is induced by large particle production to reduce the
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negative potential in the center of the cylinder.

On the other hand, the ion diffusion and the diamagnetic drifts
try to eliminate the charge separation which causes the instability
as in the case of the positive columns. The electron diffusion
might encourage the instability. In prevailing condition for the
reflex discharge, Ez >0, so it contributes nothing.

We have investigated the cases in which vy > & and
v; = . What happens in the case vy << 97 This relation
is usually satisfied when the pressure is very low. Then, Coulomb

collisions can not be neglected, and the plasma is not weakly

ionized anymore.
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3) Anomalous diffusion coefficient

=) Assumptions and derivation of the diffusfon equations

We shall assume a macroscopically homogeneous plasma, which is
subject to a homogeneous turbulence, and shall introduce a pressure
gradient and electric field, both of which are small and uniform.
We can make use of modif*ed fluid equations to exblain non Tinear
effects. This method is largely based on Yoshikawa and Rose29
(1362). In this case we consider collisions with only neutrals;
Coulomb collisions are neglected.

We assume that instabilities are already excited and saturated.
Each physical quantities in fluid equations are Fourier-expanded to
include the anomalous effects. The second order electric field in
the Hall direction, which is produced by instabilities, is evaluated
‘from Oth order and lst order equations assuming uniform electro-
static turbulences. The charged particles couple to each other
through the electric field; there is no direct coupling. Also, the
contribution by the ordinary diffusion based on the classical
collision theory is neglected since it is expected to be small
compared to the aromalous diffusion in a stronge magnetic field.

In a weakly ionzed plasma, the equation of motion in steady
state is given as follows (Appendix 1). Then we get for each species

> -+
T''xB N
= - mT

- -+
nTs - gnE - ¢ <

The uniform magnetic field B is imposed in the z direction, and v is
the collision frequency between chargsd particles and neutrals.

The flux F, density n, and pressure n T are defined in the ordinary
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manner as those defined in Appendix 1. We have neglected the
inertia term, since we éonsidered only low frequency instabilities,
this is permissible if the collision frequency with neutrals is
large enough,

We have introduced the density gradient effect by replacing n by
n(i + sx). Similarly, for the electric field, we introduce Eo’
which is defined as the average value of electric field . Eo has
components in both x and 2z directions.

Thus,
L

E, = lim © fsdr
Ly L (+]
where L is the dimensional length.
we also assume that the fluctuation of the density n'is smaller than
that of the average density Nye
Other quantities, such as electric field E and flux T , which

change with the external applied fieid are defined as follows

n=n, +n'
where E', F: and n'are the responses to the external effects
assuming that the magnetic field B is given from outside. The
-+

effective electric field € is defined

-+ -+ -+

Qe = qu +Ts
where 3 is an unit vector in the x direction.

Then the equations for the perturbed quantities are follows:
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-+ -+
gnE' + qne + g

-‘t;ﬁ - ml (4.12)

g is positive unit charge “e* for fons and negative unit charge “-e*
for electrons.

If there are any small density fluctuations in the Hall
direction, space charge fields in that direction must be set up
because of the continuity equation. These additional fluctuating
fields, crossed with magnetic field, give the motions in the
direction of orginal uniform electric field when the magnetic field
passes a criticaI‘:alue. The uniform density gradient also causes
the motion in the ;irection of the density gradient by the same
mechanism. Therefore, the fluctuating E cross B drifts in the
radial direction are produced by a density gradient or by a uniform
electric field. The f1uétuating drifts give a net second grder
flow; not a first order flow which will be averaged to zero. The
additional electric fields produced by the density fluctuations have
to satisfy the Maxwell equation. We consider only electrg-static
field since we are interested in the drift-like instabilities.

7xE =0 (4.13)
If there is any small density fluctuation in the Hall direction,
fluctuating electro-static fields in the Hall divection must be set
up because of the continuity equation:
F:.F=0 (4.14)
The effective collision frequency v is affected by the fluctuating
electric field. We assume the effective frequency is proportional

to the effective density:
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where ¥ and n, are the averaged value of v and n.

We assume that the characteristic length of the fluctuations
exceeds the Debye length, but small compared to the dimensional
length. We proceed with the Fourier analysis, and impose periodic
boundary conditions. Thus, the effect of the real boundary is

neglected.
Then, the first order quantities are Fourier-expanded as follows:

B = E'Ek exp(ik-r)

Tar Fk exp (ik-r)
-+ -

n = z'nk exp(ik-r)

where I' indicates a summation over all k except k«0 since no
electric potential fields remains in the uniform state besides g
(for a system of charged particles, this assumption corresponds to
the quasineutrality in background). By defirition, E' averaged over
a macroscopic plasma must Le zero. And N = nfk. Fk = F-k’
and Ek = E*—k' The Oth order equation is obtained by putting
the above quantities into Eq. (4.12). Then, multiply Eq. (4.12) by
n_. exp(-ik'r) integrate with r, and sum up with k', Then, we get
>

qz'n, f_k+ an, €+ g r"c;B - '“"o?o + muoz';f ¥, {4.16)

Next we get the k-th order equation of Eq. (4.12). We neglect that

the cross terms. Then,
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-> -> -+
an Eetame vq —c—= MmNt = T, (4.17)

The directional cosine y, and the nondimentional quantify a, which
is postive for jons and negative for electrons, are defined as

follows:

e

-
k
k
0 1
a--n—,b-—e—, and Q=

And

v

Y=Y sine cos¢
= y Siné cos$
Y, =Y (o021}
>
T, = ( T ry, rz)
E' will be evaluated from Eq. (4.13).

Eq. (4.14) can be rewritten as follows:

Yy Tkx Yy Ty ¥ 12T, =0 (4.18)

Eq. (7), together with Eq. (8), can be solved for E_ and

F_k in terms of N » 3, F; to give
P =bn SEk (v +ay) +an “x -2k (T +ar)) (4.19)
<kx 0 T y X (3 _E- ﬁ; y 3

cE c
P y= ~blng Tk (v - av)) + 0 Sx -2 :_k (Ty - ar)]  (4.20)

~ky 3
[+]
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¢E I
-k z % (4.21)

«2* W ot ;W % - n, 'z

T

Together with Eqs. (4.19), (4.20), (4.21), we get from Eq. (4.18)

the following equations:

cE ay ay ay n 2
g = - oy Fla) - o, 6'(a) - 2K T,(1+0)7  (4.22)
a "'yz a +1z a "'yz 0
2
ce T
where F*(a) = an (—* -a 2 - - ) ()
8

[»] 0 [»]
2

ce r T n
G'(a)-_no(-B5 - an_:. +azﬁ§)(h—:’)

We will take summation of Eq. (4.22) with k and will obtain the
average value of the electric field in the x direction.
A dimensionless function I(a) is defined as follows:
003 [ 72
o a® + cos“e

By putting x =cose,
1

2
a 1-x
I(a)-zfmdx
1

.% Qa+ az) tan"](%) -%
is obtained. We also define the following summation:

n

k2
S - (=K

n

[+]
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We have assumed ™ is a function of k only; thus, the turbulence
is isotropic.
Also two functions F(a) and G(a) are defined as follows:

F(a) = Z'F'(a)

G(a) = Z'G'(a)

Therefore, we get the following relation:
CE-kx
:Ink - =" F(d) I(d) (4.23)
In the same manner:

E
zm —K o a(a) 1(a) (4.24)

We will now take summation with k and get average value of the
electric field in the parallel direction. A dimensionless function

J(a) and a fun-*ion H(a) are defined as follows:

J(a) =1-a tan"l(%)
2 ey
H(a) = (1 + a ) (noT -aI‘z) S
Therefore we get

E
Ine p=E = h(a) I(a) (8.25)

By taking the summations of Eqs. (4.19), (4.20), and (4.21) the

followings are obtianed:

n en E cn E
IR = b Fa) e b (o KR g g kX (4.26)

"
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cnkE cnkE

Xk : , —ky —kx
E -rg l"_ky = b G{a) - b(: 5 - ar' B ) (4.27)
n cn E
k b 1 k--kz
T ﬁ r—kZ - Fy H(a) + Fy It -5 (4.28)
From Eq. (4.16) we get the following equations
cn E ce n
vk =kX X k
I -t t r.V = aI‘x + ar! i r—kx (4.29)
cn E n
k -k k
I —B——Z - I'x - al‘y + az';'-; r-ky (4.30)
S L "k
b — B = a I‘z +ar = I‘_'kz (4.31)

0o

Generally these summations are quite complicated but the situation
is greatly simplified since we have assumed isotropic turbulence.

The final equations to determine T, and T, are given from Eqgs.

y
{4.23), (4.24), (4.26), (8.27), {2.29) and (4.30).

1 “x 2

To= Tea? I(a)(n, = -al, +a I‘y)S- al‘y
CcE

+ 2

2 ce
(n—X _ al, + a%r)s + 2 I(a)(n, —2 - al_ —T)S (4.32)
1422 © B X y 1+a% o B X"y

and


file:///f.ou
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ce, .2 e, .
5 == ng ;:;f I(a) (no 5 -2 rx - Fy)S a I‘x

+ o “x ¢ r)s + 2 1{a) X _ar +alt S (4.93
T Mo - Ty - ISt T Hakngg - 2t rat TS (8.33)

and

Also, from Eqs. (4.28) and (4.31)

n €
(- 8- ar, +ne g = 0
0

Since
", 2
k
I'(==) & 1
T
Then, we obtain the following relation:
T, = unge, (4.34)

where

2= Bz
2 2 2
.. ZI(EE] . > =g
Mo nl
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In the case of electrons in prevailing conditions in weakly ionized
plasma, a ,10"3_ so it 1s quite reasonable to put a » 0 in Eq.

(4.32) and (4.33) as in Yoshikawa and Rose?’ (1962). We take the

same limit: a » O.
Then for electrons we get the following relations:

0 €
Ciig fax €Ng Cox

Tex = - ;IS_B_'+ae_B_

e “ex
Toy =~ — = (8.35)
Tez = = Melefez

In the case of ions, Yoshikawa and Rose assumed that ions are not
affected by the magnetic field. This is not true in a strong

magnetic field. Thus, we need further considerations.
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b) Considerations

Eqs. (4.32), (4.33), and (4.34) may be applied for the positive
column. Anomalous diffusion in the positive column is first
observed by Hoh and Lehnert32 (1960). The thevry of Kadrmtsev and
Nedospasov23 (1960) adequately explains the plienomenon in terms of
an unstable E cross B helical rptation in discharges with directed
current. This was shown by the experiment dome by Allen, Paulikas
and Py1e33 (1960).

They assumed that the collision frequency of ions with neutrals
is much bigger than the cyclotron fregquency, which that means as«
in Eqs. (4.32), (4.33), and (4.34). Then, we obtain the following

equations for ions.

Ty = Mgty

r = .

y =0 (4.36)
= My ey

Even though a constant electric field is introduced in the >
direction in our consideration, it does not affect the flux in the x
direction,

The ion flux in the radial (x) direction has a saturated value
in the anomalous region. This was what was observed by Hoh and
Lehnert32 (1960). Our considerations for anomalous diffusion
successfully to explain the anomalous diffusion ia the positive

column,
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The reflex discharge has relatively low pressure (10'2 torr)
compared to the positivé column (1 torr). Eqgs. (4.32), (4.33) and
{4.33) might also be applied to the reflex discharge. We may assume
that the collision frequency of ions with neutrals is almost equal
to the cyclotron frequency. Thié means a, = 1 in Eqs. (4.32),
(4.33), and (4.34).

The followings are cbtained by putting a » 1 into (4.32) and
(4.33):

£
1 ency

Tiy *778

When for aj = 1, the following are obtained approximately:

1 "%k
r. =
iy ]*af B
1 MoSx
T. =
ix 1+a2 B

where ¢ = E . + (Tile).

The diffusion is directed to the outside of cylindrical
geometry. Therefore, the positive sign of flux is defined towards
the outward direction, which is the direction of negative density
gradient. The direction of fluxes, ?; and ?i’ have to be taken
accordingly.

The following can be obtained by summing up the results:



And

r (“i"'i) ( £ 0.9 )
- — n_ys - D.%.n

il 14( i’“i)z 0"i"o il
(ni’vi)

re, =———— (nu.E - D;"n)
ill ]*(nil“i)z o'ivo il

T_III =0

where ** indicates the direction of the magnetic field,

43

(4.37)

-(4.38)

*iv jndicates the direction of static electric field (which is

perpendicular to the &irection of magnetic field),
WP indicates the Hall direction. '
Then,

2
« <(Ng= Ngg) ">y

s
G * T% =7 n
eo

Se is the mean square deviation of the density fluctuation.

We also define

i e
i = Wy it e M owit oWy

(4.39)
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The mechanism which we have discussed is able to explain the
anomalous diffusion in the reflex discharge. For the reflex
discharge, the radial flux increases with increasing magnetic field
in the anomalous region. However, at a strong magnetic fieId, the
radial flux decreases again mﬁnotonically as observed by Bonnal et
at. 3 (1961). This is not observed in the positive coiumn. Since
the reflex-type negative ion source is completely in the anomalous
region, the mechanism which we have mentioned will be applied.

The reflex discharges are famous for having negative potentials
with respect to the surrounding wall in discharge column. As shown
in Eqs. (4.37) and (4.38), the inward directed electric field
established inside hinders negative jons from diffusing toward the
wall, It also stabilizes plasma as mentioned in Section (2).
Therefore under a strong radial electric field, the anomalous
diffusicn might be completely suppressed even though low frequency
oscilations are observed. This kind of phenomenon was reported by
Chen and Ccoper35 (1962); they attributed the phenomz2non to the
short ciruiting by the conductive wall. This problem is open to
question.

In the case of the reflex-type negative ion scurce, the
discharge column is recessed from the wall. Even though a strong
negative potential and electric field are expected in the centeral
region, relatively uniform potential is expected in the outside
region surrounding the central region anyway. No strong electric
field exists in the surrounding region. Even though the

instabilities are produced in the central region, the surrounding
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region is affected by the instabilities. Actually the suerounding
region is diffusion d~minant. The charged particles coming out from

the cylinder are affected only by diffusion as follows:

cT, an
e e (4.40)
o = -~ecqp o~ ‘ -
(n.i/“')
N o= - & (4.41)
! ]+(ﬂilvi) v

As postulated out by Yoshikawa and Rose27 that the spatial
variation of electric field is accompanied by a time fluctuation, 5
is the ratio of ac and dc power value of the electron current. We
assume that the electron turbulence is periodic, S=0.5 and ay = 0.39.
For the first approximation in cylindrical geometry, we assume the

following:

where g is the first zero of Oth order Bessel function, g=2.42, and
R is the radius of the cylinder.

For the ion current, we define a function f(x)

X
f = 4.42
Mo T e
x-(ﬂi,“i)

f{x} has a maximum value f{x) =1/2 at x = 1.

max

Therefure, ﬂi has a maximum value for 91. - ;.

Then
eT,

r e

B
(4.44)
e =% ¥ T "
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I

i = F(Ry0v;) £ Opny _ (4.45)

With the maximum jon flux being achieved when @; = vi, or

18
Timax = ZR "% (4.46)
Conversely at the maximum flux, F;...
R, = v (4.47)

i i
The cross field (radial) fon flux, having a maximum value with
increasing magnetic magnetic field, is observed only in the reflex
discharge.

Eq. (4.41) represents cross field ion flux in the anomalous
region, It has a maximum point at ﬂi = v;. Considering its
relatively low pressure compared to the positive column, an
assumption ﬁi PR

1
very reasonable. Eqs. (4.32), (4.33), and (4.34) are also showed to

(a; = 1) for the reflex discharge seems

be applied for the reflex discharge.

This theoretical consideration presented by the author applys
not only to the positive columns but also the reflex discharges.
Both anomalous diffusions caused by the screw instability and by the
neutral drag instability are explained at the same time.

In our calculations, the anomalous terms would not come out if
we have neglected the fluctuating field in z direction. Therefore
both instabilities are somehow related to the drift-like wave
mentioned by the author in the previous chapter. In weakly ionized
plasma, we may call them "the resistive drag instability” which is

excited by “drag wave”,
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c) Anomalous electron transport

In the previous chapter, it was shown that the cross field
(radial) electron flux is inversely proportional to the magnetic
field. In our experiment, it was observed in relatively high
pressure, but not in relatively low pressure, At relatively low
pressure, the cross field electron flux has a maximum point with
increasing magnetic field. However, we can not assume that ne = Vg,
as in the case of ion flux, since the electron temperature is in the
order of keV. It {s not realistic.

It is found that the Debye length in relatively low pressure is
close to the electron Larmor radius. In this case, an electron is
expected to spend relatively long time around one particular ion.
Then, the electron will oscillate with plasma frequency. When it
oscillates in the plane perpendicular to the magnetic fie1d! the
high frequency oscillation has same effect as the collisions with
neutrals. The increased effective collision freguency encourages
diffusion perpendicular to the magnetic field.

When the plasma is in a strong magnetic field, pure plasma
oscillations with electric amplitude in the cross field divection
cannot exist. The plasma frequency wp is shifted to either
righthand cutoffs frequency wp or lefthand cutoffs frenuency
w . The righthand cutoffs freguency wg is bigger than the
plasma frequency wpi and the left hand cutoffs frequency w is
smaller than the plasma frequency wpe

In the previous chapter we got the cross field electron flux as

follows, assuming ﬂe >> vge



L (4.48)
er e QE v

If we replace Ve with w_Or wp, the condition Vg 2> @ is not

satisfied any more. Aciually. both " and ug are very close to

the electron cyclotron frequency ne. Then, ne =u or “e = wp.
We can apply the discussion of jon fluxes to electron fluxes.

We get the cross field electron flux as follows:

P el o oan (4.49)
er 1+(f‘elﬂ)2 e q

where w represents either @, Or wp.
In the 1st approximation:
(% /)
8
- —— n (4.50)
ar H(Qe/"’)z eR

l'er has a maximum value for 2_ = w_or ﬂe = wp. For the

e
magnetic field which gives the maximum electron flux, we get the

following relations:

18
Fer = rx neDe (4.5])
Qe = w Or wp (4.52)

Since

a_ + n§+4,,,§
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from De » ug, we get the following answer:
2 .
[

P
This 1s a trivial answer,

/2 2
ﬂe- ﬂe* 4up

= Z

On the other hand

from ﬂe .y, we get the following answer:
w = 202 (4.53)
When the Larmor radius is close to the Debye length, it has been
shown that the plasma oscillatiens perpendicular to the magnetic
field encourage the diffusion in that direction.
In our experiment, Eq. (4.49) is applied in low pressure, and
£q. {4.48) is applied in high pressure. In intermediate pressure,

we observed both characters.
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5. Reflex type negative ion source

{1) Experimental arrangement

This investigation employed the reflex-type negative ion source
in D.C. operation and the ion extracted radially or normally to the
magnetic field under proper vaccum. The arc chamber of the ion
source consists of a heated filament at the top of the cylinder
shape anode, which has an ion exit slit and is connected with gas
feed 1ine, and an electrically insultated cold reflector cathode at
the bottom of the cylindrically-shaped anode. The reflector cathode
is kept in the same potential as the heated filament. The ion
source was operated in a mass spectrometer arrangement with the
extracting electrode at ground potential and the source structure
biased negatively in order to extract negative ions, .- biased
positively in order to extract positive fons (Fig. 5-1).

. Two Faraday cups were installed to monitor the extraced ion
currents. One cup could be moved as a mass spectrometer, the other
cup which is located closer to the extracting electrode is big
enough to gather all particles coming through the extracting
electrode (Fig. 5-2A). The electron drain current coming out
through the exit slit is measured as the earth current.

The arc was generally operated with an arc current of 3A, an arc
voltage of 300 V, and an extracting potential of 6 kV. The
diffusion pump of the test system has a pumping speed for hydrogen
of about 5000 %/sec, and the jons are extracted from the jon source
into the vacuum of 10-° 1o 10-torr, The ion exit slit size,

for the ion source, is 0.025“x0.150“(7.26x10‘2cm2).
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The radius of the arc defining a hole is 0.24cm, the radius of
the cylindrical column is 0.48cm, and the length of the cylindrical
column is 6.03cm. The whole cylindrical column acts as an anode.
Both the hot and cold reflector cathodes are made of tantalum.

The hydrogen gas feed is variable to 50 cc/min, magnetic field
from 1500 to 5000 gauss,'and the heat current to 500A. Special
attention was given to maintain an abundance of molecular gas in the
immediate region of the fon exit slit. The gas is fed into the arc
chamber directly in the region of the ion exit slit. In addition,
the arc plasma column has been defined so as to be recessed from the
ion exit stit. These arrangements allow the incoming molecular gas
to surround the plasma column éomplete1y in the region where ions
can be immediately extracted.

For the reflex-type negative ion source, the temperature of
plasma electrons is expected to be on the order of leV, and the

_threshold energy for the ionization is 13.6 eV (15.4eV for
molecules). As we discussed in Chap. 2, the injected hot primary
electrons mostly ionize the hydrogen gas. The ionization is mostly
done in the central region where the primary electrons are confined.
Considering the relatively high gas pressure inside the ion source

5 /cm3), the plasma is weakly ionized,

(107! to 107%torr, 10"
Surrounding the central region, there is a relatively cold plasma

region where there are not so many primary electrons since the arc
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defining holes of the top and bottom side of the cylindrically-shaped
anode are recessed from the wall of the cylindrically-shape anode.

To control the radial electric field inside the plasma, the
reflex-type ion source was modified. The cylindrically-shaped anode
is separated into two parts so that we can change the potential
between the wall anode and top part of the anode (Fig. 5-2B). Both
parts are electrically insulated by two boron nitride insulaters.

The ion exit slit size of the modified jon source is 35% more
than old one (9.7 x 10‘2 cmz). Therefore the pressure inside
ion source is less than that of'the old one for the same gas feed.
Except that point, all the other parameters of the modified ion
source are as the same as those of the old one. Scaled diagrams of
both old and new ion sources are shown on Fig. 5-3.

The potential between the two anodes is variible from - 75V to
75Y without plasma (maximum SA). For zero potential we can resume
the old geometry. When thé ion source-is cperated, the plasma acts
as a constant current power supply. We need relatively large power
to keep arbitrary potential between the two parts.

In Section (2), we analyze the experimental results with the
original source using Eqs. (4.46), (4.47), (4.48), (4.51), and
(4.53); these results are obtained by changing the magnetic field.
In Section (3), we try to increase the negative ion current with the
modified source using Eq. (4.11); we try to encourage the
instabilities and anomalous diffusion by changing the radial

electric field.
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(2) Experimental result and Considerations

When the hydrogen gas feed increases, the extracied positive ion
current and electron drain current decreases. On the other hand the
extracted negative ifon current first increases, and then, after
reaching a maximum value, begins to decrease. The relations between
the extracted charged particle current and fhé gas flow rate are
shown on Fig. 5-4, 5-5, and 5-6.

Hydrogen molecules attain the maximum ionization cross section
at the electron energy of about 60 eV, and the maximum cross section
to vibrationaly excited states stays at an electron energy of about
40 eV; this is calculated by H1‘skes18 {1980). Maximum negative
ion production rate is obtained at that elect;on energy if the
number of cold electrons contributing dissociative attachment are
not changed.

As the gas flow rate increases, the average energy of the primary
electron decrecases. After reaching electron energy Ee- 60 eV the
jonization begins to decrease; the production of both positive ions
and electreons begin to decrease,

On the other hand, the production of negative ions keeps
increasing, and then, after reaching the maximum preduction rate at
Ee = 40 eV, begins to decrease. The extracted negative ion
current keeps increasing for a while as the gas flow rate increases
even though the extracted positive ion current and the drain
electron current decrease. At the gas flow rate (pressure) the
maximum extracted negative ion current is obtained, the average

energy of primary elrctron is about 40 eV,
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Both positive and negative jons are extracted from the ion
source and mass-analyzed by the traveling Faraday cup. The dominant
species of the positive ion current is H (90%), and the dominant
species of the negative ion current is H (100%). We have not
observed any impurities (less than 1%),

It is clear that when the magnetic field increases, the
‘extracted positive and negative ion current first increase, and
then, after reaching the maximum value, begin to decrease. The
maximum extracted negative ion current of 3.6 mA (49.6 mAlcmz) and
the maximum positive current of 12.0 mA (165.3 mAlcmz) are
obtained continuously. On each curve, the maximum value of the
extracteﬁ current is reached at B = BM' As the gas flow rate
increases (the pressure increases) the critical magnetic fields BM
are shifted toward higher field values. On the other hand, the
electron drain currents behave strangely when the magnetic field
increases. No consistant description can be given to them.
Relations between the extracted charged particle current and the
magnetic field are shown on Fig. 5-7, 5-8, and §-.

The investigations of ion diffusion in the reflex discharges
have showed similar relations between the ion escape flux and the
magnetic fields; this is observed Bonnal et a1.34 (1961),
Pavlichenko et a1.36 {1964), and Thomassen'® (1966). This kind
of anomalous relation between the escape flux -1d the magnetic

fields was observed only in the reflex discharge. The order of the
critical magnetic fields By are same in all experiments (about 500

gauss). The reflex-type ion source is operated in the magnetic
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field stronger than 1500 gauss. Therefore, the extracted charged
particle current across the magnetic field are controlled by
diffusion mechanism, which is called the anomalous or enhanced
diffusion mechanism. Then, the anomalous diffusion mechanism
presented by the author in Chap. 4 may be applied.

In the negative ion production exper 'ment the size of the ion
source is very small. The source is in a strong magnetic field and
it is floated in a high electric potential for the extraction of the
charged particles. No direct measurement of any kind of quantit s
inside the ion source is possible. Diagnostics are limited to
external meosurements of voltage, currents and electrical-noise
signals. A1l important quantities inside the ion source had to be
estimated. Using the consideration presented by the author in Chap.
4, we are going to estimate those important quantities from the
relation between the extracted charged particle currents and the
magne*ic fields.

The relations between the extracted ion current and the magnetic
fields are expressed by £q. (4.45). The maximum extracted currents
of positive and negative ions, and the critical magnetic fields BM
of each species are given from Fig. 5-8 and Fig. 5-9.

Because, at the critical magnetic field BM’ the cyclotron
frequency, 8, is equal to the collision frequency vi» the ion
temperature may be obtained by equating the following relations for
the two frequencies:

6 BM[IOODgauss]

91 {1/sec? = 9.58 x 10 (5.1)
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where A is an atomic number.

vy [1/sec] = 1.38 ; 106P[torr] Pe /Ti[eV] (5.2)

where Pc is the probability of collision .
from Eq. (4.47) at the maximum point,

) ﬂi -“i
The ion temperature is given as follows:

By[1000gauss] 2

1
T, = 482x10 ¢ [ TN ] (5.3)

The elastic collision frequencies between the charged particiles
and the hydrogen gas are given by Brown>/ (1966). 1In his book,
the probability of collision Pc is given as a function of
temperature T,. For each gas pressure P, different critical
magnetic field BM are given. Therefore, for each gas pressure, we
get another relation between the probability of collision Pc and
temperature Ti' The icn temperature Ti is given from the cross
section of the two relations. Actually there is not precise data in
the low ion-temperature region. We referred to the elastic cross
section data by Simons et a1.38 (1943} and Muschlitz et 31.39
(1956). Their data is extrapolated into low temperature region.
Sharp increasas of the probability of collision Pc are
observed for both positive and negative ions below 4 eV. Both the
positive ion temperature Ti-1.5 eV, and the negative ion
temper ature Ti=1.5 eV are given for all pressures in our

experiment. Then ion densities are obtained in the following way.
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From Eq. (4.86), we get the following relation:

1 8
Timx = 7 BE"D4 (5.4)

where g = 2.42 and R = 0.24 cm.

Since 94 = vi,

me LA Ti[eV]

where M is the ion mass.
Then, in the CGS unit system, the ion density n; is obtained from
Eq. (5.4} and (5.5):

[A/nIB[1000gauss]
Ti[eVJ

Jd.
ng [ /en3] = 1.26 x 109 M (5.6)

where Jinax = € Timax

On the other hand, the relations between the electron drain
current and the magnetic fields are expressed by Eq. (4.44) or Eq.
(4.50).

Under large gas flow rate (high pressure), the relation between
the electron drain current and the magnetic fields obeys Eq. {4.44).
Under small gas flow rate (low pressure), the relation between the
electron drain current and the magnetic fields obeys Eq. (4.50).
The maximum electron drain current and the critical magnetic field
BM are given from Fig. 5-7.

Because, at the critical magnetic field BH’ the cyclotron

frequency, 24, is related to the plasma frequency “ps the
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electron density may be obtained by relating the following relations

for the two frequencies:

ﬂe['l,'$ec] = 1.76 x 'IOwB['lOOOgauss] (5.7}
mp['l/sec] = 5.63 x 'IO4 "e[ /cma] (5.8)
From Eq. (4.53) at the maximum point,
. wg - 292 (5.9)

The electron density is given as follows:
3 11 2
"e[ fem®) = 1,95 x 10 [Bmx['IOOOQBUSS]]

The electron temperature is obtained in the following way. From Eq.

(a.52),
18
Temax = Z® "ele (5.10)
where 8 = 2.42 and R = 0.24 cm.
s 2 2
Since B, = o or &g = ('llz)mp
2 T T [ev]
m e e
De [m:-] - -ﬁ-e- = 9,99 m (5.11)

where m is the electron mass.
Then, the electron temperature Te is obtained from Eq. (5.10) and
{5.11):

J [A/m2] B[ 1000gauss ]

T, [Vl = 1.28 x 107 S0 7 (5.12)
ne[ fcm®]

r
where Jomay = € T amay

For large gas flow rate, the electron drain current is evaluated

at the weak magnetic field of B=1500 gauss from Fig. 5-7. For
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stronger magnetic field, the electron current might to be <:ill
encouraged by the plasma oscillations. The electron density is
calculated from the positive and negative ion density assuming
charge neutrality. The electron temperature Te is calculated from
E4. (4.44).
cTe 8

Te =9 <5~ T " ‘ (5.13)
where a, = 0.39, 8 = 2.42, and R = 0.24cm .
The electron temperature Te is obtained by solving Egs. (5.13):

[A/m®]18[1000gauss ]
%)

J
1.59 x 107 —emax
"e[ Jcm

Te [ev] = (5.14)
The calculated temperature and densities for each specie

according to gas flow rate are shown in Fig. 5-10 and Fig. 5-11.

Important physical values used in calculatic are listed in Table

1, 2, and 3.
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(3) Discussions and experiments with modified geometry

A comparison of important physicaL;quantities with other reflex
discharge experiments are shown on Table 4. Considering small size
and relatively large arc current in the reflex-type na2gative ion
source, our calculated values look reasonable. Actually there is an
ambiguity in the evaluation of the collision frequency with neutral
hydrogen gas. There is.no precise data in the low temperature
region. However, the calculated results enable us to infer
something about the conditions inside the ion source.

In negative ion production experiment by Bacal and Hamilton, the
electron temperature is low (0.1 to 1 eV). There is no special
plasma heating mechanism to produce vibrationally excited hydrogen
molecules. The validity of the calculated result by Nadehra9
(1979) can not be tested. Wadehra expected the largest negative ion
production rate at an electron temperature of about 1 eV. If his
calculated production rates are correct, the negative ion production
has to increase as the plasma is cooled from high electron
temperature to iow electron temperature (about 1 eV)., However, the
production of vibrationally excited molecules should not decrease in
order to keep a high dissociative attachment rate.

In the reflex-type negative ion source, high energy primary
electrons are confined in the central region by the strong magnetic
field. The average electron energy is about Ee = 40 eV. In the
central region, the primary electrons ionize neutral gas and produce
vibrationally excited molecules. Their production is constant since

the arc current and the voltage are kept constant. 1In the
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surrounding region, the electron temperature is lower compared to
the central region. The estimated electron temperature, Te = eV,
and ion temperature, Ti = 1.5 e¥, are obtained. The estimated

12 /tma. Most electrons in the

plasma density is n = 5.0 x 10
surrounding region are produced by ionization. Thus, they greatly
contribute to the dissociative attachment of vibrationally excited
molecules. Therefore, most negative ions are produced in the
surrounding region. Our results are in agreement with Wadehra's
result. The highest negative ion density is observed around the
electron temperature of 1 e¥. The maximum negative ion density is
estimated to be n = 8x10'' /cm’.

The negative ions produced inside the ion source move out by
anomalous diffusion mechanism. We assumed in Chap. 4 that the
anomalous diffusion mechanism presented by the author is valid only
in the diffusion dominant region, which is the surrounding region in
the reflex-type negative ion source. Therefore all calculated
physical quantities are valid only in the surrounding region.

In the reflex-type negative ion source, we assumed in Chap. 2
that there are two electron temperature components. Electrons that
have higher temperature or higher average energy produce electrons
that have lower temperature and vibrationally excited molecules.
Electrons that have lower temperature make dissociative attachment
to the vibrationaly excited molecules and produce negative jons. By
this mechanism, the reflex-type negative ion source can produce a

high density of negative ions.



1f the diffusion across the magnetic field is controlled by
anomalous diffusion, we may obtain more cross field flux with
encouraging instabilities. From £q. (4.11), it is found out that
the radial electric field contributes to destabilize the plasma.
Then, anomalous diffusion may be encouraged. In hot cathode reflex
discharges, the variation of potential is more foected by the
variation along the axial direction than by the variation along the
radial direction. The top part of the anode which faces the central
region of the plasma determines the potential of that region, and
the wall which faces the surrounding region of plasma determines the
potential there (Fia. 5-3).

In order to change the radial electric field between the two
parts, the top part of the anode and the wall anode are electrically
separated in the modified reflex-type negative ion source (Fig.
5-28B). Using another power supply, the potential of the wall anode
was biased either positive or negative in respect to the top part of
the anode, which acts as a main anode.

Relations between the extracted charged particle current and the
magnetic field with changing biased potential are shown on Fig.
5-12, 5-13, 5-14A, and 5-148. From the relation of the negative ion
current and the magnetic field (Fig. 5-13), the encouragement of
anomalcus diffusion with increasing negative bias potential is
clear. The maximum negative ion current of 9.7 mA (100 mA/cmz)
was obtained, which is as large as the maximum positive ion current

under same operation condition.
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The relations between the biased potential and both the extracted
negative ion current and its density fluctuation ampiitude are shown
on Fig. 5-15. The measured fluctuation was on the order of 100 kHz.

Fer a given magnetic field of 2500 gauss, we get twice as much
negative jon current with negative biased potential of 6 voit
compared to unbiased potential. On the other hand, for positively
biased'potentiaI of 6 volt, we get one-fourth as much negative fon
current compared to unbiased potential.

from the relation of the drain electron current (Fig. 5-12), the
encouragement of anomalous diffusion with increase of negatively
biased potential is clear. We have observed considerable increase
of the drain electron current as the negative ion current increases
or as the instabilities are encouraged.

From the relation of the positive ion current with positively
biased potential (6 to 0 Y¥), we have observed similar encouragement
of anomalous diffusion as in the case of the negative ion current
(Fig. 5-14A). However, $imilar encouragement cannot be observed
from the relation of the pcsitive ion current with negatively
biased potential ( 0 to - 6 V). Rather, discouragement is observed
(Fig. 5-148).

In the latter case with negatively biased potential (Fig.
5-14B), the positive fons produced in the central region of the
plasma have to pass through the surrounding region of high negative
ion density. Much of the positive ions are lost by recombination of
positive and negative ions. We did not observe a large positive ion

current which is expected from the anomalous diffusion of positive
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ions. In the former case with positively biased potential (Fig.
5-14A), the density of negative fons in the surrounding region is
not so high, thus, only few positive ions are lost through
recombination process.

In Fig. 5-15 we observe increasés.in both the density
fluctuation amplitude and negative jon current when the wall anode
is more negatiiely biased; the instability encourages the anomalous
diffusion. We believe these experimental results support our
assumption that the cross field diffusion is controlled by the
anomalous diffusion mechanism.

We have observed similar relations between the negative ion
current and the magnetic for deuterium gas D, {Fig. 5-17).

Maximum deuterium negative ion current of 4.1 mA(42mA/cm2) was
obtained, The relation of other extracted charged particle currents
and the magnetic field with changing biased potential are shown in
Fig. 5-16, 5-1b%A, and 5-18A for deuterium case.

The maximum deuterium negative ion current is less than half of
the maximum hydrogen negative ion current. The maximum positive ion
current and the drain electron current are a 1ittle more than that
of deuterium. The primary electrons in the central region lose less
energy by collisions in the case of deuterium gas than in the case
of hydrogen gas; the average electron temperature in the central
region may be a 1ittle hotter than the case of hydrogen.

The dissociative attachment rate to vibrationally excited
molecules calculated by Wadehra? (1979) showed distinct isotope

dependence (Fig. 2.1 and 2.2). The attachment rate to the
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vibrationally excited deuterium molecules is one order smaller than
that of hydrogen molecules. We believe that our experimental

results are consistent with Wadehra's calculation.
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6. Conclusion

A hot cathode reflex-type negative on source was {investigated.
Initially the main experimental results were as follows: 1) The
extracted negative ion current is approximately as large as the
positive ion current. 2) When the amount of hydrogen gas feed is
increased, the extracted negative ion current increases initially.
Then, after reaching the maximum value, the current begins to
decrease. 3)When the magnetic field is increased, the extracted
positive and negative ion currents increase initially. Ther, after
reaching the maximum value, the currents begin to decrease.

The last observation led me to look for an anomalous diffusion
mechanism since that kind of phenomenon is considered as anomalous
in classical diffusion theory. The extracted charged particle
currents in the reflex-type negative ion source are assumed to be
controlled by the diffusion mechanism or enhanced diffusion
mechanism. Hoh's24 (1963), and Yoshikawa and Rose's27 (1962)
works were reviewed and extended. In Chap. 4, the author derived
the super-critical condition and the diffusion coefficients in the
anomaloug reqgime of the reflex discharge. The anomalous diffusion
is attributed to the resis:ive drag instability which is excited by
drift-1ike or drag waves.

The comparison with the result of the anomalous diffusion in the
positive column is made; Hoh and Lehnert32 (1960). It is found
that the anomalous diffusion mechanism in a weakly ionized plasma,

proposed by the author in Chap. 4, is valid both for the positive
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column (Eq. (4.10) and (4.36)) and for the reflex discharge (Eq.
(4.11) and 4.38)).

Production of negative ions through electron-volume processes is
discussed in Chap. -2. Hadehra9 {1979) recently showed that a
significant ephancement of the dissociative attachment rate is
obtained by the vibrational excitation of the initial molécules.
The rate of dissociative attachment of electrons to vibrationally
excited molecules has a maximum value at about Te = 1.5 eV, where
the highest negative ion density in hydrogen gas is expected.

In the reflex-type negative ion source, the plasma is divided
into two regions; the central (hot) region, and the surrounding
(cold) region. The plasma is heated in the central region, where
many vibrationally excited molecules are produced. Many negative
ions are produced by the dissociative attachment to the
vibrationally excited molecules in the relative cold surrounding
region.

Negative ioﬁs can not survive very long inside of a dense
plasma. Instabilities which increase the radial diffusion, as
described earlier, can increase the external H current. However,
the increased radial diffusion does not have to be followed by
decreased density. In the late 1950's anomalous diffusion in the
positive column was found by Lehnert30 {1958). He believed that
tne increased particle loss by anomalous diffusion is reflected in
the increased rate of jon electron pair production. The large
particle loss produced by anomalous diffusion must be compensated by

the large particle production inside the plasma. The plasma has an
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irherent property to maintain itself: "the self-sustaining property
of plasma®,

To investigate the correlation between the instabilities and the
negative ion current, the reflex-typ: negative ion source was
modified in order to change the radial electric field. As shown in
Eq. (4.11), the drag instability should grow faster if the
inwardly-directed radial electric field is reduced. 1In ordef to
change the radial electric field, the wall anode was biased more
neg&tive in respect @o the top part of the anode. Twice as much
negative jor current was observed with negatively biased potential
as with the unbiased potential. Simultaneously, an increase of
negative icn density fluctuation amplitude, which is in the order of
100 kHz, was observed. Consequently, we can say that our model is
selfconsistant.

Using the experimentally obtained critical magnetic fields for
maximum H~ currents, the anomalous diffusion model was used to
calculate plasma properties. The values for the electron
temperature of each gas feed, and ion temperatures of Ti = 1.5 eV
in the surrounding region are obtained. The relation between the
negative ion density and electron temperature is also obtained. The
observed maximum negative ion current is obtained at a relatively
low calculated electron temperature of Te = 3eV. The calculated
results of the reflex-type negative ion source are consistent with
the production mechanism of negative ions through the electron

volume production process proposed by Wadehra. However, it was not
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possible to make experimental measurements of densities and
temperatures for comparison.

It is interesting to note that in the reflex discharge, an
electrostatic well is conscituted in the middle part of the cilinder
along the magnetic field. In Chap. 3, it Qas shown with a simple
model that the eilectrostatic well is strong énough to trap negative
ions, which have a teﬁperature of the order of leV. Therefore,
negative ions are concentrated in the middle part of the cylinder.
In the reflex-type discharge, we can take advantage of what is
called “the (electrostatic) sheath trap of negative ions® in order
to get high negative ion density around tl.z slit region.

I “jmum D. C. negative ion current of 9.7 mA for H™ and of
4.1 mA ¥ . D~ were obtained, equivalent to a negative ion current
density of 100 mA/cm2 for H™ and of 42 mA/sz for D”. This
is the largest negative hydrogen and deuterium current density ever
obtained continuously from a volume-production source, within the

author's knowledge.
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APPENDIX 1
DIFFUSION OF PLASMA

The cross field diffusion of charged particles is very important
for the confinement of plasmas. The diffusions in weakly ionized
plasmas will be discussed in Section (1). The diffusions in fully
jonized piasmas will be discussed briefly in Section (2). The
summary of the diffusion coefficients will be presented at the end
of Section (2). The anomalous diffusion in plasma will be discussed
in Section (3). Most of arguments are concentrated to anomalous
diffusion in the reflex discharges and the positive columns. The
anomalous diffusion in fully ionized plasmas is discussed only the

case which is related to Bohm diffusion.
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(1) Classical theory of diffusion in weakly ionized plaﬁma

In weakly ionized plasmas, as a result of electron neutral
collision, the electrons do not accelerate indefinitely; but they
rather reach a definite speed determined by the frequency at which
collisions with neutrals occur. In the definition of classical
diffusion theory in weakly ionized plasmas, only binary encounters
produce particle transport; that means the callisional diffusion.
We can use the kinmetic equation with the Boltzmann binary collision
term.to evaluate the collision frequency.

In the absence of magnetic field the behavior of the plasma
column was exnlained by the theory of Tonks and Langmuir40
(1929). In this case, electrons would tend to diffuse out of a
plasma much more readily than ions. This unequal diffusion rate
immediately produces ‘arge space charges and hence an electric field
in the plasma so as to reduce the electron current, but to increase
the ion current to maintain space charge neutralization. The ions
and electrons can no longer be expected to diffuse in a manner

" independent of each other. This is what is called ambipolar
diffusior and thé ambipolar diffusion coefficient was first obtained
by Schottky?! (1924).

The motion of the charged particle in a magnetic field may be
described as the sum of a gyration around the field line, a drift
motion across the same lines and a wotion parallel to the field. In

an jonized gas or plasma the picture has to be modified by particle
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interactions, such as collisions and plenomena caused by space
charge. Only encounters between nonidentical particles produce a
diffusion in the first order across th:e magnetic field. The motions
are relatively slow since the plasma neariy is fronzen to the magne-
tic field lines.

The diffusion coefficients of ions and electrons in a magnetic
field are given first by Townsend42 (1912). Schottky's theory43
(1924) of positive column of glow discharge has been extended by
Tonks 4 (1939) to include the influence of an axial magnetic
field. He assumed that the motion of the electrons is affected by
the magnetic field, but not that of the ions. He concluded that a
magnetic field may flatten the radial potential distribution or even
reverse its sign and may reduce the losses of particles to the
walls. Consequently, when the magnetic field is prcaz: ~ lower
electron temperature and a smaller potential drop along the plasma
column shouid be required to sustain a certain ion density. 1In the
relatively weak magnetic field he used, the diffusion in the
positive column was found to behave in good agreement with the
collisional diffusion theory.

Diffusion of jons in a plasma across a magnetic field is shown
to be not ambipolar in character in the most low pressure discharge
experiment (arc discharge) by Simon45 (1955). The ions diffuse
across the field at their own intrinsic rate. Space charge
neutralization is maintained by slight adjustments of the currents

i the direction of the magnetic field lines. Since the ions
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diffuse more rapidly across the magnetic field, an electric field
arises which would reduce the ion current and which would result in
a new arbipolar diffusion coefficient. A positive excess to the
side wall will be balanced by a negative excess to the bottom and
top wall,

In the case of the mean free paths being large compared to we
dimensional length, particles stream rather than diffuse to the end
ele~trods. -As the longitudinal electric field may be large, we may
expect anisitropies in the velocity distribution of ions and

electrons.



82

a) Diffusion in weakly ionized plasma.

In this Section, we consider fluid equations for species “s"
derived from the Boltzmann binary collisions theory.

The continuity equation is given as follows:

M Fnd) ez
- s (nglg) = Z ng

The equation of motion is given as follows:

>
di > % xB
mgng Hfi + W o=ng(E+ s X" - nmy &
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The state equation is given as follows:

PS = nSTS
+* s ]
where ug: fluid velocity vector of specias s
m : mass of species s

n_: density of species s
T_: temperature of species s
9 : charge of species s
v.: collision frequency of species s with neutrals

c: light constant
We call the direction parallel to the uniform magnetic field, the
paraliel direction represented by a symbol "Il * and the direction
perpendicular to the uniform magnetic field, the perpendicular
direction represented by a symbol "L “,
We will consider only a steady state assuming that Ts is

independent of position.
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Putting B = 8 z, 9, = (9 B/M,C), a = (vg/R.), and b = 1/(1 + af),
we define the diffusion coefficient D, and mobility ug in both

directions as follows:

D. = IE_ 8, = %
S I'I\s\os S l'risvs
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D. = a’b_D u. = atb_yu
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Also we define the E cross B drift velocity u and the diamagnetic

drift velocity u, s follows:
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Then from the equation of motion, the particle flux ?; is given as

follows:
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Consider the spatial part of the fluid equation in cylindrical
geometry (r.e,z} (Fig. Al-1, or A2-2). The electric vield is
directed either outward or inward, and the demsity gradient is
directed imward. Then assuming the azimuthal symmetry,
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From the equation of continuity, we get the following results:
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b) Ambipolar diffusion without a magnetic field

When the plasma is much larger than a Debye length it must be
quasineutral, and one would expect that the rate of diffusion of
ions and electrons would somehow adjust themselves so that the two
species would leave at the same rate. From the assumption that the
quasineutrality n; = n, is satisfied, and that both jon and
electron fluxes are equal Pe = P1, we get the ambipolar electric

field as follows:

E . De + Di n

T ps N
lle ll-ln

where n = n; = n,.
We define the ambipolar diffusion coefficient Da' and the 7lux
T is given as follows: ‘
"1De * ugh i
a uj ¥ ug

»>
| . DaVn

From the equation of continuity, we get the following equation:

3 _pe?n =10
The effect of the ambipolar field, which is produced by the fast
diffusion of electrons against ion, enchances the slow diffusion of
ions by a factor of two, however, the diffusion rate of the two

species togethar is primarily controlled by the slower ions.



84

¢) Ambipolar diffusion with a magnetic field

When there is a magnetic field in the axial direction in
cylindrical geometry, the jons diffuse out primarily radially, while
the electrons diffuse out primarily along the magnetic field.
Therefore the condition for ambipolar d-ffusion in a magnetic field

should be as follows:

Ty - Ty aI'er.,,, ez
e e L &L
ar 2 ar 3z

In case of an infinitely long cylindrical column, we can neglect the
axial variation. Then Ty, = %,., and in the same way as the

case without a magnetic field, we can get the cross field flux Iy

a a.; "i” + D. cE
T = - — +n )
r + a a. . ¥ r E
1 e u1 ue 8 .

We define the ambipolar diffusion coefficient, Da', in an infinitel

long plasma, as follows:

D = e i )
a +aa;
Usually E° =0, then,
'an
Tp=-Da%r

In the case of a finitely long cylindrical column, the diffusion
across the magnetic field is not ambipolar any more. An electric
field which is built up to counteract the charge separation has a
greater effect on the currents in the direction of the magnetic
field because of the greater conductivity in this direction. As a

result ions diffuse faster than electrons across the magnetic field
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and electrons diffuse faster than ions along the magnetic field. A
positive excess to the side wall will be balanced by a negative
excess to the bottom and top walls.

From the equation of motion and the continuity equation for each

species, assuming azimuthal symmetry and quasineutrality,

2 2 ‘
an an an ? ?
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We define the ambipolar diffusion coefficient in a finiteiy long

plasma D‘.L as follows:

e Di_L "iDe_L
D, = ——
Y He I-l.'|
Then,
an a%n +0 30+ 0z
3t T Ca ? a—z_f

It cannot be easily separated into one-dimensional equations. Fur-
thermore, the answer depends sensitively on the boundary conditions

at the ends of the field lines.
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(2) Classical theory of diffusion in fully ionized plasma

In fully fonized plasma all collisions are Coulomb collisions
between cha:rged particles. Collisions b.tween like particles give
rise to very little diffusion. However, unlike particles give rise
to much diffusion in magnetic fields. Although we had to use the
kinetic equation with the Fokker-Planck collision term based on
stochastic process, which was discussed first by Longmire and
Rosenb'luth46 (1956), we can use the MHD eguation or the two wave
approximation of the momentum transfer equation, which includes the
effect of charged particle collisions under the modified Boltmann
binary collision theory.

The diffusion coefficient is a function of the plasma density in
a fully ionized plasma, and this considerably complicaies the
solution of the diffusion equation. This is because the density of
the scattering center is not fixed by the neutral atom density but
by the plasma density itself. The conductivity is given by
Spitzer47 (1956) based on the Fokker-Planck theory, and the
diffusion coefficient is given from the MHD theory with the
conductivity related to the binary collision frequency; Rosenbluth
and Kaufman48 (1958).

In a fully ionized plasma, the diffusion coefficient decreases
with increasing temperature. The opposite is true in partially
ionized plasmas. The reason for the difference is the velocity
dependence of the Coulomb cross section. The diffusion is
automatically ambipolar; the generalized momentum has to be

conserved between the two species. No ambipolar electric field



arises because both species diffuse at the same rate, and there

no transeverse mobflity. From the MHD equations,
[ 4 >
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where Vei is the ion-electron collision frequency. In a steady

state, we get the following relations:
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where P« nT and T = Ti + Te' We assume T is independent of
space.

In the first equation, the electric field does not appear
explicity because the fluid is neutral; the ions and electrons
diffuse together. The second equation is called the generalized
Ohm's law, We get the flux Tina fully ionized plasma in

cylindrical geometry as follows:
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Then, the diffusion constant D, in fully ionized plasma is defined

as follows:

2
D =n cnT
L B
and
an
T.=- Dy F

where Dl is proportional to the plasma density.

The diffusion is automatically ambipolar in a fully jonized
plasma. A plasma confined by a magnetic field carries a current in
the Hall direction, which is generally the relative motion of
electrons and ions. This relative moticn is produced by the
diamagnetic force or E cross B drifts. This relative motion must be
accompanied by a friction force between the electrons and the ions
to conserve momentum in that direction,

It turns out that the drift due to the effect of the friction
force produces diffusion fluxes of electrons and ions which are
equal in the radial direction, That means that the diffusion is
inherently ambipolar.

In a uniform magnetic field, collisions between like particles

give rise to no diffusion. We consider only ion-electron
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collisions, which give rise to diffusion in a fully ionized plasma;

no self diffusion occurs under classical diffusion theory.



Summary of the diffusion coefficients:

Diffusion in weakly ionized plasmas

2
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where Ag is the mean free path.
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Diffusion in fuily ionized plasma
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(3) Anomalous diffusion

(a) Bohm Diffusion

A measurement of the electron diffusion coefficient across the
magnetic field in the plasma of low pressure arc discharge was
obtained by BohmZI (1949) et al. at Berkeley. The plasma censity
profile was measured with a negatively biased Langmuir probe. The
diffusion coefficient was given through the relaxation length
(e~fold length). The arc chamber was operated around 10'3 torr
with a magnetic field around 3000 gauss and arc voltage 150V.

Bohm's experimental result seemed incompatible with the theory
of classical collisional diffusion theory. This theory required
that the diffusion coafficient is inversely proportional to the
square of the magnetic field, and that the relaxation length to
varies as the inverse of the magnetic field.

An explanation based on oscillation was sought at that time, and
the theory which was ¢iven (which has never been published)
seemingly explained the magnitude of the diffusion length but

8'1’2 and the

required that the relaxation length vary as
diffusion coefficient vary as ',

Bohm and his collaborators came to the conclusion that the
diffusion is not consistant with collision phenomena but can be
explained by “drain®. Thus, later they called it *drain* or
vanomoious diffusion". They have emphasized that the random
fluctuation of charged density, and that the plasma oscillations may

produce electric fields, which in their turn give rise to the arift

motion across the magnetic field lines.
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This interpretation was criticized by Simon49 (1958), who
pointed out that the transeverse diffusion of the plasma is not
necessary ambipolar, and that actually, what Bohm measured is the
jon diffusion coefficient. Thus, in the arc experiment, space
charge neutralization can be maintained by the conducting end walls
which produce an electron short circuit across the magnetic field.
In Bohm®! (1949), it wes assumed that the diffusion across the
magnetic field is ambipolar, and the experimental value was compared
with the theortical vclue assuming ambipolar diffusion.

With this new interpretation, Simon was able to show that the
arc experiment did not conflict with the classical collisional-
diffusion mechanism. No additional mechanism such as plasma
oscillations need to be postulated. The resultant diffusion rate is
not ambipolar, however. Ics and electrons diffuse at their own
intrinsic rate.

Simon's theory was promoted much more precisely; Boeschoten50
(1964). The relation of the relaxation length A« 1/8 i.e., and
1/B2 dependence of the ion-diffusion coefficient, seems to be
established. However, the experimental value of the diffusion
coefficient still shows a discrepancy of an order of magnitude with
the theory. The discrepancy mignt be ascribed to the fact that the
mean free path values and the temperature are uncertain. Another
possibility is that oscillations and instabilities give rise to an
additional "anomalous" diffusion which is compatible with the
observatidB A= 1181,2. Therefore the possiblity of 1/B diffusion

was not excluded. Also the diffusion of electrons was not
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determined from the above considerations, and the electrons might
w21l mave across the magnetic field by some anomalous diffusion
mechanism as proposed by Hohs.| (1962). Anomalous transverse
electron diffusion was reported by Zhar'lnov52 (1960) .

Spitzer53 (1960) derived a formula of Bohm's diffusion
coefficient assuming that ion acoustic waves, gererated by currents
along the magnetic field give rise to large amplitude fluctuating
electric fields normal to the lines of force. Ta_y'lors4 (1961)
obtained, from general stochastic considerations, a formula for the
perpendicular diffusion coefficient, which can recover both the
classical and Bohm diffusion coefficient. Ichimaru and
Roserbluth®® (1971) recovered both diffusion coefficients
considering low-frequency long-wave length fluctuations.

The rate of particle diffusion across a strong magnetic fields
is, in contrary to diffusion along the magnetic field, p%oportiona]
to the frequency of collision with non identical particles.
Microscopic-anomalous diffusion mentioned above can thus be
visualized as a consequence of additional particle cnllisions with
fluctuating electric fields. It can also be regarded as made of the
E cross B drift motions of the particles, where E is associated with
microscopic instabilities. This type of diffusion is important when
particle collisions are rare, i.e., when the plasma is quite
"collision less".

When the plasma is unstable microscopically, transport of large
portions of plasma often takes place. In such a case, the state of

the plasma is often convective rather than diffusive. For a boundad
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plasma, however, such convective transport of plasma can be
described as an equivalent anomalous diffusion. Generally the
convective motion of the plasma soon becomes associated with
irregular, large-amplitude, and multiharmonic fluctuations preduced
by drift wave instabilities. The corresponding particle transport
can be termed as turbulent diffusion (convection), which is observed
in fully ionized plasmas.

Yoshikawa and Rose27 (1962) have derived an expression which
in suitable limits gives both collisional and Bohm diffusion; The
motion of the ion is neglected. They consider the following
physical mechanism; a density gradient normal to the magnetic field
gives rise to a Hall current. If there is a small density
fluctuation, a space-charge field must be set up parallel to the
Hall current to preserve its continuity. This field crossed with
the magnatic field leads to motion in the direction of the pressure
gradient. To obtain a net flux in this direction, after averaging
over the fluctuations, second order terms must be retained. We
expect to obtain anomalous Bonm diffusion in the 1imit of low
pressure or high magnetic field.

Yoshikawa and Rose carried out experiments in a hollow cathode
low pressure arc discharge (10'3 torr}. The plasma thus generatad
is highly ionized {30%) so that Coulomb collisions are dominant.
They tried to avoid the short circuiting effect by letting the
magnetic field line terminate at a glass wall where no plasma is

visible. The experiment seems tc favor anomalous diffusion up to

1000 gauss.
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In experiments of Q-machine where the plasma is produced without
currents, the limit set by the fluctuation effect is, however, low
enough tc make the presence of Bohm's anomalous diffusion
incompatible with the measured relaxation length as shown by
D'Angelo and Rynn56 (1961).'

No conclusive measurements have been made on the diffusion rate
of plasma particles across the magnetic field in the plasma under
low pressure arc discharge. Anomalous diffusion is well reviewed by

Boeschoten50 {1964), and by HthZ (1962).



(b) Anomalous diffusion in the positive column

A measurement of the ion diffusion coefficient across the
magnetic field in the positive column of glow discharge was done by
Lehnert and Hoh32 (1960). The positive column works around a
pressure of 1 torr. The mean free paths of ions and electraons are
usually very small as compared to the dimension of the discharge
tube. Typical discharge parameters are the plasma density around
109 to 10]3 Icm3, the electron temperature of some electron
volts and the ionization degree 1077 to 1073, Usually, Coulomb
collisions are very infrequent.

The purpose of Lehnert‘s30 (1958) experiment is to study
diffusion across a magnetic field in a configuration which is free
from the short circuit effect proposed by Simon45 (1955). For the
purpose, a long cylindrical plasma column (4m) with a homogeneous
magnetic field along the axis has been chosen. At reasonably high
pressures or at sufficiently long tube lengths, the short circuiting
effect of the conducting end walls, such as that which occurs in an
arc plasma, vanishes. The transverse diffusion is ambipolar. Then
Lehnert made an important discovery. The experiments were shown tc
agree with the classical collision diffusion theory of ambipolar
diffusion, but only in a range of magnetic fields up to a certain
critical value. Above this value an instability was fourd to set in
and the results indicated a diffusion rate much greater than that
given by the classical diffusion theory.

In contradiction to the arc discharge experiment, the radial

density distribution in the positiv~ column, immersed in a strong
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axial magnetic field, fs independent of the magnetic field. (The
relaxation length is the same). Nevertheless, the particle flux to
the wall is expected to be greatly decreased as a consequence of the
classical theory. The reduced particle loss reflects itself in the
diminished rate of ion-electron pair production. Lehnert thought
that this requires a lower electron temperature and a decreased
axial electric field. Thus, the transverse diffusion ccefficient
can be estimated from the measured axial electric field. Schottky's
theory4] (1924) of the positive column in glow discharge has been
extended by Tonks44 (1939) to include the influence of an axial
magnetic field properly. Later Lehnert30 (1958) rigorously
re-examined various aspects of the theory, and he derived that the
axial electric field is connected with electron temperature through
the energy balance relation. The transverse diffusion coefficient
is expressed as a function of the axial electric field.

The effect of the axial magnetic field is to decrease the
transverse diffusion ccefficient, the electron temperature and also
the axial electric field. In spite of criticisms, like that of
Ecker58 (1961}, experiments have shown good agreement with this
theory. Therefore the axial electric field may be regarded as a
good indication for the large change in the particle loss. Then he
made the important discovery that the positive column suddenly
became unstable and that the transverse diffusion increased greatly

when the axial magnetic field exceeded a certain critical point.
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With stereo-streak photographs, Allen, Paulikas and Py1e33

(1960) found that the current in the positive column caoncentrated in
a rotating screw shaped channel when the magnetic field just passed
jts critical value. A description of the positive column, based on
the super critical theory for magnetic field, has been given by
Kadomtsev and Nedospasov23 (1960). The super critical theory
showed that energy and plasma could be balanced at an oscillating
steady state, with a plasma screw rotating. Therefore it is called
"screw instability”.

In their theory, the collision frequency of ion is assumed to be
much larger than their gyro-frequency since the pressure is
relatively high (1 torr). Since ions are assumed to be unaffected
by the the magnetic field, they lag behind the rotation of the
electron distribution. A physical interpretation of the instability
mechanism of Kadomstev and Nedospasov was given by Hon and
Lehnert59 (1961). The theory was further extended by Hoh5]

(1962) and by Johnson and Jerde60 (1962).

The axial electric field E, tends to "1ift up" the electron
screw relative to the ion screw. This is equivalent to a rotation
of the electron screw in the positive e direction. Due to a
subsequent charge separation, an azimuthal electric field will
arise, which tends to drive the particles outwards with the E cross
B drift and to destabilize the plasma.

On the other hand, the ambipolar electric field tends to rotate
the electron screw in the negative e direction relative to the ion

screw. Under the prevailing experimental conditions, no field



reversal takes place near the critical magnetic field. This rota-
tion counteracts the charge separation produced by the longitudinal
electric field. Additional_stabilizing effects are provided by
diffusion and conductfon. which tend to smooth out the perturbed
density and potential distributions and to suppress their asymmetry.

As the second order effect, the regular and random azimuthal
electric fields can drive the charged particles across the magnetic
field in additicn to the normal diffusion process. In the present
case, as the instability set in, the external axial electric field
is converted to a regular azimuthal electric field through the
agency of a plasma screw. And, as pointed by Ecker58 (1961), the
plasma temperature is expected to increase above the critical
magnetic fieid since it is the function of axial electric field.

The various experimental results with the postive column in glow
discharge, contrary to the experiments with the plasma in low
pressure arc discharge, the findings are very much the same, and are
satisfactory explained theoretically. In particular, the ratio of
the ion current, collected by a probe at the wall, to that at the
center decreases with increasing magnetic field in a characteristic
manner until the critical field is reached, and after which it
increases. At this critical field, there is an increase in low and
high frequency noise. Also, the power needed by the plasma to
maintain a constant density decreases until the critical field is
reached and increases thereafter.

Simon3] {1963) pointed out that the mechanism of Kadomtsev and

Nedospasov could also be present in plasma of low piressure arc
100
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discharge (10'3 torr) in an uniform magnetic field. A somewhat
similar phenomena had been observed in Neidigh's experimentSI
(1958) of a low pressure arc discharge . The diffusion obeyed the
classical laws as long as the background pressure remained above a2
critical point. Below this critical pressure the discharge changed
abruptly to a new mode, in which an asymmetric potential
distribution rotated uniformly around the direction of the magnetic
field. A similar anomalous effect was also observed by Zharinov62
(1%2).

Interestingly, in Zharinov's arc discharge experiment, the
electron probe current suddenly increases by an order of magnitude
at a certain magnetic field whereas the ion current remains
unaltered. In the plasma of low pressure arc discharge, we no
langer have an applied electric field parallel to the magnetic
field, which produces the drift of electrons through the ijons.
Instead, it is the direct streaming of ions and electrons out of the
plasma to the end walls which provides our mechanism. The electrons
tend to stream out of the plasinia much more .rapidly than the ions dec,
owing to their greater thermal velocity. An ambipolar electric
field develops at once, which greately reduces the difference in the
two flow rates. However, exact cancelation does not occur. Thus,
there is a net streaming of the ions through the electrons in the
direction of the field lines, and a helical perturbation may be
unstable as in tne case of the positive column.

Besides the difference in the origin of the streaming in the

positive column, there is continuous jonization of the neutral going
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on, in the arc discharge, and plasma is created by fonization only
along the axis of the cylindrical arc chamber. Away from the axis
we have only diffusion and streaming. Arother difference is
relative low pressure regions (10'3 torr) for the arc discharge.

The radial demsity digtribution in the positive column is a function
only of the tube radius, and is independent of the applicd magnetic
field, while in the arc discharge, the radial density distribution

depends vitally upon the external field strength.
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(c) Anomalous diffusion in the reflex discharge

The anomalous diffusion, observed by Lehnert in the positve
coiuma in an uniform magnetic field, was adequately explained and
demonstrated to be well in accordance with the experimental results.

On the other hand, i a low pressure (10'2 torr) cold cathode
reflex discharge contained in & glass chamber, Bonnal et a1.34
(1961) found that the escape flux increases with the magnetic field,
even though it decreases with the increasing magnetic field
according to the classical diffusion until a critical magnetic
field. They also found that the radial anomalous diffusion
decreases again with the increasing magnetic field at magnetic field
much larger than the critical field. The intense emission of noise
by the discharge above the critical field is dzteciad for both high
frequency and for low frequency components. '

It was emphasized that the axial electric field, which is
necessary to induce the screw instability, is absent in the plasma
of the reflex discharge since there is no direct current in the
axial direction. Consequently, a different instability mechanism
must be sought., This led to the problem of studying the diffusion
process in the reflex discharge.

Bingham and Chen63 (1962) detected a helical instability of
the plasma column of a hot cathode reflex discharge in a metal
chamber. They showed that the plasma column becomes azimuthaily
asymmetric ir. a strong magnetic field and that it rotates at a speed
GE/B. Chen-and Cooper35 (1962) investigated particle diffusion in

the hot cathode reflex discharge (10'2 torr) contained in a metallic
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chamber, in the course of a study of low frequency density
oscillations. They reported that the diffusion does nct exhibit any
unusual behavior up to a magnetic field of 7900 Gauss, even though
they recognized a low frequency instability at a magnetic field
about 750 Gauss. Fuskhova et a1.54 (1964) disagreed with the
result of Chan and Cooper, and established that in low pressure
(10‘4 torr) the flux of charged particles near the wall, in a hot
cathode reflex discharge contained in a metallic chamber, does in
fact start to increase at some critical value of the magnetic field.

The potential distribution of the reflex discharge have been
calculated by Chen19 {1962). 1In his calculation the variations of
all quantities in the axial direction have been neglected, and the
discharge has been divided into plasma and sheath regions; the
double sheath, at the hot emitting cathode, and the sheath, at the
cold reflecting cathode at the far end of the cylindrical tube, have
been considered. The source term included allows for jonization of
the background gas by both primary electrons emitted by the cathode
and by the plasma electrons. Similar calculation including the
axial variation is done by Brzhechko et al.65 (1968). The
measurement of minimum wave length for this type of instability
based on Chen’s calculation is done by Bingham66 (1964).

Pavlicherko et al.%® (1964) investigated diffusion in a cold
cathode reflex discharge contained in a glass chamber, and
established that the anomalous behavior of the particle flux near

the wall (anomatous diffusion) is caused by a microscopic helical
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fustability originating in the drift motion of the plasmz in the
crossed electric and magnetic fields. They mentioned that it is
striking that there is no increase of diffusion in a strong magnetic
field; such no increase was noted by Chen and Copper35 {1962), in
their experiments with the reflex discharge contained in a metallic
chamber, déspite the existance of low frequency oscillation. These
oscillations do not lead to increased diffusion, and this may be a
result of the stabilizing influence of the metallic shielding on
development of instabilities.

ThomassenZ® (1966) calculated the diffusion coefficient from
the fluctuation spectrum in a hot cathode reflex discharge above the
critical magnetic field. It was shown that the diffusion from the
classical collision process is negligible in comparison wich the
random walk type ftransport due to these fluctuations. A small
magnetic well is crea;ed with Ioff bars. It suppresses the low
frequency instability and reduces the loss rate. A similar
experiment was done by Dubovoi et a1.67 (1966) with a cold cathod
reflex discharge.

Hoh24 (1963) carried out a theoretical analysis of the
stability of a weakly ionized plasma in the crossed electric and
magnetic field in low pressure region (10'2 torr). 1In the axis
and cylindrical symmetric plasma, with no external axial electric
field, with an inwardly directed electric field and pressure
gradient, and with an axial magnetic field, electrons and ions drift
in the azimuthal direction because of the E cross B drift and

diamagnetic drift. Because of the diamagnetic drift, electrons
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drift much faster than ions in the azimuthal direction when the
direction of electrifield and that of density gradient is opposite,
which is pointed out by Simon' (1963).

In a weakly fonized plasma, the drifting ions and electrons
collide with the neutral molecules of the background gas and
experience a fictional retarding force. The {fons, because of their
greater mass, lose more monentum in these collisions and hence, tend
%0 lag behind the electrons; this will be encouraged by both the E
cross and B diamagnetic drifts. .

This difference in drift velocity gives rise to a cursent in the
direction of the electron drift velocity, and the azimuthal electric
field is also induced; thus giving rise to radial transport. In the
rotating frame in tk2 plasma, the electric field is not constant but
is fluctuating. Neither the steady nor the first order fluctuating
components give rise to the net radial drain, but the second order
fluctuating component gives rise to a mean square radial
displacement which will not te small. When the amplification of the
perturbation produced by the charge separation is larger than the
effect of diffusional dissipation of the perturbation, a low
frequency instability occurs, which is called *three fluid* or
“neutral drag instability."

The screw instability is driven by an axial electiric field,
whereas, the neutral drag instability is driven by an inward
directed radial electric field which s not always achieved in the
positive column. Hoh24 {1963) mentioned that above the critical

magnetic field, the anomalous diffusior induced by the instability
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seems to be small. This zan be understood as that the anomalous
diffusion effectively represents an enhanced transverse mobility,
and, hence, a decreased radial electric field. The value of the
critical magnetic field was estimated for the weakly ionizel cases,
and found to be in satisfactory agreemeat with the values observed
experimentally.

The striking feature of this anomalous diffusion is a report by
Pavlichenko et al.36 (1964) that these increases in diffusion are
accompanied by a decrease of the electron temperature of the plasma.
This contradicts with the result obtained by the positive column.

On the other way, results for a plasma with higher degree of
ijonization is contradictory to Hoh's theory. 1In a cold cathode
reflex discharge contained in a metallic chamber, the critical
magnetic fields observed by Pavlichenko et a1.?5 (1966) are

several times smaller than those predicted by Hoh. The absence of a
radial electric field in this dense plasma column is reported by
Brzhechko and Pachhenko65 (1968). In their experiment, the
anomalous diffusion was observed under conditions in whicii a radial
electric field in the plasma was essentially absent.

Dushin et a1.%8 (1967), Brzhechko and Pavlichenko®® (1968)
and Brzhechko et a1.69 (1969) associated the anomalous diffusion
of the plasma discharge with the observed drift instability of an
unhomogeneous plasma in the reflex discharge. However, the
turbulent kinetic micro-instabilities, 1ike drift instabilities in a

strong magnetic field, cannot lead directly to an increase in the
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flux of charged particles across the magnetic field. They concluded
that the observed low fraquency oscillations are the result of the
drift instability in an unhomogeneous plasma. An jmportant role may
be played by beams of oscillating electrons, which can excite
electron plasma oscillations of large amplitude as suggested by
Briffod et a1.7° (1964) in their cold cathode reflex discharge
experiment.

Thomassen’'s experiment:rI (1968), in the cold cathode reflex
discharge‘in low pressure (10'3 torr) contained in a glass
chamber; was confined to low magnetic fields from 100 to 500 Gauss.
In this range, a large amplitude oscillation appears while the
density begins to drop, indicating the importance of these drift
waves for understanding the loss process. High frequency beam
plasma instabilities occurring in bursts and low frequency resistive
drift waves are both found.

The neutral drag instability, which is driven by the radial
electric field, was examined in detail in a hot cathode reflex
discharge, which is free from the axial electric field. It is also
free from velocity anisotropic instabilities, which exist in the
cold cathode reflex discharge. There are two distinct modes of
operation of the reflex discharge. The plasma is created by the
primary beam of particles, which stream down to the column, and are
reflected at each end of the potential barriers. The discharge
characteristics are very different when the beam density is a
significant fraction of the plasma density, or when the beam

velocity greatly exceeds the thermal velocity of the electrons. The
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farmer occurs at low pressures and the latter with cold cathodes
where discharge voltage exceeds 500 Y. In these cases, there are
strong two-stream instsbilities, which are claimed to dominate the
discharge characteristics and the transports by Briffod et a1.70
{1964). In a hot cathode reflex discharge in the order of 10"2

torr pressure, these interactions are weak or absent even though the
discharge voltages are in the order of 100 V; Thomassen26 (1966).
The cold cathode reflex discharge is a very complicated plasma,
exhibiting several types of oscillations and relaxations
simultaneously; this diffusion process is not yet completely

understood.
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APPENDIX 2
INTERACTION OF PLASMA WITH BOUNDARIES

In actual plasma experiments, the plasma is contained in a
vacuum chamber .. Tinite size. When jons and electrons hit the
wall, they recombine and are lost. This problem can be treated from
two distinct ways. When the plasma density is very small, the
maximum electron and ion currents that can flow from a cathode to an
anode are limited by the space charges. This problem will be
discussed in Section (1). When the plasma density is nct small any
more, the electron and ion currents cannot flow directly from the
cathode to the anode anymore. The electron and ion currents to the
wall are decided by the sheath boundary condition between the plasma
and the wall. This problem will be discussed in Section (2). In
Section (3), we discuss about.sheaths, whfch are strong electric
fields produced between the plasma and the all, Wren the cathode is
hot, it emits electrons. The primary electron current from the
cathode to the piasma is limited by the space charges in the

sheath, This problem will be also discussed in Section (3).
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{1) Space charge effects

(a) The space charge limited flow

Let us consider two infinite parallei planes A (negatively
charged) and B (positively charged). When no electrons are emitted
from A, the potential between the two plates varies linearly between
the two plates. (Fig. A2-1). As the temperature of A is raised
electrons are emitted. We assume that the electrons move with
constant velocity across the space. Then there will be, in the unit
volume, a space charge p equal to J/v, where v is the velocity of
the electrons. If the velocities are uniform, the space charge will
be uniform. From the Poisson's equation

dZV

gzs—4tp

If we consider p constant and negative, the potential distribution
between the two plates takes the form of a parabola. If the
temperature of plate A is increased still further, the electron
current increases so that the potential curve finally becomes a
parabola with a horizontal tangent at the surface of A. I¥ the
electron has no initial velocity, the current cannot increase beyond
this point. Any further increase of current would make the
potential curve at the surface of A slope downwards and the
electrons would be unable to move against this unfavorable potential

gradient, The effect of the space charge limits the current.
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Let V¥ be the potential at a distance x from th2 plate A.

1.2

-z'll'lv = eV

J = pV

Then

2 2 112
G- G - e (2

If there is an opposing potential gradient at the surface of plate
A, then no current flow. In the case of the saturation current
dv
(F)o = 0
Then, we get the space charge limited flow.

Jz e V2 312
e @ F
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(b) Effect of initial velocity on the space charge limited flow

Let us take into account the effect of initial velocities when
the current is limited by the space charge, assuming that the
electrons have a Maxwell distribution.

According to Maxwell's law, the number of N of electrons emitted

per unit time per unit area with velocity u is n(u) and tha total

ission N is given by
an y mu l'nu2
3w = () = N3~ exp(- 31)

N .ﬁa'(u)du [ Isec][llcmz]
0
There is a potential minimum V in front of cathode at x' (Fig. A2-2).

Then the space charge is

p-E/D—-\-(’lldu

In region 8 {x > x'}

o ,gefmd.,
8 v
u
In region a {x < x'}

u' =
pu-Ze‘/’nl#ldu+e["l#ldu
v! u'

The current to the cathode is ©

J=e n'(u) du
]
And ¢

2 2, 2V
V. = U +T
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2 eV’
u - - -

where V' is the minimum potential with pagative value. Lets us

cons ider space charge in region 8 (x > x'). Then,

p = e‘/r.ﬂlégl du
ut

Then let us change variables as follows:

R

n(u) >N oY exn(- o (v2 - Yy

)
u'Z > 2e(¥ -V

Putting variables as follows, and defining an error function S(x)

and
5(x) -gfexp(- ¥2) dy
v ox
Then, we get the following relation:

o = oy exp(n) Si/n)

where

L]

e ey
oy = N =— exp(=y-)
M vM Tc

n= E(v =V )
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We define also a new error function P(x) as follows:
P(x) =1 - S(x)

Tnerefore depending on whetheir x - x' is negative or positive, we
get the following relation:
p = py exp{n)(1 = P (V7))

Putting this into the Poisson equation, we get th2 following

differential equation:

dn 1.2
b (g) 4woy exp(n)(1 * P(yR))

Finally, we get the following intergral equation:

n
1
£ = d
f[eXD(n) 1% exp(n) P 7 ZARTE

0
where E o= % JBuM (x - x')
The upper or the lower sign are to be taken according as x - x' is
negative or positive, respectively. This integration is calculated
by Langmuir72 (1923). Acccording to Langmuir, taking into account

the second term, the space charge 1imited flow is given as follows.

2 e 1/2” _ v')3/2
J= =
3 &) x - x)

where V has the minimum V' at x = x'.

2.66
)
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(c) The space charge 1imited flow with positive charges

The maximum electron curvent that can flow from & given hot
cathode to an anode in high vacuum is limited by the space charge of
the electrons. If even a small amount of gas is present, the
positive ions formed tend to neutralize the electron space charge
and this allows the current to increase until the current becomes
1imited only by the electron emission from the cathode as determined
by its temperature. The rate at which the ions need to be produced
in order to neutralize the space charge is usually less than one
percent of the rate at which the electrons flow from the cathode.

If we consider hot cathode in a gas, we see that electrons as well
as ions are present in the positive ion sheath.

Let the cathode C emit & surplus of electrons without appearable
initial velocities to anode A of potential Va

iy y3/2

) =¥2 (gli2 A

o~ 9= 'm -z
We define m as the mass of electron and M as the mass of positive
ion. Let us introduce positive ions uniformly distributed over a
plane B of potential VB' Positive jons flow to the cathode C of
potential zero. Because of the partial neutralization of electron
space charge the electron curreit will increase to a new value. In
the same way as in the case of space charge limited flow, we define
the electron current as J, and the positive current as Jp. We

define the electron space charge as Pe and the positive ion space

charge as fp
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oV, = J > opvp-Jp

zm VE = eV , % Mvs - e(vB -V)
We define variables as follows:
Jd '/
P, M 172 X v B
a= (u:)(ﬁ) s A = g 6= VA‘and ‘B = -v-A-

Putting above variables inte the Poisson equation, we get the

following equation:
2

d’ 4% 1 a4
@2 9% Jo JaB )

Since the electron current is limited by space charge,
d¢
) =90
o 220

Then, we get the following differential equation:
g 12
$.3 0 0172 + o ((95 - 9)1/2 - 4172312
Let us consider the case when ions are emitted from anode,
9 = 1. When a = ], the potential gradient at the anode is zero
and the positive current as well as the electron current is thus
limited by space charge. Even an unlimited supply of positive ions
available at the anode is not capable of neutralizing the electron
space charge, because the positive ion current cannot become more
than a definite fraction of the electron current, this fraction
(when a = 1) being equal to the square root of the ratio of the mass

of the electron to that of the ion. When a = 1, the potential
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distribution is symmetric about its central point, A = 1/2 and
¢ = 1/2. Between the cathode and this central point there is an
excess of negative space charge, while from the central point to tne
anode there is an excess of positive charge., Then, we get the
following integral equatib::

¥ <§§> ”2[[4“2 +a (1012 - )12 g

The ratio Je/Jo is found at the anode where » = 1 and ¢ = 1.
1
3, 172
(_J_e_) - %‘/‘[‘1/2 +a((l - ‘)1I2 _ 1)]—112 d¢
o ()

The numerical integration is done by Langmuir20 (1929). The
electron current increases as more positive ions are emitted from
the anode, until the positive ion current also becomes limited by
space charge. When this occurs the electron current and the
pos itive ion current are each 1.86 times as great as the currents of
electrons or ions that could flow if carriers of the opposite sign
were absent.

Jomax = 1-86 Jy

imax = (E) He Jeﬁax
The numerical calculation done by Langmuir20 (1929) also shows
that the ions have a maximum effect in increasing the electron
current when they are introduced at a point which is 4/9 of the
distanc2 from the cathode to the anode. When a large intensity of
ionization is involved throughout all or a large part of the space

between the electrodes, like the case of low pressure discharge
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plasmas, we cannot analyze it in this way any more. We had to

cons ider it as an interaction of plasma with an electrode.
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(2) The plasma sheath equation and the Bohm sheath criterion

Plasmas have tendency to maintain themselves in a neutral and
field free state in spite of any forces tc change it. A sheath,
which is able to shield the plasma region from the strong electric
fields that would be caused by any electrode, is one of the examples
of that property. Although the sheilding is so good that the sheath
edge is very near the plasma potential, it is net quite perfect, and
a small portion of the potential drop which occurs between the
electrode and the plasm; may penetrate beyond the sheath edge.

In order to produce a steady state iﬁ plasma, ions and electrons
must reach the wall at a rate equal to that at which they are
formed. This happens automatically with the ions, which simply fall
into the wall quite steadily. As for electrons, however, they
strike the walls so often that the majority must be repelled if the
distribution is to be steady. The potential of the wall finally
adjusts itself to such a value that the number of electrons
energetic enough to go over‘the barrier is equal to the number
produced.

Most of this potential drop ozcurs not in the plasma but across
the wall sheath. The plasma field, compared with the sheath field,
is so small that it produces negligible changes of potential over
the distance of many sheath thickness. Therefore it may be assumed
that the plasma potential is constant, at least in so far as the
processes involved in sheath formation are concerned. However, the
plasma fields cannot be completely neglected, because over the long

distances that they cover, they are able to accelerate positive ions
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up to appreciable energies of the order of the plasma electron
temperature.

In the plasma approximation, the distribution of ion energy can
be replaced by a stream of ions, all of which possess the mean
energy of the distribution. Since the electrons are approximately
in thermal equilbium, they have Maxwell distributions. Therefore
the distribution of electron energy can also be replaced by a stream
of electrons, all of which possess the mean thermal velocity, but at
the edge of the sheath, the direction of electrons can be
distributed only over a hemisphere. Then the electron current is
given as follows:

e = % PeVe = % Pe (:mé)”z
For ions, the velocity distribution is not Maxwellian. Then the ion
currents is given as follows:

172

2
i = 03vy = englgr)

where "o is the plasma density at the sheath.

According to the experimental result by Langmuir and also later
by Bohm, the normal components cf velocity of the ions that reach
the edge of a cathode are roughly that of a Maxwellian distribution
corresponding half of electron temperature, which is called the Bohm

sheath criterion.

Then, the ion current is given as follows:
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Te 172
Ji - enp (“—)
Therefore at the edge of the sheath, the space charges are given as

follows:

172
2xm
ve =% (7))

n 172
05 = J; (1;)

Consider a one dimensional semi-infinite plasma in which the
electron temperature Te is much bigger than the ion temperature
T and the mean free path is much bigger then the Debye length
Ape The sheath criterion is valid for a wide range of conditions.
The fact that the icn velocity near a boundary should be given by
the electron, rather than the ion temperature, is physically
reasonable when Te > Ti’ since the force driving the ions into
the wall is provided by the plasma pressure noTe(Notice here the
ion temperture Ti is different from the ion energy Ei')

According to Chen's way73 {1961), we seek time-independent
solutions of the Poisson's equation in the region within a distance
(A collisional mean free path) of the boundary where the particles
are assumed to suffer no collisions. Let us choose a point
approximately (1/2)a away from the wall to be the origin, x = 0
V¥V = 0. The equations of motion for free-fall to negative V are
obeyed for many lengths g on either side of this point of

negative potential V.
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ey
ng = Ny, exp (Tg)

The subscript "o* will denote quantities at x = 0. Ions arrive at
x = 0 with a uniform energy eV, toward the wall,

From the continuity equation,

1
n. = n N ————————
i io
Vi)
0
From Poisson's Equation,
2
d-v
;2- = - 4are(n_i - "e)

We define variables as follows:

n, ey
ey X io 0
n-_T;’E.Yp'asﬁgand ni--Te_

Then, we get the so-calied “the plasma sheath equation®.

2
dn a

=[ - exp(- n}]
-d? 1+ (a/ng) "

Numerical solutions for this equation have been given by se1f’4

(1953). In the plasma approximation (n_i = ne), this formulation
leads to an integral equation for ‘the potential which has alsa been
calculated by Se1f75 (1965). However the plasma approximation can

not give a continuous tramsition from the plasma to sheath region.
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At xmQOr£a=0
n-O

Then we get the following integral equation:

£
n= *j— dE'
[aang[(1 + (n/ng)) 72017 + 2(exp(= n) - 1) + (dn/de)?1'/2
° g=0

For the case g-g = 0 at the arbitrary point, we get the folluwing

relations at £ = 0 and n = 0 for an arbitary a and nj:

dzn =2a-~1
a? |
g=0

Actually it is very difficult to solve the plasma-sheath equation.
We assume that for smal)l £ we can expand n as follows:

n = A+ B+ Ce2 + D

3 term is very small, so we assume D = O.

We assume that the ¢

When a = 1 at t= 0 (nio-neo)wegetA-B-C-O. Then
n=0

This result represents the plasma region.

When a<lateg=0 ("io< feg)

1
n--g(l-a)ﬁz
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n decreases as £ increases. This does not represent the sheath
region.

When a > 1 at £ = 0 (ny, > ng,)
1
n= -2'(3-])52

n increases as £ increases. This represents the sheath region.
Both results are shown in (Fig. 3-3).

When n; is too small, n = f(£) becomes oscillatory. At the
critical n;, n = f(g) has an inflection point at £ & 0. At the
inflection point dn/dg = 0 and d2n/de? < 0.

When £4 0

T

dzn 1

= 3 ———7, - eMe 0
E? (1+ﬂ/"|:|) /2

Then we get the following relation:

1 l-exp(-n)
" £Z8 Texn(n)-T
This result is for the oscillatory case: where a > 1 and 1 - ae™" < 0.
Let us consider two functions f(n) and g(n) defined as follows (Fig.
A2-4).
f(n) = 1 - exp(-n)

g(n) = 2an,(a exp(n) - 1)
For large N there is no solution for f(n) = g(n). dn/dE is

never zero except at the origin. For small i, there are two

solutions, corresponding to a negative value for (dn/dg)2 and an
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oscillatery behavior fof n.

Then the critical 0y is given by the following equations.
f(n) = g(n)
£'(n) = g'(n)

If we define X = JE;;, we get the following equation:

axz ~2x+1=20

x-at\}az—a

We get the Bohm sheath criterion.

2
1.2 /a -1
nizta(]t—a—)

where a>1 but a-1«<1l.

And

It is the characteristic of the plasma-sheath equation that when
n; becomes about the order of 1, the curve develops
catastrophically in the distance of the order of Ape Hence if
A A, the value of a must be very close to unity to enable g to
stay close to zero for such a long distance. Beyond A from the
wall, the collision changes the form of the plasma-sheath equation.

Then, generally the Bohm sheath criterion is true for a - 1 << 1.

w o> peled
Thus by the time ions reach the region of free fall, they must have
somehow or other acquired an energy greater than (llz)Te. Then,
how did they acquire this energy?
The positive ions are support to have negligible energy when

they are formed, and in weakly ionized plasma, it is quite unlikely
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that they get energy through collisions with electrons. They
acquire energy as corresponding to the electric fields through which
they pass. Then, where is the electric field?

Actually n is an integration form of £, and it is not easy to
expand in & polynominals. 1In real plasma at the sheath edge £ = O,
dn/dE 4 0. It was discovered by Tonks and Laugmuir40 {1929) that
the electric field penetrated beyond the sheath edge, into the
plasma, and accelerated ions towards the sheath. The region is
called "the tranistion region". At the sheath edy2, the plasma
density is less than those in the plasma. BohmZI (1949) showed
that the ion current depends on the electron temperature, and not
the ion temperature, because the electron temperature determines the
strength of the electric field which draws the ions towards the
sheath.

If there are some negative ions in the plasma which have the
same mass and almost the same temperature as positive ions, they
cannot come into the sheath since they will be repelled by the
electric field in the transition region. Instead electrons which
have larger energy and speed come into the sheath. Therefore the
boundery condition in weakly jonized plasma for negative ions must

be decided very carefully.
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(3) Sheaths and the space charge limited flow

(a) Sheaths

The theory of sheath in a gas discharge was first given by Tonks
and Langmuir4° (1929). 1In this theory the electrons are assumed
to he in thermal equilibrium. The ions are assumed to be created at
rest throughout the plasma and to fall freely, without collision, to
the walls where they recombine with electrons. From the equation of
motion for the ions and the Poisson's equation, a differential
integral equation is written for the potential, which is called “the"
plasma skath equation.”

Actually there exist two distinct theories of sheaths, the
Schotky's ambipolar diffusion theory (Appendix 1) and the
Tonks-Langmuir free fall theory. Both theories are based on the
idea that ion and electron fluxes to the wall should be the same to
preserve the charge neutrality of the wall. The former has usually
been commonly used when the mean free paths for both electron-
neutral and {ion-neutral collisions are much less than the
dimens ional length, while the latter is usually applied to low
pressures when the mean free path for ion-neutral collision is in
the order of the dimensional length. The two theories predict quite
disparate density and potential profiles, each of‘which is in
reasonable agreement with experimental measurements.

Both theories assume that the plasma is quasi-ﬁeutral. and thus,
do not account for the sheath formation of the plasma boundary.
However, the free-fall theory leads mathematically to a

plasma-sheath boundary at a finite radius, where the potential and
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plasma density are finite but their gradients are infinite. At this
boundary the ion velocity has to satisfy the Bohm sheath criterion.

On the other hand, the ambipolar diffusion theory dces not give
rise to a plasma-sheath boundary; the plasma density goes to zero
and the potential and velocities become infinite at a finite
radius. The isothermal ambipolar diffusion theory, modifed by the
inclusion of the nonlinear ifon inertia term, give results in close
agreement with the free all theory, and the theory bridges the gap
between the low and high pressure regimes in a continuous fashion:
Self and Ewa1d’® (1966). .

In typical gas discharges invelving a large intensity of
ionization throughout a volume, the whole of the voltage difference
from cathode to anode is concentrated in a cathode sheath (region
between the cathode and the plasma) in the order of 100 volt, in
which there is a positive ion space charge; the rest of the volume
is nearly field free compared to the cathode sheath, the space
charge of the positive ions being neutralized by low velocity
electrons., In tha transition region between the two regions, there
is the voltage difference (in the order of 1 volt) to satisfy the
Bohm sheath criterion. The voltage difference in an anode sheath
(region between the -node and the platma) is very small (in the
order of 1 volt).

If the filament is hot, than the current is limited by the
electron and ion space charges in a "double <heath" near the
cathode. The transition region is strong enough to repel low

temperature negative ions. HWhen ions are produced uniformly
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throughout space there will be a maximm potential in the space, but
this usually exceeds the anode potential by not more than a volt or
so, and thus, the ions flow, in nearly equal numbers, to anode and

cathode, while the electrons and negative ions go to the anode only.
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(b) The space charge 1imited flow in a double sheath

An electrode which is at a negative potential {order of 100
volt) with respect to the plasma, repels a1l the ultimate electrons
which move towards it, except those that have a sufficient component
of energy normal to the surface of the electrode, enabling them to
move against the retarding field. The sheath is an electron
sheath, The positive ions in the plasma that move towards the
electrode are collected by it.

If the cathode is heated so that it emits electrons, these flow
out through the positive ion sheath and if this electron current
becomes sufficiently great it will neutralize the positve ion space
charge in the immediate neighborhood of the cathode. Since the
elections start with negligible velocities from the cathode, the
conditions are the same as those postulated when we calculated the
effect of ions liberated at the anode while the electron currents
flow from a hot cathode. In the present case it is the sheath edge;
functioning as anode, that emits a surnlus of ions while a limited
number of electrons is emitted from the cathode.

Let the cathode, at potential - V with respect to the plasma,
first be at such low temperature that it emits no electrons. We let
a, denote the sheath thickness under these conditions. For this
purpose we replace Jo by J?, Va by V, Mg by Mp, and a by
2, in the formula of space charge limited flow with positive

charges derived in section (1-C).
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And

The effect of these electrons in neutralizing the ion space
charge cannot cause an increase in Jp for this current is fixed by
the plasma, but manifests itseif by changing the sheath thickness so
that this becomes "a" instead of "a ". The relation between a and
a, is calculated by Langmuir39 (1929). As the cathode temperature
is raised, the electron current density Je increases and is equal
to the electron emission from the cathode until a becomes equal to
unity and the current becomes limited by the space charge. A
further increase in electron current cannot occur. The cathode is
then covered by a double layer and the ratio of the electron current
to the ion current is equal to (Mb/me). Even a change in the
cathode voltage will not cause a change in the electron current if
the positive ion current Jp remains constant. In the cathode
drop, velocity of ions adjusts itself to such a value that Jp in
the plasma bears the proper ratio to the electron current.

When negative ions exist, which are produced by electron
attachment to neutrals in the plasma, they are repelled by the
potential in the transition as mentioned in section (2). They do

not come into the double sheath, and do not affect the positive ion
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current Jp. Therefore we can still treat the double sheath as a

two component problem.
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(c) Primary electror current from the cathode

Any group of charged particles entering the sheath with a given
velocity distribution will contribute to the space charge, at any
point within the sheath, the amount_/}llv)dl. The total space
charge p at any point depends only on the potential at that point.
In the case of the double sheath where the electron and ion current
are both limited by the space change, and where dV/dx = 0 at both

the inner and outer edges, we have

Ve

pdv = 0
Yu
VM and vs are the potentials at these two edges. At the places
where dV/dx = 0, one of these is at the minimum potential region
very close to the cathode and the other is close to the outer edge
of the sheath. For the present we will define it as a place where
dV/dx = 0 and p = 0 so d?V/dxZ = 0, too. Within the sheath
there are three groups of carriers to be considered; the positive
ions from the plasma, the ultimate electrons from the plasma and the
electrons emitted by the hot cathode. Negative ions do not come
into the sheath as mentioned in section (b).
Plasma ions

if ®ps is the space charge of these ions at S with kinetic
energy Ep. then their space charge °p at a point of potential v

is given from the continuity equation as follows.
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[

Vs
172 12 _ 112
% 'ﬁpd" = ZopsBp [l * B - 7

Wi
where Vgy = V5 - Vy: the potential between S and M.

w 12

DDS = Jp (-ZEE)

P

Plasma electrons

The electron distribution will be Maxwellian with a temperature

Te-

V- Vs
Pe ™ Pgg ©€XP (—'I'e_"')

Vs
He 'j"edv = EgPes
]
M 24 172
Poe = Vo (—F)
es es \T T

Electrons from the cathode

If the cathode emits more electrons than can f’low: across the
sheath, the there will be a potential minimum Vyata short
distance from the cathode surface.

If Tc is the temperature of the catizode, then VM may be

calculated from

Yy - Vc
Jem = J¢ e’“’(_—Tc__)
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Je is the current density of the saturated emission from the

cathode corresponding to its temperature Tc' and JeM is the

current density which gets past the potential minimum and is thus

the electron current density passing through the sheath. We use an
- error function S(x) defined in section (2), and E. instead of Te

implying energy given by the cathode. Then, we get the following

relations:
o = oy exP(8) S(J8)
. V-y
- —Ec——
when x > 2
2 1 2%
exp(x®) S(x) = = ——
Vv 2%+

E, 172
0c= oem [ V=V, F Ecil

is the space charge density of the emitted eiectrons at the

PeM
point of minimum potential.
VS VSM 1,2
He = [ pc 9V = E; Dogg = ooy * 20y (ch )y ]
i
172
Zoc, Vol - (0 ) i ]
=2 - + + - -
cs 'sM W:M V;M

Mg 172
o5 = e [Zist*'"E:)']
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Then )

Hy = W * K

And at sheath edge S
fps = Pes * Pes

Finally, we get the following equation:
172 172

Jem . (EB) 1 - (E,/(V-Vy)) (1+(5e/25p))+(5p,2(vs_v"))
m V- (xE/4(V - "))1/2_ ((Eg=E.) 12(V V)

%

When 1/2 E. < Ep < (v - VM)’ an increase in either Ep or

E. causes a decrease in JeM' Thus the effect of the initial
velocities of both the ions and the electrons at the sheath edge is
to decrease the electron current that can flow from a hot cathode.
From the Bohm sheath criterion Ep = (1/2)Te, the ion current is
given as follows:

172

o =eng (;5)

where ng is the plasma density at the sheath edge.

Defining V = V-V, # = (V/Te), we get an important function

f(¢) as follows:

- V28 + 0.25 ]
- 0.5 W (T_/T,) - 0.5(1-(T_/T,))

This function is calculated by Chen'9 (1962).

12
£(9) = (3 [:

i
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We finally get the primary electron current from the cathode as

follows:

o = T#)ngv,

21, 12

where Yo = ()
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Table 1: Measured positive ion parameters

Gas Maximum  Maximum Critical Positive
flow Pressure current magnetic ion
rate current  density field density

fee/min} [10-2torr]  [mA]  [103a/m?] [10%auss] [10'2 cad]

5 1.7 10.v 1.46 2.3 . 2.8
10 3.2 11.6 1.60 3.0 ) 4.0
15 5.2 10.9 1.50 4.0 5.0
20 6.8 12.0 1.65 4.0 5.5
25 8.6 10.0 1.38 4.0 4.6
30 10.6 9.3 1.28 4.3 4.6

35 13.0 — -— - -
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Table 2: Measured negative ion parameters

Gas “Max mum Max mom Critical ~~ =~ "Regative
flow . Pressure current magnetic ion
rate current dens1¥ field d$nsity
[cc/min]l [10-2torr]  [mA] [103Al 1 [i0%auss] [10/2 ;em3d
5 1.7 - -— - _
10 3.2 1.7 2.3 2.0 0.4
15 5.2 2.4 3.3 3.0 0.8
20 6.8 3.3 4.6 4.3 . 1.6
25 8.5 3.6 5.0 4.0 1.7
30 10.0 3.4 a.7 4.0 1.6

35 13.0 2.9 4.0 4.5 1.5
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Table 3: Measured electron parameters

- h ETéctron
Gas current Critical Electron Electron
flow Pressure and magnetic
rate density field tamperature density
[ce/min]  [10-2torr] [mA] [10%auss] [ev] [10'2 /cm3]
5 1.7 13.8 2.0 43.8 0.8
10 3.2 10.9 2.8 25.2 1.5
15 5.2 9.4 3.5 7.4 2.4
20 6.8 4.8 -— 3.0 3.8
25 8.6 4.3 -— 3.5 2.9
30 10.0 3.7 - 3.0 3.0
35 13.0 3.3 - - -—
For gas For gas flow For gas flow
rate 5, 10 rate 20, 25, rate 20, 25,
and 15¢cc/ 30, and 35 30 and 35 ccf
min. these  cc/min. o min. ng=n*_r~
' numbers are critical where n*
the maximum magnetic {postivie)
currents, fields. and n- (nega-
The others tive) ion
are density.
currents at
B=1500

Gauss.



Table 4: Comparison of important physical quantities
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Pavlichenko Reflex type
Chen et al. Brifford et al. et al. Thomassen negative
(1962} (1963) (1964) {1966) ion source
______________________________________ (1966) (1968)
P 1.8x10-2 5x10-3 3x10-3
[torr] 1.5x10-2 5.7x10-3 10-3 10-2 10-2
I 0.2 0.3 0.3
1A 0.4 3
0.1 .9 0.3
14 70 66
[em} 85 6
as 100 130
R 0.75 2.2 2.05
[cm) 0.65 0.24
1.5 1.75 1.5
Te 3 20 -
[ev] 3 3
2.5 50 5
T 0.4 - -
[ev] 0.4 1.5
0.4 0.5 -
n 4.5x1011 5x1011 10!
[ /em3] 3xi0) 5x1012
101! 1012 iG]
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Figure Captions

Schematic of neutra)l beam injection system.

Electron capture cross section dqq @nd electron loss
cross section %1 for hydrogen ion and atom in H2

gas.

Neutralization efficiency n for hydrogen and deutrium
ions in each gases.

Rate of dissociative electron attachment to various
vibrational states of HZ: Hadehrag (1979).

Rate of dissociative electron attachment to various
vibrational states of D,: Wadehra® (1979).

Conceptual view of the central part and surrounding part
of the reflex-type negative ion source.

Potential distribution around the sheath boundary with a
transition region, and its effect to charged particles
in the reflex-type negative ion source.

Experimental geometry of the reflex-type negative ion
source.

Experimental arran-:ment fov.' the reflex-type. negative
ion source before it is modified.

Experimental arrangement for the modified reflex-type
negative ions source.

Twice scaled diagram of the original {left) and the
modified (right) reflex-type negative ion source.
Relations between the electric drain current and the gas

flow rate for various values of magnetic field for H, gas.
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Relations between the extracted positive ion current and
the gas flow rate for various values of magnetic field
for H2 gas.

Relations between the extracted negative ion current and
the gas flow rate for various values of magnetic field
for H2 gas.

Relations between the electron drain current and the
magnetic field for various values of gas flow rate for
H2 gas.

Relations between the extracted positive fon current and
the magnetic field for various of gas flow rate for H2
gas.

Relations between the extractéd negative ion current and
the magnetic field for various values of gas flow rate
for H2 ['EA

Relations between the electron temperature and the gas
flow rate for H2 gas.

Relations between the density of each species and the
gas flow rate for H2 gas.

Relations between the electron drain current and the
magnetioc field with changing the bias potential for

H, gas.

Relations between the extractad negative ion current ard
the magnetic field with changing the bias potential for

H2 gas.
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Relations between the extracted positive ion current and
the magnetic field with changing the positive bias
potentiai for H2 gas.

Relations between the extracted positive ion current and
the magnetic field with changing the negative bias
potential for H2 gas.

Relation between the bhias potential and the extracted
negative ion current (left), and relation between the
bias potential and the density fluctuation amplitude
(right) for H, gas.

Relations between the electron drain current and the
magnetic field with changing the bias potential for D2
gas.

Relations between the extracted negative ion current and
the magnetic field with changing the bias potential for
D2 gas.

Relations between the extracted positive ion current and
the magnetic field with changing the positive bias
potential for D2 gas.

Relations between the extracted positive ion current and
the magnetic field with changing the negative bias
potential for D2 gas.

The diamagnetic and the £ cross B drifts in the positive
column.

The diamagnetic and the E cross B drifts in the reflex

discharge,



Fig. A2-1

Fig, A2-2

Fig. A2-3

Fig. A2-4
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Potential distribution between two infinite parallel
planes, A (negatively charged) and 8 (positively
charged), the plane A emits no electrons and the current
from the plane A is space charge limited.

Potential distribution with its minimum near hot cathode
when the emitted electrons have an initial velocity.
Patential distribution near the sheath boundary obtained
from the plasma-sheath equation with simple assumptians.

Behavior of the fusiction f and g as n; is varied,
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Central (hot) region
Hz+e(primary) =H* +e+(primary)
Hp+ e(primary)~>HJ (v) + e (primary)

-

H-

Anomalous
transport

Surrounding (cold) region
HZ (v)+e—H"+H

XBL 825592
Fig. 2-3



Plasma

156

Transition region Sheath -

L

P

Po_sitiveI
ion
|
Negative ion @4,’—:
o Electron]

XBL 824-519

Fig. 3



Reflex type lon sourse

\

Faraday cup
_Bb —é\
b

Cylindrical shape —_|
anode

lon extracting
electr~de

XBL 824491
Fig. 5-1

151



Anode—/

i

®

Fig. 5-2A

/
Reflector

158

B
4
Faraday
Extracting| CUP-
;Cl’fe/ 7

T-?:\} -
A
J.: -

XBL 824-497



® o™
- C\:/) cathode
-
— i rﬁ\\k\
Insulator
) :
A
\
3{ F T bd™
[ e
L | ﬂ I—_‘,q.”v
Wall
anode
| L]
Y —@—7
Reflector

Fig. 5-2B

4

B

3

159

Top part of anode

\Ft:aday cup

XBL 824493



160

Hot cathode ~—Hot cathode
M/A _~—Arc definlg hole

r definlg hole
‘Top part of anode
% Insulator
% ﬂL/-lon exit stit lon exit slit
/ ’ Wall anode
% Anode oot
/ nsulator
Bottom part of
anode
~Reflector
i g 73— Reflector

XBL 824-494

Fig. 5-3



Drain electron current CmA3

161

150 1
2000 Gauss
00 n
3000 Gauss
4000 Gauss

50— ]
2000 Gauss
5000 Gauss 3000 Gauss
000 Gauss

5000 Gauss [

0 50

Rate of STP hydroaen gas flow [cc/min]

XBL B24-511

Fig. 5-4



162

-
2000 Gauss
3000 Gauss
4000 Gauss

g 10 —
E,

5

= 4000 Gauss
3 3000 Gauss
S 2000 Gauss
'5: 5t 5000 Gauss

!
O 50

Rate of STP hydrogen gas flow [cc/min]

Fig.

XBL 824.504

5-5



163

4 T
4000 Gauss
3+ 3 -
5000 Gauss
<
=
- 3000 Gauss
c
3]
= 2r -
s
© [m]
s
I 2000 Gauss
a .
I s
o |
50

Rate of STP hydrogen gas flow [cc/min]

XBL 824510
Fig. 5-6



Drain electron current [mA]

164

150 s

S

5ce/min

[0 cc/min
’—_

o)
@)

I5¢ce/min

30cc/min

35 CC/miSl

| i

0

|
5000

Magnetic field [Gouss]

XBL 824.507

Fig. 5-7



H"ion current [mA]

15

165

Magnetic field [Gouss]

Fig. 5-8

T 1 | T T
20cc/min
I0ce/min- |5¢c/min
S5ce/min

10— —
30cc/min

5+ —

] 1 \ N |
% 5000

XBL 824509



H™ion current[mA]

166

] T T T I

25 cc/min
R O

30 cc/min
20cc/min

!
5000

XBL 824-508

Magnetic field (Gauss)

Fig. 5-9




167

50 T T (o T T
By
L2 L° i
ob)
S
2
o - -
ob)
o o
£
_'G_J - _
c o
o
S
©  F .
QL
o

¢ 0 9 |
1 ] !
OO 50

Rate of STP hydrogen gas flow [cc/min]

XBL 824499
Fig. 5-10



Density [#/cm3]

T T T T |
1013 =
- ]
- o © e
N o o © © Positiveion ]
" o o o < Electron 7]
o 5 & & aNegative ion
102
- O A §
F ]
f— A -
- —
- -
] L 1 ! [
% 50

Rate of STP hydrogen gas flow [cc/min]

XBL 824.502

Fig. 5-11



Drain electron current [mA]

169

00— -
-6V
50L_ —
-4V
eV~ -2v
- <
o\-' &' A A -()\/
() ) i
0 5000

Magnetic field [Gauss]

XBL 824-515

Fig. 5-12




HTion current [mA]

170

A
A

5
2V
6V v
0 L [ | {
0 5000

Magnetic field [Gauss]

Fig. 5-13

XBL 824-512



F* 4 current [mA]

m

10 ]
oV
5 " —
[ 4y 2V
6V
1
0 5000

Magnetic field [chss]

Fig. 5-14A

XBL 824513



172

10 1

-6V
-4V
-2V
ov

Htion. current [m A]
(8]
|

|
Q 5000
Magnetic field [Gauss]

XBL 824-518

Fig. 5-14B



Negative ion current (mA)

| T _
<<
E
(]
©
2
-05 &
=
O
5
Fluctuation S
amplitude 5
=2
-
| 1 |
-5 0 5

Bias petential (V)

XBL 824508

€Ll

Fig. 6-15



150

O
o

16
O

Drain electron current [mA]

i ] | 1

I
5000
Magnetic field [Gauss]

XBL 824505

Fig. 5-16



D~ion current [mA]

175

T T T T
i -6V 4
-4V
L .y ]
~ —
2V
- ’
] I 1 |
5000

Magnetic field [Gouss]

XBL 824-517
Fig. 5-17



D*ion current [mA]

176

10 —
oV
Ay
4V

5 —

6V
] | | | |
OO 5000

Magnéﬁc field [Gauss]

Fig. 5-18A

XBL 824-516



D*ion current [mA]

177

7 T mi T T
10 ]
oV
-2V
-6V
- -4V
a 6V i
ov
! 1 L 1 |
C)O 5000

Magrnetic field [Gauss]
XBL 824-514
Fig. 5-18B




178

L-ly "6t

Z6¥-¥Z8 dx

HUp Jlysubowpiqg AN
HuUp gssen 3:3n

r
Tlll\

"
-




179

s:
Hup dyeubowoiq dn
}Up g sso J:3n

Z

2-lv 614




180

Without space change

\Spocp change
limited

A B x

XBL 824-500

Fig. A2-1



181

regiona | region B

. :
v N X

XBL 824-498

Fig. A2-2



Nio= Neo

Plasma region

182

Njo > Neo

Sheath region

Fig. A7-3

XBL 824.501



183

Fig. A2-4



