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H™ Production in a Multicusp Microwave Plasma*
John Robert Trow
Ph.D. Thesfs
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720
Abstract
High energy neutral beams are necessary for the continued
development of magnetically confined fusion plasma deQices. Neutral
beams based on positive ions are not efficient at beam energies of 100
kevV or above, however negative jon based neutral beam systems are
efficient, even at high beam energies.
volume production of H has many advantages over the other
methods, chiefly: simplicity of design and operation, and no need for
alkalaj metals. Since volume production requires a low electron
temperature (~ 1 eV) but also requires ﬁo]ecu]ar intermediates only
formed by more energetic electrons (2 20 eV), double plasma devices
with a separate hot electron region are desirab1ef Therefore an
experiment was undertaken to examfne H™ production by volume
processes in a multicusp microwave discharge, part of the cusp field
being enhanced to produce an ECR (electron cyclotron resonance), that
would also isolate the hotter plasma formed there. This arrangement
is analogous to the "magnetic filters" used in some other negative ion

sources.

*  This work was supported by the Director, Office of Energy Research,
Office of Fusion Energy, Development & Technology Division of the
U.S. Department of Energy under Contract No. DE-AC03-76SF00098.



This work describes the experiment set up and the results obtained,
which are a survey of the behavior of this type of device. Also
1nc1udeq is a discussion of the volume processes associated with H
production 1nc1ud1ng numerical estimates, based on the experimental
measurements, which indicate H production is by dissociative
attachment of cold electrons to vibrationally excited hydrogen
molecules, and loss is by mutual neutralization with positive ions.
The'experimental observations are consistent with this model. These
are also the same mechanisms used in the models of Bacallandbﬂiskes.

Since magnetic fields generated by samarium cobalt permanent
magnets were an important part of this experiment a set of field
calculations was undertaken and is included here as a separate chapter.
| ‘This device is shown to be a viable scheme of H (or D)
production and is worthy of further development. There are several
more quantities which still need to be measured listed in the

conclusion, along with suggested improvements.
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Chapter I

Introduction

Plasma ion sources from which high current D (negative
deuterium ion) beams can be extracted are needed to produce the higher
energy neufra] beams necessary for the next generation of magnetically
confined plasmas for continuing fusion energy deve1opment.A High
energy beams of neutral particles can carry energy, momentum, and the
particles themselves into the plasma core through thg strong magnetic
fields used for containment, which would divert charged particlé beams
away. (Fig. 1-1) Once inside the plasma these particles are
collisionally ionized and thereafter trapped by the confining fields.
The most straight forward use for neutral beams is bulk heating of the

1,2 Since the beams

plasma, but there are also other app11cations,
do carry momentum they can be used to drive currents in fusion
plasmas, leading to longer pulse duration in tokamaks. Injected
neutrals with a chosen velocity can charge exchange with plasma ions,
what was the plasma ion now being a neutral particle and hence
unconfined, leaves. This pumping of ifons is used to tailor ion
velocity distributions, which leads to greatly enhanced end cell
plugging in mirror machines. Thermonuclear fusion means that the
plasma ifons are required to have a temperature that is high enough so
that a sufficient number of them will undergo collisions energetic
enough to overcome the Coulomb barrier, and fuse. For such a plasma
to become self sustaining (ignite) the energy in the charged particles
produced by these reactions must balance all plasma losses. The very

high temperature required for ignition may be reduced by relying on

the collisions between the very high energy particles from neutral
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beams and the plasma ions rather than collisions between plasma ions
themselves to produce the 1nit1a1 fusion reactions. Such a écheme may
be used to do the final plasma heating up to true thérmonuc]ear
ignition.

All ofvthese uses require the beam to penetrate a certain depth
into the plasma, but of course not out the other side; this determines
the beam'energy required. As plasmas become larger and denser, ever
more energetic beams are required. Present p]ans3 call for beams
with energies in excess of 100 keV and even up to 1 MeV with mahy
megawatts of power required (hence several 10's of ampere equivalents).
Presently all systems utilize collisions with either gas or plasma to
neutralize the beam ions; this imposes a maximum obtainable neutral
fraction less than unity, since subsequent collisions can cause
reionization. Neutralizing positive ions by electron capture becomes
increasingly less efficient as beam energy is increased, whereas
neutralizing negative ifons by stripping off the weakly bound extra
electron remains very efficient even at high energies. For negative
ions an ideal neutralizer can be had by using photons whose energy is
sufficient to strip the extra electron, but not enough fo cause
subsequent fonization. Such a photodetachment scheme promises
efficiences in excess of 95% for any energy. (Fig. 1-2). Higher
energy neutral beam systems of any reasonable efficiency require
negative fons.

Hydrogen has 3 stable positive ions: H+. H;, H; {1ikewise for
deuterium), hence positive hydrogen ion beams are combosed of a
mixture of these, resulting in a neutral beam with H° (Do) atoms

at full, 172, and 1/3 the acceleration energies. This is undersirable
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since these low energy neutrals will not peﬁetrate to the plasma core
and deposit energy where requred, and may even be detrimental by
heating the outer plasma layers. Hydrogen has only one stable
negative ion H , hence for negative based neutral beams this problem

is eliminated.

D~ Sources

Presently D sources4’S are of three types: double charge
exchange systems, surface production/convérsion sources, and volume
production sources.

Double charge exchange systems convert a low energy positive fon
beam (typically 1 to 10 keV) into a negative ion beam by capturing two
e1ectrons in an alkalai or alkaline earth vapor cell (Fig. 1—3).6
This beam is then further accelerated, and then neutralized. Approxi-
mately 10% of a 10 keV proton beam can be converted to H in
sodium vapor, and up to 50% of a 250 eV proton beam in strontium
vapor.7 Much less current can be extracted from positive ion
sources at these low energies leading to accel decel systems. High
current beams at such low energies will be highly divergent due to
space charge effects in the beam and large scattering angles in the
vapor cells, decreasing efficiency and causing high electrode
loading. Metal vapors are hard to confine, resulting in contamination,
which will greatly reduce the voltage holding capabilities of the
accelerator structures, and in the introduction of these metal
impurities into the fusion plasma.

Surface D sources rely on production from a cesiated metal

surface which is inserted into a hydrogen plasma (Fig. 1-4). A cesium
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layer adsorbed onto a metal substrate produces a low work function
surface which enhances the formation and subsequent escape of D
jons. Optimum D~ production requires a partial monolayer of cesium
on the surface.8 The converter surface is biased negatively with
respect to the plasma to expel the D~ ions formed (self extraction)
and to also attract positive tons which bombard the surface, some of
these back scatter as D or sputter off D ions which have formed
at the surface. This positive ion flux represents a large drain on
the plasma and also requires much additional power to maintain
converter bias (10's of amps at 100's at volts). Ion bombardment also
erodes the cesium layer requiring either a pulsed operation, where a
fresh cesiated surface is prepared subsequent to each pu1se, or for
some kind of equilibrium between cesium injected into the plasma, and
cesium adhered to the surface, which is not readily controlled. The
D  ions are extracted across a weak magnetic field which bends away
the electrons but only slightly effécts the ions. The relatively
large transverse energy of the D from the converter (mainly due to
the backscattering contribution) and the 1nﬁerent divergence of the
self extraction scheme degrades beah optics. Even so these sources
have yielded the highest D currents yet obtained and are the major
area of neéative fon source work.

It has been observed that some hydrogen plasmas have a significant
H density in the center.9 Much simpler negative ion sources |
which require no cesium or other metal vapors would result from large
high density plasmas of this type; also volume formed H has a low

temperature which would yield a low divergence beam. Here the problem



is extracting these ions from the volume of the plasma through the
positive plasma potential generated to retard electron losses and
maintain quasineutrality. The other acute problem, which is also of
concern in the other types of H sources, is electron supression:
simple schemes to extract negatively charged particles, from a plasma
will also draw out large electron currents.

Study of volume production indicates that H production is by
multiple electron collisions with hydrogen molecules in the discharge.
One or maybe several energetic electron collisions produce a suitable
intermediate (excited molecule or molecular ion) which is then
dissociated by attachment of a low energy electron resulting in H-.]0

The identity of the intermediate has not been firmly established
yet because no means of measuring the populations of the likely
candidates, so as to correlate them with H densities, are now at
hand; although methods are under development.

The plasmas used for H volume studies so far have chiefly been
hot filament discharges. Energetic electrons (called primary
electrons) are 1nje§ted into hydrogen gas to collisionally ionize it.
The vast major1ty.of the electrons in the discharge are low energy
thermal electrons (Te < 2 eV) but a high energy tail stretches up |
all the way to the filament voltage (typically around 50 volts). This
tail is produced by the primary electrons whose energy is continally
decreased by a series of inelastic collisions. These high energy
electrons are the chief producers of the molecular intermediates. but
also constitute the major destruction mechanism of H since

collisions with energetic electrons detach its weakly bound extra
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electron. This naturally leads to investigation of double plasma

1,12 where energetic electrons are confined to one region

discharges
but neutrals, ions, and thermal electrons are allowed into a second
region for H production. This region of less energetic electrons
will also have a lower plasma potential which makes H extractibn

easier.

Multicusp Microwave Plasma

This experiment does not use a hot f1lament discharge but micro-
waves (10.6 Ghz - 3 cm). The hot tungsten filaments used so far, have
relatively short lifetimes, and filament discharges have long turn on
times since the filaments must first reach emission temperatures (this
is especia11y undesirable for pulsed operation); hence alternatives
mefit jnvestigation. Also this discharge will have a different
electron distribution, so by comparison and contrast more can be
learned about volume processes.

Microwaves are that part of the electromagnetic spectrum with
wavelengths comparable to the size of ordinary objects (ie A ~ 1 cm
and » ~ 10]0 hz). For use in this thesis, in conjunction with
plasmas, the word microwave will mean an alternating electric field
with a frequency.that is much greater than any collision process
involved, therefore the electrons will undergo many unperturbed
oscillations in this field before colliding. Elastic collisions, by
momentarily decoupling the electron's velocity from the oscillating
f1e1d, add part of it to the particle's random (thermal) velocity

since, statistically, the direction of travel immediately after
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colliding is arbitrary. The electron is immediately swept back into
oscillation by the field; thus by a random walk process, energy is
transfered from the microwave field to the electrons. This is to be
contrasted with high frequency discharges where the electron will
undergo several collisions before it could have otherwise completed
one osc111ation in the electric field. These are in many ways really
more of a d.c. discharge which frequently reverses direction.

In this experiment coupling is enhénced"in one region by a
cyclotron resonance producing magnetic field (Fig. 1-5). There is a
distinctly brighter plasma confined to this gyroresonance zone hence
this magnetic field also serves to separate a small hot plasma from
the rest of the volume. This benefit is probably lessened somewhat by
the fact that a significant microwave field exists even in the cooler
plasma region resu]ting in subsequent electron heating.

Multicusp magnetié fields from permanent magnets (Fig. 1-6) have
been successfully used fof several years to improve performance of
filament driven, low temperature p1asmas.]3 This arrangement
reduces the effective loss area at the wall to a narrow ;trip along
each cusp while maintaining a field free plasma in the center.14
Also a relatively flat central radial density profile is obtained
since transport near the walls has been greatly redﬁced. For this
work a line cusp arrangement was used.

This dissertation describes the microwave plasma experiment
assembled, a survey of the trends pertainent to H production that
it exhibited, and a discussion of some relevant physics theory. |

Chapter Il considers the overall nature of the discharge namely energy'
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flow from the microwaves to the electrons and into the plasma.

Chapter III considers the formation and loss mechanisms of the
principal particles that are present with emphasis on H formation.
Chapter IV looks at a set of calculations that were performed to gain
.understanding of the magnetic fields obtainable from the very strong
permanent magnets now available. Chapter V describes the apparatus
and Chapter VI its utilization 1in performing the experiment. Chapter
VII discusses the results obtained and compares them to the theory
discussed in Chapter III and to results from filament discharge

experiments.
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Chapter II

Overall Nature of the Discharge: Enerqgy Flow and Plasma Confinement

In this chapter some general aspects of the discharge will be
evaluated theoretically and a simple model will be used to estimate
what temperatures and electron densities could be expected in the
small ECRH plasma in this experiment. In the next chapter these will
be combined with experimentally measured values for the relevant
parameters in the nonresonant plasma to examine H formation and
Toss and determine the principal mechanisms.

Plasma Potential and Enerqgy Transport

Consider a steady state plasma bounded by a continuous perfectly
conducting wall, which will serve as the reference potential

(o 0). The problem of interest, namely transport to the wall,

wall =
has already been solved numerous times15. but it is necessary here

to extend it to fhe case of a plasma composed of several species of
fons. The'electrons will be assumed to have a maxwellian velocity
distribution (temperature Te) but the ions' temperatures will be
considered negligible and ions will be treated as a set of cold
interpenetrating fluids. The plasma will assume a positive potential
with respect to the wall in order to retard electron loss and enhance
jon transport to maintain steady state. The electrons will be assumed
to be isothermal and hence described by a Boltzmann spatial

distribution

qe(l—op)/Te
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(temperatures will be given in units of energy, specifically, electron
volts) where z is the coordinate normal to the wa11, ahd 9 is the
absolute value of the electron's charge. Negative ions are present
but only in very small quantities (n ~ .005 ne). Since they also are
confined by the plasma potential it is assumed they will also assume a

Boltzmann distribution, the total negative charge density would then be

qe(n-ap)/T qm(n—np)/Tm

- _ .0 e 0
p (2) = Nedg® +§ Pndme

To first order this is equivalent to electrons only with an effective

temperature

-
=
30
0
3
—

0]
n
T =—g:rf—+z

o
1]
-

eff

=]
o
o
¥
3

0

)
e Je ¥ E:"m qm)

o L. (n
where n~ = qe

which is lower since the negative ion temperature will be lower. For
this work the effect of negative ions will be negligible.

A simple model of the transition at the wall will be used: the
plasma itself will be assumed to be quasineutral and separated from
the wall by a thin, non-neutral sheath with a well defined sheath
edge. Motion across the sheath will be considered collisionless and
formation apd loss of charged particles in the sheath will be
considered negligible. As has already been shown.IS the concept of a
well defined sheath edge is not compatible with this cold ion model
and 1t will be assumed the fons acquire a net drift due to a potential
gradient which éxtends on into the plasma. The fon spatial
distribution in the sheath can be gotten from the equation of

continuity and the equation of_motion.
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an

s >
H— +V‘(HSVS) =0

nsms(%f + cs' ‘7)35 = ngq (-Ve)

(index s for ion species). For a one dimensional, steady state case
these can be simplified and rewritten as

ns(z) = ns(a),vs(a)/vs(z)

& G s

+ qsn) =0
Let point a represent the sheath edge and assume the velocity that the
{fons écquire is due solely to the potential drop in the plasma
preceding the sheath, then the ion distribution_can be written as

e e 0 e T T [(s, - 8(a)) |

s s (op - 6(2))
where it has been assumed that beyond the sheath edge the plasma is
quasineutral and ion composition does not vary. The only quantity
necessary here is the ion contribution to the charge density which is

Pion(?) = L AN (2)
but note from the previous equation that the only part of the
summation that depends on the particular species is it's reference
density, all else factors out, leaving a trivial summation
. L qsn: - ng

due to quasineutrality. Thus the ion charge distribution is
independent of the ion composition under these assumptions and the
result will be taken from the derivation of Chen‘|5 for a single ion

species
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) 6, - 8(a) 2

N |—
mn lm—i

In the plasma next to the sheath where the small accelerating field is
assumed to exist the ion motion is still governed by the same equation

of motion, hence

d 1
iz (2 msvg +q58) =0

but the equation of continuity is different now since ion production
and loss due to processes other than transport cannot be negligible.
From the equation of motion it follows immediately that the ions will
be streaming out at their respective sound speeds upon reaching the

sheath

vs(a) = -

and the density determined by Boltzmann's equation will be
| n (a) = n: e V/2

The plasma potential cén now be calculated from the steady state
requirement that net current to the wall must be zero. A1l ions
entering the sheath will be lost, but only those electrons with enough
energy to overcome the Coulomb barrier at the wall will escape. To
preserve the maxwellian velocity distribution collisions or some
equivalent mechanism must replenish the fast electrons as quickly as
they are lost. it will also be assumed that any departure from a
maxwellian in the sheath will not be enough to alter the electron -

spatial distribution significantly from a Boltzmann profile. Equating

the ion charge flux at the sheath boundary to the charge flux carried
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across it by electrons with sufficient energy to reach the wall yields

- 2
o =1/2 me -1/2mev /Te
"e® e JTT 20,9 ve @
e ep
me

_ o -1/2
= Z: n e qq Te/ms

This can be evaluated and simplified to yield

—

2«m

o

n_q

‘p =--£ Tog Z—S 3 = (1)

) q 0 m
e _ Nede - 3

This is shown in Chapter VII to agree well with the measured value.
Now the second quantity to be determined is the average energy
removed by each electron lost. That can be determined by dividing the

energy flux by the electron flux and has been determined by
Loveber'g..|6 |
A¢ = qe $ + ZTe
The ions will also carry out an additional 1/2 Te acquired during
their acceleration, before entering the sheath. The total energy lost
by the plasma by flux to the wall is thus
dn

55 - (D o

transport t transport €

where Q is defined as follows:

n. g
Q = % + log Z: —
n

(2)

® O
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Microwave Discharges

Consider the single particle equation of motion for collisional
oscillation in a microwave field with a d.c. applied magnetic field

present.

g -+
x B) - L

>
A4

a
0 i<y

-
=1 (E+

=

where m is the collision frequency for momentum transfer. In this
discharge the dominant collision for electrons is with neutral
hydrogen molecules. For a 7 eV Maxwellian electron distribution the

ratio of the average collision frequency to pressure is 5.7 Mhz/mTorr.

-> -> - A - A
For B =BZ and E = E e luts Ee 1ut2 this can can easily be
solved to yield
v = v-iw (qu >
X (9—10)2 + 92 m
.. Q v,
y (v-iw)

L (%)
z v-jw \ m

where @ = gB is the gyrofrequency. The average power transfered to
mc

the oscillating particle is

2 .2 2._.2 :
> > q <E™> _ q <E>>
<gE-v> = X Re< L 2>+ 2z Re< ] >

o
]

m (v—iu)z + 0

2 2
- L 2,2 1 1 q. .2 v (3a)
P=m <Ex>2<°2 * 32 2>+m <Ez><2 2>
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This can be rewritten in terms of an effective field strength

@ .2
p = o= <E> (3b)

<Ez>='2’—<2 1 2+2_] 2><Ez>
v + (w-Q) v+ (wiQ)

This can be applied to the effective electric field paralliel to the
applied magnetic field and also when there is no applied magnetic
field, by letting Q=0

2
2, _ ) 2
<Ee> =3 2 <g™>

v +w

Figure 2-1 shows the tremendous enhancement (5 to 6 orders of

‘magnitude) of coupling obtained for resonance (w=0) for v = 1.1 x 108

and » = 2.8 x 108 (gas pressures 20 to 50 mTorr) which corresponds
to the operating range in this experiment. Note that at resonance

2

2
<Ee> =

<E™> for all v << w.

N |t

Simple 1-D Steady State Discharge

A very simple theor'y]7 will be developed as a basis for

understanding the small hot plasma formed in the gyroresonance zone.
Figure 2-2 shows a sketch of this region (see also Figs. 4-14, 4-18,
and 5-3). The pertinent facts are that particles are constrained to
move along the strong magnetic field lines, and tﬁat the
characteristic length is about 1 centimeter.

Consider a plasma composed of a single type of positive ion which
is formed by e1ettron collisions with neutral gas particles in the

discharge and lost to the walls. The electron density equilibrium
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Fig. 2-1 Enhancement of the Effective Microwave Electric Field by
Gyroresonance (3.8 kgauss for 10 Ghz).
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2-2 Sketch of enhanced cusp field region. The ECR zone
is shown in red. The magnet pole faces are the white
bars above and below it (compare with Fig. 4-4).
Microwaves enter through the two rectangular wave-
guides.
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equation is

3ne )
3t - Me"o%%on Ve~ ~ M/t =0 (4a)
no<°1on ve> T =1 (4b)

where <°1ve> is the ionization rate coefficient and t is the
characteristic loss time. The average ion loss time will be

-approximated as the time to travel the characteristic length at the

sound speed.

.'r = L/Vs S (5)

for a characteristic length L and the sound speed given by

T
e
v_= |—

S m,
1

Equation (4b) provides a functional relationship between o and Te’

since both T and <o, _v> depend on Te. Notice also input power

ion
has not yet been inc]uded] in this model Te is independent of it,
but assumes the value necessary to balance ionization with loss at
each pressure. Figure 2-3a shows the solution obtained using the

fonization rate for

- +

e + H2 —> 2 + H2

(see Appendix C for method used to produce this and subsequent graphs).
If we assume an input power P per unit volume the energy balance

equation is
P=mng Ny <ouve>es +QT n/1=(ey+0Q7T)n/c (6)

where Q is as defined in equation (2) and €5 is the effective
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ionization energy. Not all inelastic electron-neutral collisions are
jonizing; many result in electron excitation and for neutral molecules
in vibration and rotation or even dissociation. Most of the energy
into electronic excitation is lost by radiative decay, while vibra-
tional and rotational energy is distributed among all the neutrals by
neutral-neutral collisions. Therefdre much more energy than that
necessary to ionize a neutral must be transfered from the microwaves

18 et al

to'the discharge to result in one electron-ion pair. Miles
have looked at electron energy deposition in hydrogen theoretically by
summing over all inelastic collision paths for both the original
electron and the secondaries until the energy is expended; they
assumed no electron heating mechanism, but that all the energy was
present with the initial electron. For electrons starting with 100 eV
or more the effective energy expended for each ionization was
independent of the initial energy and was about 35 eV. As initial
electron energy is lowered this effective ionization energy sharply
increases, and paéses 100 eV at about 30 eV initial electron energy.
The actual problem including microwave heating would be far more
difficult, but ﬂi]es' work indicates that the effective ionization
energy will be quite high. As an approximation g = 100 eV will be

used. Equation (6) can be solved to yield n, as a function of o

using Te obtained from (2)

n = P (6a)
no<°1ve>°j+ Q Te/r

Note that LA is directly proportional to P. This is shown in

Figure 2-3b for P =‘300'watts/ém3. Since total input power was
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about 750 watts and the volume of the gyroresonant zone was about 2.5

cm3 this is the right magnitude for the available power.

Applicability of this Model

Now consider whether this model can be applied to the small
gyroresonance zone. Several aspects will be considered and shown to
fit with this model. At the same time a good understanding of this
sméll plasma will be obtained.

Firét. even though the model does not directly consider the
mechanism for energy transfer namely randomization of the electron's
oscillatory motion in the microwave electric field by collisions, is
it compatible with this? The model considers the electrons to be
characterized by a temperature Te and for the ionization and loss
rates to be determined by it. For the electron energy to be
maxwellian some randomizing agent must be present, thfs is the
collisions; even though they are predominantly with gas particles and
not other electrons they do cause random amounts of kinetic energy to
be decoupled from osgi]]ation. Since the model uses fluid equations,
by necessity the electrons should undergo several collisions before
being lost for tﬁese to be applicable. Figure 2-4 shows the average
number of collisions predicted for an electron in the time it takes it
to travel to the wall at the sound velocity.

Neot1 = ®
for both electron neutral co'l]i's_*‘ons]9 (°eo) and electron ion
co111510n520 (”e1’ calculated from

v = n <o v>,
eo o eo '
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n1e4 log(A)

Coulomb
] = Nn,<o V> =
i i i
e e 6v \/3m, cg(re)a/z
1
v = v

ee 2 el

The electron will make on average at least 10 collisions with a
neutral before it is lost which should be enough.to Justify Te and
at higher pressure electrons will be exchanging energy in collisions
uith each other.

Secondly how do the particles' random energies compare with that

tied up in oscillation? The oscillation kinetic energy is

m, 2 2y _
Cosc =2 Yy T V) =

|13

* *
(vxvx + vyvy)

2 2
_ e Ex v2 1492 + QZ -
T 4m 2 2.2 2 2

(v2+§z ~—w) +4u v

The collision frequency v is considered here as a function of €osc”
Microwave power up to 750 watts is delivered from 2 rectangular wave-
guide openings (TEOl‘mode) each 2.3 x 1 c¢cm. For a waveguide of
these dimensions w1tﬁlno additional reflected field we have average
field strengths

100 v/em < E < 500 v/cm.
Fig. 2-5 shows the oscillation energy at resonance for these microwave
fields as a function of magnetic field. The actual resonance region
is very thin, about .5 cm for the region from 3 to 4 kgausé. As seen

in the figure at even the high electric field an electron must be

within a region less than .1’kgauss wide to have energ1és in excess of
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100 ev. The gyroradius for an electron is

v c\IZ € m
_ _osc _ 0sC

_ -3
rg = = B = 3.4 x 10

Ve
B

for rg in cm, ¢ in ev and B8 in kgauss. Physically the region for
energies in excess of 100 eV will be only about .01 cm wide which
equals the gyroradius it would have at 3.8 kgauss hence an electron
could not stay in resonance if it were that energetic. Some electrons
with several 10's of eV of oscillatory energy might exist in a narrow
band right at resonance but most in the region will have only a few eV
of oscillatory energy; so indeed for most of the region high random
energy electrons will account for ionization. For calculations a
Maxwellian velocity distribution is used and results are seen not to
be grossly in error.

To look at this another way consider an electron at gyroresonance,
how much random energy can be acquired.by the time it drifts to the
wall? A good estimate would be

c=pT |
Using (3b) for the average power transfered to each electron and
u=108>we get a staggering energy transfered, in excess of of 105
eV in time 1. Of course energy transfer of this magnitude does not
take place, but this does mean paftic]es can be off resonance, with
the effective field reduced by several orders of magnitude, and still
be adequately heated. From (3a), ignoring the second term‘which is

negligible near resonance since uz as]04 *vz, we can get the

field necessary to impart a power p from

S

2
Q zuf_\lgm—; <Ez> - ,,2
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Choosing as a reasonable necessary power p = (c1 + QTe)/T we get

AB . mc 'ezu L <E2> _ 2 (8)
broadening ~ e 2m(ey + QT )V, v ‘

Figure 2-6 shows this for £E = 100 v/cm and E = 500 v/cm, note the
tremendous effect of increasing microwave field strength on size of
the effective resonance zone. Also note how rapidly this broadening
increases with pressure (due to increase in °eo) rangfng from about.
100 gauss at 5 mTorr to over 900 gauss at 50 mTorr for 500 v/cm. This
means that not only does Ne in the gyroresonance zone increase with
pressure but so does the effective volume.

Thirdly the model predicts that moderate powers will produce
densities well in excess of ]0]2 cm-s. Because of the geometry
the electromagnetic modes of interest are those traveling across the

21

magnetic field. The microwave frequency for this experiment was

fixed at 10.6 Ghz, thus the cutoff density for the ordinary mode is

m
ol - &2 _1.4x10

e 4182

cm™3

and the upper cutoff density for the extraordinary mode is

m
Q
ext _ _e ord =2 nord

ne 5 w(lw +Q) = ne (1 + ;) e

4we

Beyond cutoff the microwave field will be an evanescent mode with a

skin depth

= (9a)

§ = =t = =,
2 2 2
J“pe ~ ¢ /ﬂ n - (2r x 10'0)2
me e
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for the ordinary mode and

§ = = (9b)

2 _ 2
0)2 wp € ° - uz
pe u2 + QZ - mz

a pe

for the extraordinary mode. These are plotted in figure 2-7. Neither
mode will propagate through the dense resonance plasma, nor will the
~evanescent field penetrate all the way, however on the.steep density
and field gradients along the edge the waves will convert to other

plasma wave modes which will propagate.zz'23

Fourthly is the assumption of loss of ions only to the walls
valid? The mean free paths'for destruction by the fastest processes

namely

are defined by

= n1<av>

where the rate <ov> is calculated using the electron temperature for
the first two, but ion température. which is not really known, is
ﬁeeded for the last. It should lie in the range

.1 eV <¢ <1lev

jon

in which range <ov> for conversion to H; varies from 2x10_9 to

Sx10-9 cm3/sec. Figure 2-8 shows considerably more than one

centiméter is required for ion loss, but that most of the H; are
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converted to other ion forms. The equilibrium fraction of H; can .

be gotten by equating the rate for ionization with the rate for loss

+
ne no <"'lonw = n2 (no<°2-+3v‘lon> + ne <°2->1ve >+ W >
+
n n <o v>
;g . o don (10)
e _
Mo <923 Yion™* Me <9241 Vo> * 11

(this type of equation and notation is explained in Chapter III in the
section entitled Reaction Rates). This fraction is shown in Fig. 2-9.
The fact that most H; is converted to another ion type is not
serious for the model it only means the effective fon mass is somewhat
different but this would have only a very small effect if included
since it only appears in va.

Finally using the formulas for curved field driftz4 an estimate

will be made of how far a particle would drift before it is lost to

the ua11;
-+ ->
-> mc R xB8
14l ' 2 C_
Varift q (v“ + 1/2 vl) ];—TET;TE
c

where Rc is the rédius of curvature of the field. Converting to

MKSA units and substituting in the appropriate values.

21
19

* 3 x 10?
* 4% .0

Yarift _mv__ _ 1.6 x 10

= .08
v q B R 1.6 x 10

The particle will thus drift about .08 *L which is negligibly small.
Overall this model fits remarkably well in spite of its simplicity
and although no direct measurements have been made on the gyroresonant

zone plasma it fits the observed patterns.
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(1) Gyroplasma visibly larger and much briéhter as gas pressure
increased (both Ne and width of gyrozone predicted to increase).
(2) Power reflection becomes a serious problem as pressure increased
(dense plasma extends in froht of waveguide openings).
(3) Estimates made in the next chapter based on Ne and Te from
this model agree well with measurements.
The gyroresonance plasma can be expected tO'héve electron

-3

densities of several times ‘IO12 cm = with density and physical

size increasing and electron temperature decreasing with gas pressure.

Nonresonant Volume Plasma

The plasma in the nonresonant region of the chamber is composed of
particles formed in the outer layers of the gyroresonant plasma and
also of those formed out in the volume. There is still a very large

microwave field out here but the effective field density <E:> is

5

reduced by 10 ° to 107, The characteristic length is now 10 cm

(ignoring multicusp field) and Te is relatively low (1-2 eV) hence

=l ~1x 1073 sec

The gas pressure is in the same range hence
2 x 10 < veo < 2 X 108 sec-i
The microwave heating rate (per particle) from (3) is

2

e v 2

P = 2m<2 2><E>
w +9v
thus the expected average energy transfer is
c=pr=_.5to5 eV

for the range of ®eo indicated and £ = 100 v/cm. This is about
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right since the volume plasma will run even with no gyroresonant zone
' -1

present for pressures exceeding 10 mtorr (v > 4 x 107 sec ).

The chamber walls are co:ered by a multicusp arrangement of
permanent magnets. The effect of this field can be thoughttof as
increasing the number of encounters with the wall a particle will
survive before it is lost. This will increase average confinement
time for any electron and hence increase the energy transfer from the
nonresonant field to it. This increase in energy transfered from the
microwave field does not all go into increased electron temperature
‘but i{s again transfered by collisions to the neutrals increasing gas
temperature, excitation levels, and resulting in more local
fonization. This is to be contrasted with the primary electrons in
filament discharges where increased confinement means more energy loss
time to the plasma by ionization and sharing of energy with thermal
electrons, but no increase in primary electron energy since they start
with all the energy they are going to get.

At very high pressures bright crescent shaped plasmas form in the
muiticusp fields. This is probably due to collisional broadening of
the gyroresonance in the cusps since the magnetic field strength there
is up to nearly 3 kgauss, and there is a large increase in field

strength as the cusp is approached hence electrons could well be

subject to mirror confinement.

Improved Gyroresonant Zone

In chapter IV a design for a much improved gyroresonant zone is
presented. Here a considerable increase of field strength will occur

along field 1ines before they reach the wall, hence there will be
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mirror confinement. The zone is to be physically much 1ar§er and much
farther from the wall. With a good design for a microwave antenna
this design should produce an excellent double plasma for H_
production since Te in the resonant plasma should be much higher and
particles should drift out into the volume rather than being lost.
Nearly complete absence of microwaves in the volume should be

obtainable due to greatly improved absorption.
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Chapter III

Formation and Loss of Discharge Components Relevant to H

Introduction

- In this chapter the collisional processes in the plasma relevant
to H formation and loss will be considered to determine which
processes are the most important, those will be used to obtain an
equilibrium equation for H density, and hence relate it to
controllable parameiers. Relatively complete computer models for the
hydrogen plasmas used as ion sources are research projects in them-
selves. Chan et a125 are‘continuing too deve]ob a computer model
that predicts the hydrogen species densities (H+. H;. and H;) in
positiveiion sources and in order to include an accurate electron
distribution, have included all relevant inelastic processes so that
the high energy electron tail can be constructed by accounting for the
collisional energy loss of the 1njected‘f11ament electrons. Hiskes

26 and Bretagne et a127 have separately considered the

and Karo,
entire electron distribution as a whole by numerically solving the
Boltzmann equation. Their works clearly show the high energy tail and
nearly maxwellian low energy distribution of filament sources but of
course knowledge of the ion population has been Tost. .

| None of the cross sections known around 1970 could account for the
relatively high density of H found in low to moderate power hydrogen
discharges. Since then studies (to be discussed presently) have shown
that dissociative attachment cross sections for various excited

molecular states or molecular ions are several orders of magnitude

larger than for ground state hydrogen, and are high enough to account
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for the H densities reported. These have however also complicated
the picture since they also need to be formed by an additional

28,29 have been

collisional processes. Bacal, Hiskes; and co-workers
developing a model for volume H production which agrees rather well
with measurements. This model is based on H production by
dissocfative attachment of low energy electrons to highly vibration-
ally and rotationally excited molecules which in turn are formed by
collisions of energetic electrons with hydrogen molecules. Their

collective works will be referenced several times in this chapter and

the final result is very similar to theirs.

Reaction Rates

The determination of which processes are dominant and consequently
what the dependence of the H-\density on measurable parameters is,
depends on determining the rate at which each process proceeds; for
this reason this section might well be called plasma chemistry. The
collision processes are all binary with measured or calculated cross
sections (o) from which a rate coefficient can be calculated by
averaging ov over the appropriate velocity distribution, here assumed
to be Maxwellian. If there is a high energy tail to the distribution
it is assumed to be negligible in effect. As an example consider the
basic jonization equation

- + -
e + H2 —> e + Hz +e

the rate is

+

dn

<dt2> -=nn<a1 v>
form e o0 on )
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where <> indicates an average over the electron velocity
distribution. As a ugefuT shorthand ov will be replaced by an
alphanumeric symbol for the process, since many rates will be used#
for this case

<dion V> —> <lIon 2> | |

The other type of process to be considered, which is the dominant

loss process for nearly all species, is drifting to the wall. Since
the mean free paths for significant momentum transfer of any species
exceeds the chamber size this loss rate will be estimated to be the

average particle velocity divided by the characteristic length, for

example
H; + wall —> H2 + H
+
( dn, ) L+
dt loss 3 3

13 = L/v L/ JZ:/m

For the species of interest these are summarized in Table 3-1 for

L =10 cm €ion = .1 ev and Tgas = 500 K. Gas temperature and 1on;
energy are inferred from measurements on other (filament driven)
p]asmas.30 |

Steady state density relations are established by equatihg the

formation rate with the loss rate
<dn> o ¥ <dn) §:<dn>
it - it -Llgt) =0 (M)
dt total dt form dt loss

where of course the summations are over all processes. This will be

what is meant whenever equilibrium equations are referred to.
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Table 3 -1
Species Velocity (cm/sec) 1loss time (sec) rate (sec—])
H, at 500K v_=2x10° T =5x10"° 2x10*
W at .1 ev V =4.4x10° T =2.3x107° 4.4x10"
Hy at .1 ev v,=3.1x10° T,73.2x107° 3.1x10*
Hy at .1 eV V3=2.Sx105 T3=4x10-5 2.5x10%

*Yarious excited molecular states are of interest and the probability

that the molecule will be de-excited in a wall collision is high.
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Positive Ions in the Volume

Since the plasma hust be quasineutral ion densities cannot be
deduced apart from Ng» however the relative density of each can be’
gotten from rate equations. Nearly all H; and H' come from
conversion of H;. It is interesting to compare the predicted
ratios for both the volume and the'gyroione. Consider the follbwing

in equilibrium

e + H, — e + H; +e : (a)
e + H; — e +H +H (b)
+ +

Hy + Hy, —> Hy +H (c)
H + wall — H, H, (d)
. _

H3 + wall — H, H2 ‘ (e)

These combine to give the following equilibrium equations:

+ + +
L no <Ion 2 > = n2 n°<2 - 3>+ n2 Ne <2 +~ 1> (a,c,b)
+ +
L n2 <QL+1> = " 1/11 {b,d)
+ +
no n2 <2+3> = n3 1/13 : (c,e)

Since ion energy and gas temperature have been assumed to be about the
same in both the gyroresonant zone and the volume the conversion rate

to H+ is fixed.

3
ny n, <2+ 3> = n;*5x10]4*2.4x10-9 = 1.2x10%n]
The conversion rates to H+ are
Volume rate
+ e 1e - a1} -8 + _ 3 +
ne n2 <2-+1> =10 *5.8x10 n2 = 5.4x10 n2
Byrozone Rate
+ _ 12 -1 o+ 5 +
ne n2 <Q2+1> = 5x10 *1x10 n2 = §.5x10 n2
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The conversion ratios are

5.4x10° ny

= = 4x1073
1.2x10 n2

+

™

volume alone —
"3

5x10° n

n+

Gyrozone n

|
+

n 1.2x10

W+ |-+

n2
The actual ratio observed in the volume is about .15. (See
chapter VII) This indicates that about 3/8 of the ions are formed in
the gyroresonance zone. |

The processes for H formation and loss will now be considered
and the reaction rates estimated for each so the most significant can
be determined and incorporated into an equilibrium equation for H
density. Then each of the species involved in these processes which
are not measured will be similarly treated. Estimates will be based
on the following set of experimental facts for the volume plasma

L (characteristic length) ~ 10 cm

"o = 1015 (30 mtorr)
_ a0
ne =10
tons: H ~ 15% H;o ~15% H; << 1% H;- 70%
Te = 2 eV

T1 ~ .1 eV (indicated by measurements in other
d1scharges)30
and on the following results from the calculations in the previous

chapter for the gyroresonant plasma.

_ 15

N, = 10
12

ne = 5 x 10
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fons: H' ~ 24% H; ~ 40% H;~ 36%

T =7ev
e

H Formation
The principal mechanisms are dissociative attachment (abreviated'DA)
to:

Vibrationally and rotationally excited states

e +Hy(v,3)—> H +H : (f)
Metastable electronic state
e + Hz(Csiu) —> H+H | (9)
Dissociative Recombination into ion pairs (abbreviated DR)
e+ Hy —> Hy+ W (h)
e +H, —> W+ W (1)

Reaction (f) is very complicated since each vibrational and rotational

state is different and there are 294 such combinations for H2 in the
ground electronic state which are stable. Wadehra and Bardsleys]
have calculated the peak DA cross section for each of the vibrational
rotatioﬁa] states available and Hadehra32 has calcu]aied the rate

coefficients for several representative states. Calculations by

Bottcher and Buck1y33 for DA to Hz(csru) do not show much

dependence on vibrational excitation in the cross section magnitude
but the threshold is significantly decreased for each level. So here
again careful consideration would mean treating all seven vibrational

levels; rotational effects are as yet unknown. Calculations by

3

Bottcher 4 for DR in H+

2
tional energy but as yet vibrational dependence of DR in H; is

again show 1ittle dependence on vibra-
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unknown. Since the rate for each of these depends on the density of

each intermediate all must be retained until later for comparison.

H™ Destruction
The principal loss mechanisms for H are:
Collisional Detachment (ED for electrons)

e +H —> e +H+e (3)

1on+ + H—~—e> 1on+ +H+e (k)
Mutual Neutralization (MN)

jont + H~ —> neutral + H (1)
Associative Detachment (AD)

H +H — Hy(v) + e (m)
Charge exchange (CX)

H + neutral —> H + ion (n)

Collisional detachment processes require a projectile with kinetic

energy at least equal to the electron affinity (.75 eV) hence only

35

electrons will be important. Hickman™~ has developed a scaling rule

for mutual neutralization

<o v >=<4.3a x 10% (£.4.904 Jm

Y\ -1
ion T/300> (2)

reduced

Where E.A. is the electron affinity in ev (.75 for H ), the reduced
hass is in atomic units (ie m, = 1) and T is in degrees K . This

shows there is a weak dependence on ion species through mreduced

which for simplicity will be ignored. Associative deiachment is the

inverse of the formation process and is fairly large at low relative

velocities due to an H; intermediate state resonance.36
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Charge exchange37 rates are two orders of magnitude lower than MN

for energies of interest and hence 1t_w11] be dropped.

H Equilibrium Equation

Equating formation rates for processes (f)-(i) with rates for loss

processes (J), (1) and (m) yields:

+ +
E: nen:<DAv>S + E:nen:<DA«>S + n n,<DR3I> + n n

e3 eM2” OR2> (3)

=n (ne<ED> + ne<MN>v+ na<AD>)
where the summations are over all vibrational and rotational states,
n, means density of atomic hydrogen neutrals, and all MN have been
lumped together using Ne =§:n:

Solving for n~ yields

2 nS<DAV>S + Lon <DAw>S + nf<DR3> + nt<DR2>
n" = v v 3 2 (3a)

<ED> + <MN> + "a/ne <AD>

Contribution from Gyroresonant Zone

All thé species upon which H depends are formed both in the .
volume and in the gyroresonant zone, where formation rates are much
higher due to the greatly increased electron density and temperature.
wWhat {is the flux of particles from a small volume in the gyrozone to
some representivg small volume, a sphere of radius a, on the center
1ine of the chamber a distance h from the gyrozone? Assume the
gyrozone is of uniform thickness t and has a constant creation rate

for the species of interest If this beam of particles is

dn, .
(33)
dt s

attenuated by some process with attenuation consfant a then the flux
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should be (assuming t is small enough so all escape)

1
2 47

.1 (dn 2
dr = (dt) e -t dxdy
xa

From the geometry (see Fig. 3-1) @ and r can be evaluated and the

total flux from the gyrozone is

—a\/ﬁz + xz + y2
e

XY -
r=4 (Y J"‘S“‘ ————  dxdy (4)
s 70 0 h™ + X +y

= &(a,h) (5D)
S

This has been integrated numerically and G(a«,h) is shown in figure 3-2.
Now xm = 3cm Ym = Tcm and t=.3 cm so beyond h = 5, h2 >> x2+ y2

so both the numerator and denominator can be expanded. By first

expanding the square root in the exponential, and then expanding each

exponential in the product formed, the integral can be reduced to

algebraic terms and then integrated.

G(a,h) = ] e X, Yot (1 - %; (5 + %)(x: + Y:‘) +
v
Lol g l,4,2,2,2,1.8
ha(h g s n e nYmts Ve * >
e(a,h)z% eoh (5)
«h

This approximation 1s.also shown in figure 3-2. For even h=5 cm the

second order correction has become only about 5% and the first about

13%, so the approximation will be used in the estimations to follow.
The contribution this flux makes to the density of species s at h

is



Fig. 3-1 Geometry involved in Determining G(a,H).

XBL 8411.6359

2s
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]
n = r - , § designates gyrozone
s S vgs

This will be a significant contribution if it is comparable to or
larger than local production

dn

nt > gt

rore™
volume 0SS

For most species loss in the volume is by flow to the wa]]s hence

Tloss ~ L/vth yielding
(d_n ,ahll ah Vg (d_n

dt XYt v dt

)gyro mm . th

vol

which at 20 cm should be in the neighborhood of

The formation rates are of the form

dn
dt

ala
~+5

> 4000*( (5)

)gyro )volume

=n_ n_ <gv>

(gﬂ e o

form
dt

hence for the chosen values of ng for the two regions the criterion
becomes

gyro volume
<gVv> > 8<ov>
which is easily met by processes requiring energetic electrons.

For each re]eVanf species the formation and loss mechanisms will
be considered and the rates estimated to see which is significant in
both volume and gyrozone. Using the fastest processes equilibrium
densities in the volume alone will be calculated then additional flux

from the resonance region calculated and added in if important.
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Atomic Hydrogen Formation

e +H, —> e +H+H (o)
e +Hy —> H +H ‘e (p)

> H+H (a)
e +Hy —> Hy+H (r)

H+H+H (s)
The rate at which the fastest channeis of each reaction proceeds will
be evaluated numerically for the densities given and for the rate
coefficients evaluated for the typical electron temperatures given for
both the volume and the gyroresonant zone.

Volume rates:

2% n_<0is> = 2*1010*1o‘5f2.4x1o"° - 4.8x10"° (0)
ngng<2 > 1> = 1%10'O10Pxax107 = ax10'° (p)
2*n n3<0R2> = 2*10' *10%+2.4x1078 = 4.8x10'° (a)
3% n3<0R3> = 3%10' *10'%%3.4x107° = 1x10" (s)
Hence only neutral dissociation (o) is important.
Gyroresonant rates: |
2+n n <Dis> = 2%5x10'2%10' **6.7x10™% = 6.7x10"? (0)
T n3<2 > 1> = 1%5x10' 2%2x10! 2151077 = 1x10'8 (p)
3*nen§<oga> = 3%5x10 2%5x10 ' 2%7x10~0 = sx10"’ (s)

Again it appears that only neutral dissociation is important.
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H+ H ——{uan)—> H,, (t)

H+H —> H2 (u)

H+H > Hy(v) + e (v)
The neutrals in filament driven discharge are observed to have
approxiately .1 eV energy. The wall loss time is thus

5 -5

Ty = L/vth = 10/5x10° = 2x10 ~ sec.
The probability that a hydrogen atom striking a copper wall at 300°K
will not return but will be converted to H, is Pa=.14.38 This

large feturn flux will be considered uniform and included in the model
by reducing the loss rate to Pa*1/ra. The associative detachment
cross section is about 10-]6 cmz. A value for the association

cross section is not at hand but should not exceed that value and may
well be less since it involves two neutral particles.

Volume rates:

4 3
1*na Pa 1/15 = .14%5x10 n, = 7x10 " (t)
_ -16 5 2 _ -11 2
2*na n,ovs 2*10 " "*2.8x10 n, = 5.6x10 n, (u)
T*n. n” o v << n *10"'Ox5¢10% n_ << .5n (v)
a e a Ta

Both loss to the wall and volume recombination will be retained,
although volume recombination is insignificant here the fact that it

depends on ni shows how saturation is accomplished.

Atomic Neutral Equilibrium

Equating the dissociation (o) and recombination rates (t,u) yields:

2
* =
2 ne no f01s> na Pa.l/ra + na <Assoc>
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2 3
= 9% - *
n, 2 Ne Ny <Dis> ra/Pa 1/4(2 Ne no<Dis>) (ra/Pa) <AsSsoc> +...
Volume Alone:

n = n, n, <0is> /P = 6.8x10" n (6a)

a e o
For flux from gyrozone to volume, the attenuation constant o will come

0

from association which gives,
a=no=ax10'2*07° = ax10”*
hence no effective attenuation. The atomic density which it alone

would produce at h is

form
n, = G(o,h) (IM) T
gyro m
. v
na = g ] 5 9x104 no = —Qg_{ I"o
«h _5x10 h

Which is seen not to be important except very near the resonance zone.

ﬁz(v) Formation

The determination of the vibrational population (not even
mentioning the rotational structure superimposed on that) of H2 in a
collisional environment is an extremely involved process. Collisions
with thermal electrons and other H2 molecules produce &v=+1 changes
in the vibrational state. This type of collision with molecules is
the dominant factor in shaping the low level vibrational population.

The very high vibrational states are populated by direct excitation

from the following processes.

e'+H2——> e-+H; _ e-+H2(v) + ho (w)

e + H;(v) q Hy(v) + H (x)

e+ Hy(v) + H (y)
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H3(V) + Hy —> Hy(v) + Hy(v'<v) (z2)

H;(v) + Wall —> Hz(v) + H (aa)
Reaction (w) is known as E-V singlet excitation (EV); reaction (z) as
proton transfer (PT). These high vibrational states are again subject
to the &v=+1 processes listed above which tend to degrade the high
vibrational states.. Those vibrational states in between of course are
affected by both types of processses.

The role of H; is not well understood. It is created by a
two step process

e + H, —> e + H; +e (35,

g H2-$>H;(v) +H+ 1.6 eV (c)

2
The rate for (c) is so fast that all but a tiny fraction of the

H

H; are converted. The two channels listed above leading from the
dissociative recombination of H; (x and y) to Hz(v) are only

part of a set of ét Teast five:

H+H+H }
1::::f27 H2 + H dominant for Te < 5.5 eV

e + H; ::::i? -+ H + H + H
\\\\Es e” + K + H, dominant for Te > 5.5 eV

+ -
HZ +H

Hitche1139 et al have measured the branching ratios for the first

two channels for Ee < 1 eV and found about 1/3 result in H2 + H

with Hz(v) unknown. Calculations by Kulander and Guest40 indicate
that about 1 eV of additional energy, kinetic energy from the electron

or vibrational energy already in the H+, is needed for formation

of H2 + H so that above 1 eV electron energy this may slowly become
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dominant over H + H + H. Thus for Te ~ 1-2 eV a fraction on the order

of 1/2 will result in H, in any form, and only a small part of that

2
in really high vibrational states. Smith and Futre114] have

+
3

accelerator ion source operating by processes (a) and (c) and found

measured the vibrational populations of H, coming from a small

+
3

2.5 eV), which corresponds to Hz(v=6), (v=6 is the beginning of the

that about 5% of the H_ were in high vibrational states (EQ >

high vibrational levels needed for DA). However since the fractional
yield of H2 (v>6) is not known for any of these processes it will
simply be accounted for by including a probability P (which will be
considered to be .d] or 1e§s) as an unknown variable in each rate
equation.

42

Hiskes and Karo =~ have calculated that approximately 20% of

+
Hy

can be any indication for H;, wall neutralization may be very

neutralized on an iron wall will return as Hz(vgs). If this

important for Hz(v) formation, especially in sources with large
surface to volume ratios. This process will not be included in these
calculations however, because of lack of information.

H1skes43

has calculated the cross sections for E-V singlet
excitation (reaction r). Since to a good degree of approximation the
vibrational states are separable from the electronic states the cross
sections may be written as

a(E V) = a(v) a(E,) (7)

The electron energy determines the total cross section for excitation

to higher electronic states with subsequent radiative decay back to
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- the ground electronic state. Multiplying the Franck-Condon factors
for popu]ating each vibrational level 6f the excited state by the
factor for ending up in level v of the ground state after radiative
decay from that vibrational level then summing over all levels of the
excited state yi]] yield the total population expected in state v.
The total cross section 1s.found by summing these over all accessable
excited electronic states. The result is still pretty much energy
independent as far as relative population and can still be reasonably
approximated by (7). v=6 will be considered as a representative, and
for comparison the total population in high vibrational states will be
approximéted by

<og(V) v> = § <o(v=6) v>

s+l T o as
76 w6

Now to compare the rates of all processes which form high
vibrational states

Volume Rates:

-~

15 12 14

s*n_n_ <E V> = 5.7 n_*10 *5x10 < = 2.9x10 (w)
+ 2 -8 _ 12
NeNa <DR3> PDR = ne*3.4x10 *PDR = 3.4x10 PDR (y)
1 -10 1
Ny <PT> Por = 0 *1017%3x107 %P, = 3x10'° b (2)

PT
Only DR can be safely neglected. PT will be retained, but it does not
appear to be the major source.

Gryoresonant Rates:

s*n_n <€ V> = 5.7%5x1012%1019%1 .5x10"'0 = 4.3x10'8 (w)
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12 12

*5x1012%5 551078 = 1.4%10'8 PgR (y)

+ g _
nen3<DR3>PDR = §5x10

12 14 10

ngn <PT>P. = 5x10' 2xs5x10 4310710 = 7.5x10' P (2)

3 PT

Since the probabilities P9 are probably .1 or less both DR and PT
can be neglected. Note the rates predicted are over 4 orders of

magnitude higher than in the volume.

ﬂzgv) Loss
Hy(v) +wall — H, (bb)
e + Hz(v)-—f—>. e +H+H ‘ (cc)
e +Hy(v) —> H +H (dd)

Reaction (cc) is vibrational excitation from electron collisions which
carries the molecule beyond the bound vibrational levels. The cross

sections for &v = v" - »' should roughly be independent of »", so

using the measured <ov> (v = 0 —> v=1) rate coefficients, this rate

can be inferred for high vibrational states.
Volume Rates:

4
n /rm = 2x10 n, (bb)

v
10 -10
ne nv <Dis> = "v* *6x10

10

6 n (cc)

*1x10~8

ne nv <DA> = nv*lo 100 nv (dd)

So only losses to the wall are important.

ﬂzill,EQu111br1um
Equating wall losses (bb) to the volume formation mechanisms (w,Zz)
yields the expected density of v=6 for the volume alone.

n t_=sn n <EV.>+nt n, <PT> P

v 'm e o0 6 3 PT
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Thus
Ny = Mg Mo <EXV>eeeTh (8)
+
N3
with <Exv>eff = <E v6> + H; <PT> PPT
10 - 11,
n, = (1.5x10 ° + 1.5x10 PPT) (8a)

For the flux from the gyroresonant zone, none of the destruction
processes are large enough to produce a significant attenuation, so

again use a=0. The v=6 excited population that the flux from the

gyrozone alone would yield is

form )
Ny =T - = &o,h) (%,% L (9)
m gyro m
.9 g g 1
] o —— —
"v = 'hz sn no<E V6> 'vm

This is shown in figure 3-3(a). Evaluated at the representative

values this becomes
12
6 x 10 (9a)

which at h=20 cm will still be slightly larger than the locally

producted popu1ation. The total density is

= 6(o,h) g g
n, =Ny Ny <Ex v>eff Tm + Vo na <t V> (10)
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3
ﬂz (c 'u) Formation

This is a metastable electronic state, so upon it is superimposed
a whole vibrational rotational structure. As was mentioned earlier,
the DA cross sections for each of these level are djfferent. hence as
was for Hz(v), a proper solution should include a series of coupled
equations to yié]d the final vibrational population, however there is
not really enough knowledge of the electronic state "alone" for it to
be understood, let alone addingvdetails. Here the state will be
discussed with complete ignorance towards vibrational levels.

The formation mechanisms are

e + Hy —> e + Hz(c31u) (ee)
e+ Hi(v) > uz(csfu) + H | C(FF)
- 3
e +H + Hz(c 'u) (g9)

There is no experimental data on producing this state by electron
collisions with energy less than kilvolts. Milesls et all have
produced semiempirical fits to a large number of cross sections for

many of the results of electron collisions with H, molecules,

2
<included is excitation of the H2 (c3¢u) v=0 level. This cross
section exceeds the EV singlet excitation cross sections at energies
below about 30 volts and has a maximum about 20 times higher than that
for excitation of the v=6 level. Their semiempirical curves, fit well
experimenta] data on other processes and agree with the high energy
experiments but there are no low energy experiments to compare with

4 who

for this state. A more recent calculation by Lee et a1,4
numerically solved a distorted wave approximation agree with Miles fit

~at high energy but is much smaller at low energy. The discrepancies
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have not been resolved and point to the need for experiments of this
cross section. Since Miles technique fit well many other e + H2
cross sections and since other calculations of this cross section seem
to agree that it should be higher at low energies than Lee et al

indicate Miles fit will be used.

40

Kulander and Guest =~ have calculated that an excess energy of

+
3

+ H in the dissociative recombination of that ion. Since this is the

2.4 eV above the H, ground state is needed to‘form Hz(c3'u)

same size as the energy needed to produce high vibrational states the
rates should be comparab]e however nothing is known beyond this
conjecture, so again an unknown probability Pn will be included

Volume rate:

ng N, <Ex > = 1005510 4351071 = 1.5x10"* (ee)
+ _ a2 -8 _ 12
Ne N3 <DR3> Pn = ne*5x10 *Pn = 3x10 Pn (99)
Hence only the collisional excitation is important
Gyroresonant rate:
ne N, <Ex> = 5x10]2*10]5*7x10_]0= 3.8x10]8 (ee)
n nf<or3> pY = 5x10'2%1.6x10'2*5.5x107°% 9 = 4.4x10'7 ¥ (gq)
e 3 n : n n
Again only direct excitation will be retained
H (c3' yLoss
—2 u
3 . -3
Hz(c 'u) —> H2 + hv (hh) Trad = 1x10 = sec.
3 .
Hz(c 'u) + wall — H2 (i1)

H2(C31u) +e — Hy + e (33)
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Hz(c31u) Fe —=> H+H (k)
3 . :
Hz(c 'u) + H2 - H2 + H2 (11)
For low energy electrons the collisional de-excitation rate should be
dominated by collisional transfer to the close lying Hz(a3zg)

state which radiatively decays with a life time of about 10—8 sec
H (c3' ) ; e —> H (a3z ) +e —> H, + hv +e (ii")
2 u 2 ! 2

10

Hiskes has estimated the rate coefficient for this process to be

® and 7x107° for T, = 1eV. For this discussion

6

between 1.5x10°
the average of those values, 4x10 ~, will be used. The de-excitation
rate for collisions with other hydrogen molecules could not be found,
but since the interaction energies are a small fraction of an eV, and
this collision involves two neutral molecules, the cross section
should be 10—18 cm2 or less, hence <C De> ~ g v = 2 X 10—]]

Volume rates

4 .
n_ /rm = 2x10 n, (i1)

0, 6,4 L
ne N <De Ex> = 10 "*4x10 n, = 4x10 n, | (33"
n . n <0A>=10"%n 1070 -, (kk)
e v v k
n_n_ <Che> < 5x10 **n *2x107' < 1x10% n an
0 L 4 L § a1

Collisional de-excitation via the close lying Hz(a3zg) state and

loss to the walls dominate. _The loss to the wa]]s may be somewhat
lessened since some molecules may survive in the excited state after
hitting the wall and will return to the discharge but the probabilify

far this is unknown.

Ho(c w ) Equilibrium

-The expected H2(c3"u) density from volume processes alone (ee,
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i1, 3i") is
ne N, <De Ex> + n_ /rm =Ny Ny <Ex > (1)
ne no <Ex w> 9
Ny = ng<De Ex> + 1/7_ =2.5x 10

The attenuation constant for flux from the gyrozone is determined by
collisional de-excitation both with electrons and with molecules,
-3'
@ =0, 90 ex ¥ Mo%Che = 1.2x10 © which is negligible. The
excited density that this flux alone would produce at h is

1. dn
n; =y = G6(o,h) (dt) v (12)
nt =3_2 ndn <Ex>d -
hl «h m
This is shown in figure 3-3(b). Evaluated at the representative
values this becomes
' 9 1 18 5.7x1012
n, = ‘2 5 *3.8x10 =——'—2— (12a)
vh 2x10 h

This flux will be significant throughout the volume and at the end of
the chamber, h = 20 cm, will still exceed what would have been there
otherwise. The total population is

ng My <Ex w> G(o,h) g g
n = , + n n <tx «>
v ne<0e Ex> + 1/1m vm e o0

Return to n Equilibrium Equation

The densities needed for utilization of (2) are now all at hand.

First consider the three loss terms:
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Volume Rates:

_8 )
ne<ED> = 8.2x10 ne | (j)
-7 ’
n <MN> = 9.8x10 ng (n)
. ' -7
na<AD> = ne n°<01s> <AD> ra/Pa = 1.7x10 ne (m)

Here <MN> obviously dominates, however these three have different
dependences on the discharge parameters. <ED> is a rapid]y'increasing
function of Te' <Dis> depends on the atomic neutral density and

energy which also increase with Te; in contrast <MN> is proportional

-1/2
i

function of Te it should decrease if Te is raised. Since all

to T and since T1 should be a monotonically increasing
three are proportional to ne they can be combined into an effective
detachment rate which will be only weakly dependent on L since AD
should not exceed the other two anywhere in the operation range

<Det>eff = <ED>+<MN>+no ra/Pa <Dis> <AD>

- -6
ne<Det>eff- 1.1x10 n,

H 1dons from dissociative attachment are fairly energetic.

wadehra has calculated the H energies from-dissociative attachment

to vibrationally excited H., getting an average H energy of from

2
.2 to .4 eV depending on the rotational and vibrational level of the

parent. At .3 eV an H would travel
V(e=.3  1.6x10°

= = = 96 cm
d ne<0et>eff 7.9x103

In spite of this losses to the wall should not be important since in
the operating range the plasma potential exceeds 5 volts effectively

trapping the H . This does mean the l/h2 dependencé in excited
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states from the gyrozone will not have as noticeable an effect, since
the volume will be somewhat averaged over.
Now consider the relative size of the source terms (in equation 3)

for h=20. H from vibrationally excited molecules:

DA
-\ vib _ 3 s _ 3 S
(dn ) =N, Z nv<DAv> = ng Z <DAv> neno<Ex V>eff Tm

+ EL%;EI nd n <Ev>gs)
m e o
Again the summation will be only approximated. As was mentioned

previously, the formation cross sections have nearly identical energy
dependence, differing only in magnitude (hence the same ratio for both
volume and gyroresonance zone), and since the H formation takes

place only in the volume, and hence at a single temperature, thg above
 summation can be reasonably approximated by a single vibrational state

and a multiplier:

S S __ v=6 v=0
neva<DA vw =S "e nv <DA v>
s 3
s =Z nv<0A v> =Z <Ex v>s<DA V>s a2
s 'n:=6<DA v>Y=6 <Ex v>'=8<pa v>¥=b

The population at v=6 can be obtained by adding equations (8a) and
(9a) and then dividing out the comparison factor s used there.

v 10 9

At h = 20 nv=6 =(1.5x10'0 4+ 1.5 x10'9/5.7 = 5.3 x 10

vib _ 10 10 M

form

DA "
(gg_) 4.2*10° * 53 x10° *2.5x 107 =5.6x 10
dt

H™ from metastable electronic states:
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DA
- 3wy
(dL) = "ez ni <DA ¢>S = ne Z <DA f>s(nen°<Ex 1r>'5 T

dt form m

-, 8Co,h) nd n <ex 3°

Vm e o

Here the summation cannot be done since no information could be found
on excitation to the various vibrational levels. It will be assumed
that the excitation rate used was to all the vibrational states, and
since the DA rates for a1] the vibrational stétes are comparable, they
will be approximated by the v=0 term only; hence the suhmation will be

neglected altogether. From equations (11) and (12a) this becomes at

h=20
n' = 1.4x10]0 + 2.Sx109 = 1.7x‘l0]0
- DA31u
(%%—) =100 » 1.7x10'0 * gx1071! = 1.4x10'0
form
H™ from molecular ions:
) DAH;
(%%—) = n, n} <OR3> = 10'%%10'0 » gx10717 = 8x10°
form <
s
(g%—) = n, n <DR2+> = 10'%0%108 * 7510711 = 7x10’
form

Due to the very high DA rate only vibrational excitation appears

to be important hence,

s 3 3 3 G(o,h
§:nv<DA v> §:<DA v> neno<Ex V> Ttat Ty

g gs
v ne no<Ev>

<Det> ¢¢ <MN> + <ED> + n_/n_ <AD>

(14a)
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This can be rewritten as

_ "o <Attach>eff

n = (14b)
<Det>,c¢

where the effective attachment rate coefficient is

g
. G6(o,h) n
= s s -£ gs
<Attach> .. = §:<DA v> (<Ex V> T <Ev> e "m
, m'm e
Numerically this gives
R, (g_)
n 2 dt
e ng<det> .. A form
== *5.6x 10 = .005
10°7* 1.1x10

Which is in good agreement with the measurements of the ratio of

extracted negative ion and electron currents.
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Chapter 1V

Permanent Magnet Calculations

Multicusp magnetic fields (also called multipoles or magnetic
buckets) are widely used to increase thé efficiency of the fi]ament
driven plasma ion sources now in use. This arrangement greatly reduces
the loss rate to the walls while still maintaining a large field free
plasma in the center, resulting in greater arc efficiency and a
flatter density profile in the center. Magnetic fields can also
greatly enhance electromagnetic wave coupling to plasmas by the many
resonances produced (i.e., electron cyclotron, fon cyclotron, upper
hybrid and lower hydrid).

A multicusp field from permanent magnets that would produce a very
high field region where electron cyclotron resonance would occur was
desired, thus a theoretical study of some of the cusp shaped magnetic
fields obtainable from permanent magnets was undertaken. Rare earth
cobalt (REC) permanent magnets are ideal for such uses. They possess
a large remnant field which is very near]yviqqependent of applied
fields, even reverse fields of comparable magnitude45 (Fig. 4-1).

The remnant field is a property which is ‘characteristic of the
material and the manufacturing process; 1t‘1s not the surface field,
which depends both on the remnant field and the magnet's shape.
Although the permeability is slightly anisotropic it is very nearly
unity in all directions, thus REC magnets can be treated as regions of

"free space"” with frozen in magnetization.
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Fig. 4-1 Comparison of two REC Alloys with Alnico.
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The calculations undertaken fall into 3 cate§or1es: (1) infinitely
long cylindrical arrays of rectangular bar magnets with no steel
present, (2) any collection of finite length, rectangular bar magneis
with no steel present and (3) steel pole pieces energized by REC
magnets. A 2-dimensional theory for REC magnets with no steel will be
developed which will cover cases (1) and (2), then a separate theory
will be considered for case (3).

i

REC with no Ferromagnetic Materials Present

The total magnetic f1e‘ld46 is
-+ -> > -
B =u, (H+MN(H) ' (")

>
where H is field component due to external sources and i is the

> -+
magnetization, with B = "o" for free space. For REC M is very

nearly constant for u H < 6-10 kgauss. For no time variation or
external currents, Maxwell's equations become:

<>

v-B=0 vxH=o0.

Since V x V (any scalar) = 0 we may use

H=-1ve . (2)
uo.

which yields

-> ->
Vza = u°V°H = -pov-ﬂ = Wy P (hence defining an effective magnetic
charge density). This may be solved by utilizing the fact th'at47
-
vz(":‘l:—) - —4us(r - '), | (2)
lr -r'l :
48

whereupon integration over all space leads to
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‘(:) - - fffv H(r ) dar. N i fj’n(r )- n(r ) 42p (3)
%

The first integral is over the volume of magnetized material; the
second takes into account the discontinuity at the surface. This can
be simplified by using the divergence theorem to obtain a substitution

for the surface integral
[ -]
> > _f'
lr-ri

The right hand term can be expanded into two terms one of which

cancels the first term of (3), yielding
Mrﬂ(n¢) ,
6 (r) = ;2 ff T ¢°r (4)

The magnetic field is gotten from equations (1) and (2). In this work

only the field outside the magnetic materials is important where M=o
=S

hence B = -Vg.

Complex Representation49 (2 dimensional)

Construct an analytic function:
o =S + ip
where ¢ is the scalar magnetic potential just discussed and s is the
complementary real function called the stream function. We will work
in the complex plane w = x + iy (chosen instead of the customary z = x
+ iy to avoid confusion with the 3rd rectangular coordinate x,y,z).

For to be analytic the Cauchy-Riemann condition must be satisfied:

95 _ 98
ay  ax (5)
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-5 . b .
B = -y (in free space) leads to B = vx(sé). hence s and the vector

magnetic potential are related.
as a8 3s 28,
Consider do¢ = (ax +1 ax) dx +(ay +i ay) dy
This can be reorganized using the Cauchy-Riemann equations into

do = 1(2¢ g—;)(dx H dy) = -1 (B, - 18) dw

hence

_ g

y = Taw (6)

* = -
B Bx i8B

Field Lines

The field lines are defined to be a set of curves to which the
-5
vector B is everywhere tangent

dy _ Dy _ _asjas
~dx Bx dx’ ay

This leads to

3 o __ 3 .
ay dy = ax dx
as as o _
and hence ds = ax dx + ay dy =0

so curves of constant s are the field lines. The same is not true of
the z component of the vector potential unless it is independent of z;
hence though similar, s and Az are not always equal, and lines of

constant Az are not always the field lines..
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Infinitely Long Magnets (i.e. true 2-d)
We can simply (4) by integrating out z.

L (XX)+H (y-y")
#(x,y) = ‘[. 3 dx'dy' . (1)
(x-x' ) + (y-y')

and rewrite it as

M
o(x,y) = Re(z—:fj(wfw) dx‘dy') (8)

where M=Mx+1MyAand Re denotes the real part. This results in an

acceptable complex representation:

B | [}
P(w) = - 3 ff"é:_;’!)l dx'dy" | (9a)
B* (w) = ff—“‘—*’-l dx'dy"' (9b)
(w-w') _

Consider rotating the magnetization by a fixed angle a

My(x',y') = e'® M (x',y")

This yields

B%,(x,y) = e'%B* (x,y) = (e7'%B,)* (10)
This is the easy axis rotation theorem,50 which shows that the field
produced by magnet assemblies of the same geometry, differing only in
having the direction of magnetization rotated, will produce fields -
which have the same intensity as a function of space (IEI). but the
field direction will be rotated, by the same angle, but in the
opposite sense. (Compare Figs. 4-7, 4-8 and 4-9).

The field variable w can be separated from the source variable w'

by expanding 1/(w-w') into a power series, this results in
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]
¢ = =2 z f—(-—’-y—)-dxdy -Zow,forw<w' (1Ma)

g 48 n-1 -
=g E:b W', where b= ing_ (11b)

For constant magnetization M = Br/"o (Br is the remnant magnetic
field)

B
r dx'dy' ,
0= 5 L ff TS (12)

(x'+iy')
Hence the solution of the field hés been reduced fo a set of related
integrations over the cross sectional area of each magnet, from these
both the field intensity |;| = |B*| and the field lines s = Re (8) can
be obtained.

Case 1 Cylindrically Symmetric Array of MagnetSS] (Line cusp

Multipole)

Consider the field inside an infinitely long, circular cylinder
bounded by T rows of permanent magnets of identical shape and of equal
magnetization, but with the direction of magnetization sucessively
‘rotated by an equal angle between rows. There will be N magnet
periods; that is in relative coordinates (Fédia] and tangential
direction at each magnet location) the magnetization undergoes N
complete rotations in passing around the circumference (whereas in
fixed coordinates there will be N+1 complete rotationé see Fig. 4-2).

Let the field due to all the rows be represented as

o =L -1g W | A
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8 magnets 2 periods

XBL 8411.6380

Fig. 4-2 Illustration of the Terms Used to Describe Magnet Arrangements.
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* n-1 |
B = LB W | (13b)

where the subscript m denoteé the individual magnet rows and

B
dx'dy'
B =—”“ff———’-—“. : . | (13c)
mn 2« m(x +iy )n+1

Since by definition all the magnet rows have an identical cross
section, if each set of B's were evaluated in its own relative
coordinates (see Fig. 4-3), the se;s of integrals would be equal for
all the rows. Transformation back to a set of reference coordinates,
(the relative coordinates for row o) consists of a compliex rotation

for the field variable wm, which was not integrated over,

where a = g%m, and an additional "rotation™ of the B's themselves,

since each has been expresséd in a peculiar complex representation
based on relative coordinates
Y

S A A e A A e
Bo =B (xo 1yo) = B-[e (xm 1ym)] =e B

*
m*
In its own relative coordinate representation

=

iNa
Brm = g Br

A1l these combine to yield

8 g el(NMa

‘mn on (14)

'Summing over all the magnets, and all orders of the expansion:

1 e1(N—n)21-m/T

B* = Y (B, W )
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XBL 8411-6381

Fig. 4-3 Illustration of the Relative Coordinates of two Rows of Magnets.
The Actual Origin Used was the Axis of the Cylinder but for Clarity
the Unit Vectors have been shown Centered on the Magnets.
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but

0 if not

T-1 '
S: e121m(N-n)/T - {1’1f N-n = »T for v an integer
m=0

which is easily proven since it is a simple geometric series. The

total field is therefore

B* = E:T’Bon W ', wheren=N+0vT ' (15)

\Y

Evaluation of (13c) for the reference row (m=o0) and for rectangular

magnets (see appendix D), and substitution into (15) yields

| a
sin[(n-])Tan-](Zro )]

(rg + (%)2)(n-1)/2

B*(w) = -

“I-

T -1
z:n-1 W' {
Vv

(16)

vt (27
sinj(n-1)Tan 2ri }

(2 + (2?7 (N2

¢ is nearly the same, but with -i gﬁ replacing wn-]

The following computer generated plots show lB*I = const. and
Rey = s = const. curves. The computer program was written in BASIC
for the HP 98458 small computer which was available. Since there are
always 2N 1dent1ca1 cusps only a sector of «7N radians need be solved,
and for many cases these cusps are symmetric about their center line
hence only a «/2N radian sector need be solved. The program summed
the series on a lattice of points (Fig. 4-4) in this wedge of
symmetry. Many more terms were included for those points near the
periphery than at the center in order to keep‘truncat1on_errors low,

but to conserve computing time. The program then plotted the curves
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~ 1.

XBL 8411-4981

Fig. 4-4 An Example of the Type of Grid Used for Cylindrically Symmetric
Problems.
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by taking each mesh "square" of 4 points and determining if the curve
| of interest passed through any of the sides, if so it estimated the
crossing point by linear 1nterpo1ation from the corners, and then
connected the points on the 2 sides by a straight line.

The following series of seven figures present a good pictorial
tutorial on the different fields produced by varying magnet size and
orientations. A1l have 5 magnet periods (10 cusps) on a 21 cm
diameter cylinder, and all the magnets have Brem = 9.4 kgauss

(strenght of Sm Co_ magnets now avaiiab]e). The direction of

5
magnetization is indicated by the "V" inside each magnet block. The
field lines drawn (top half of each figure) are uniformity spaced at
.2 kgauss-cm (the 10 lines are 0.2-2.0) the field intensity lines
(bottom half of each figure) are in 1 kgauss steps starting at 1
kgauss. Figures (4-5) and (4-6) have two 1.27 x 2.54 cm magnets per
period. The other five examples have 2.54 cm square magnets. The
first three figures represent the "standard" bucket geometry, namely
all magnets are magnetized either radially inward or radially outward
(two magnets per period). Fig. (4-7) through Fig{ (4-9) demonstrate
the easy axis rotation thorem; note the identical intensity plots.
Rotation allows the cusp to be shifted away from the magnet face which
may be desirable for cooling or access to the cusp region, but note
the most intense field is in front of the magnet so this shift is to a
weaker field region. Note the skewed cusp that results from the'1/4
rbtation. Figs. (4-10) and (4-11) show 4 magnets per per‘iod,52 note

the great increase in field uniformity. Here a rotation by /2

reproduces Fig. (4-10) so only the «/4 rotation is shown. Due to
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Fig. 4-5 Standard Bucket Arrangement with Tall, Narrow Magnets.
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Fig. 4-6 Standard Bucket with Short, Wide Magnets.
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XBL 8411-5012

Fig. 4-7 Standard Bucket with Square Magnets. Compare this with the next two
Figures.
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Fig. 4-8 Bucket with two Square Magnets per Period with the Magnetization
Rotated by 459°.
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XBL 8411-5011

Fig. 4-9 Bucket with two Square Magnets per Period with the Magnetization
Rotated by 90°.
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XBL 8411-5010

Fig. 4-10 Bucket with four Square Magnets per Period Compare with the Next
Figure. _ '
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XBL 8411-5009

Fig. 4-11 Bucket with four Square Magnets per Period with the Magnetizatibn
Rotated by 459,
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increased uniformity of field strength the loss in shifting the cusp
is not nearly so severe. This arranggment (Fig. 4-11) 1s the most -
satisfactory since in add1t1on'access can be obtained between the
magnets to both the cusp which is open to the plasma and the center of

the magnetic field which is shielded from the plasma.

Case 2 Finite Lenqgth Magnets in Free Space

We will only consider uniform magnetization perpendicular to z.

Going back to (3) note that now the volume integral will vanish so

B. [ A.A
.=;§H5—3— d%r (17)
[r-r'|

A A
where b is the unit vector in the direction of magnetization and n is
the outwardly pointed unit vector normal to the surface. 1In complex

notation this becomes
A A
b:-n = Re (bn*) = Re (b*n) for b =b +ib , n = n_+in .
_ X Yy x Yy

We can still deQe]op a complex representation since we will only be
interested in projections onto some plane perpendicular to 2 (hence
2-d). A suitable one is

B .
_ bn* 2.,
® = 411[["" dr (18)

[r-r

A A
with an implied summation over all surfaces where b-n does not
vanish. For our case dzr' will be (cos(a)dx' + sin(a)dy')dz'.
Consider the field lines (really their projection onto our chosen

plane)
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B
s=Re¢=4—5_/:/'-(—-My—d2r' (19)

Ir-r|
Comparison of (19) with (17) shows that s would be the scalar
potential for the complementary problem (magnets with the same
geometry but magnetization rotated by «/2 about z).
For this case the complex notation was not used beyond yeilding
the last result (19), E and s were calculated directly from the
_integrals.

-> B r-r'
B = -Ve(x,y,2) = - 3 _ff '| . ar

urfaces s Ir -r s

This was evaluated for rectangular magnets (see Appendix D) with x-x'

replaced by x alone for convenience (likewise y and z)

B_|b 2.2 2.2

ri_x ~1xr-yz
B, = =— | =5 Sgn(xyz) Cos = -b log (z+r)
b 4 | 2 ((xz+ zz)(x2+ yz)) y

8y is the same as Bx but with x and y interchanged and

8 b

b
= - L tes) 4 =X
B, ax | 2 log(r+y) * log(r--'-x)

All are evaluated between the same limits.
X=X + lx/Z y=y+17/2 z2=2+1./2

y i 4
The stream function is

this yields
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B
N o
S = " e {?y z log(y+r) +y log(z+r)

2 2
+ |x| Sgn (z) Cos || Xt ¥ *yr -z
,l 2 2
X" + Yy (y+r)
- bx z log(x+r) +x log(z+r)
2 2
+ ly] Sen (z) Cos"(" L KO -z } (21)
x2+ y2 (x+r)

evaluated between the same limits as E. Since both E_and s are linear
functions the result for several magnetslis just the linear super-
position. Each magnet's field can be solved in a suitable relative
coordinate system then.rotated into absolute coordinates.

These were incorporated into a program which shows the contours

]2 2 2 _
8 = V/Bx + By + Bz = const and s = const.

in any chosen plane z = const, for an array of finite length magnets
with centers in the plane z=0 but not necessarily all of the same
length.

The two examples chosen are both planar arrays of very small
magnets arranged as a magnetic filter. These fiiters are used in
filament discharge to divide the chamber into a driver plasma and a
cool electron plasma; only the cold electrons diffusing out along with
the ioné pass through, hence they filter out the primary electrons.
The upper figure in each of the following two pairs shows field lines

in 50 gauss-cm steps the lower shows field intensity from 100 to 500
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gauss in 100 gauss steps. Fig. 4-12 shows the conventional
arrangement of magnetization, (ie alternating directions but 1yiﬁg in
the same plane as the array). This arrangement produces weak cusps
between the magnet rows (which are desirable here in order to increase
ion throughput). Fig. 4-13 shows how an array can be constructed to
have the field more intense on one side than the other by pairing
diagonally magnetized blocks.

Case 3 Ferromagnetic Pole Pieces "Energized" by REC Magnet553

Satisfactory regions of high magnetic field were not obtained in
the studies of REC magnets alone so steel pole pieces were added to
channel the flux of many magnets into a small gap. The word steel
will be used to mean any ferromagnetic material whether or not it
contains iron. For unsaturated steel, infinite permeability is a very
good approximation (even beyond saturation u is still very large, u >
100). In this 1imit the magnetic field lines must be perpendicular to
the pole boundary hence it becomes a magnetic equipotential (the
problem is an exact analog of a perfectly conducting electrode). REC

magnets can be treated as regions of free space (since u = 1)

rel
that deposit flux into the pole pieces. The problem can be solved by
first solving the electrostatic problem with the pole pieces at g=+ 1
then multiplying the potential field by an amount which makes the flux
lTeaving each pole piece equal to that which was inserted by the
magnets.

The problem of interest was the strong cusp field produced by two

"L" shaped pole pieces. (see Fig. 4-14) This arrangement is symmetric









Permanent

magnetsi

/ Steel pole piece

XBL 84116371

Fig. 4-14 1Illustration of the Geometry of the Pole Pieces and Magnets.
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about its midplane so the electrostatic problem consists of a single
pole piece at s#=1 and the axis of symmetry at #=0. In order that both
the field lines and the field intensity could be readily obtained a
complex potential is again to be used.

Consider the simple, complex potential

v
o = s+i¢p = -% lTog(t), in the plane t = u+iv
This can be inverted to give
xs/v

t=u+iv=e °© (cos(s—"—) + 1 sin (39)) (22)
0 0

Note that contours of constant s are circles and that equipotentials
are radial “"spokes" (see Fig. 4-15). The real axis is split at 0 with
the positive half being #=0 and the negative half s=1.

This contains all the desired physics; namely, a pair of equi-
potentials (# = 1 and # = 0) which can represent the pole piece and
the axis of symmetry, and the correct complex potential field solution
between them. Since the method of conformal mapping49 retains the
orthogonality of the curves of constant s and ¢, it can be used to
transform this solution into the desired one. The desired map will
bend the negative semiaxis into the shape of the desired pole piece
while the positive semi axis is left straight. The point t=0 will be
mapped to -« so the positive semiaxis will be mapped to the entire
real axis in the new complex plane. A Schwartz-Christofe]49
transformation can be constructed which can duplicate either end of
the pole piece, but with parallel sides extending from there to

infinity. Since the field between the two pole pieces in the parallel
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Fig. 4-15 The Complex Field 0 =1/« log(t) where § = s + iQ
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region away from the ends is uniform, two separate maps can be made
and then cut and spliced together. The small error due to the
improper field produced above the pole pieces will be ignored.

The map that produces the square ends of the pole pieces can be

solved exactly. (see Fig. 4-16)

dw _

at = Vk] + t)(a + tf

o+ |—

(w=x+iy is the final complex plane, and t = u+iv is gotten from
equation (22)).
When integrated this yields

at+l

w=k [X + >

log (2X + 2t + a+1) - a log ( a X + (a+1) t + Zaﬂ (23)

where X = J(t +1)(t + a).

By evaluating w for t = -1 and t = -a the intregration constants49 k

and a can be evaluated interms of the slab thickness T and the spacing

-

a= 28+ 2+ deadsn?n? g
G G
The net flux can easily be evaluated by determining the s values
at the top and bottom where this is to be cut and spliced (flux =
52—51).
The other end cannot be solved analytically but the map was
generated numerically from (See Fig. 4-17)

A+5H7T e HN (2

dw 1 =1 . B-1
=k (+ D (14 5)

dt

t

a)a.-1 (1 +

The constant k can easily be evaluated by considering t >~ o
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Fig. 4-16 Desired Shape for the Real Axis of the t plane after Transformation
into the w plane to Produce the Pole Piece End.
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Fig. 4-17 Desired Shape for the Real Axis of the t plane after Transformation
into the w plane to Produce the Strong Cusp Producing Pole Pieces.
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A |

A1l other constants (i.e, a through d) were evaluated by trial and
error.

Since we have generated a map w(t(s,#)), s and ¢ are a natural set
of parameters yielding an orthogonal coordinate frame in w hence for
each unique value of the complex potential ¢=s+ig, a point w=x+iy, is
generated. The field is plotted "backwards" since the coordinates are
gotten from the potentials. The field lines can easily be plotted
once the map is solved since s is one of the parameters. The field

intensity is a little more difficu]t.

tyd-1 -1 (25)

a

v
g ds . do,dw _, 0f,1
B* = § 2w § ) = 1 =2 [Re(T #£) (1 +

This can also be evaluated at every point w(s,8) and the field plotted
as before by interpolation between the corners of the grid.

These two maps were incorporated into a third computer program.
Since the field due to the square end is not really of interest it was
not displayed but the flux that would be lost from it was calculated
and used to scale the potential field for the other end. The two
examples shown correspond to the small strong cusp which was built and
installed on the plasma source to provide an ECRH zone (this was done
before the program was finished) and to a greatly enlarged very strong
cusp which has not yet been built. The small cusp used was built from
émm thick steel angle and was 5 c¢cm along the cusp, 3 cm high and 6 cm

deep. A block of Sm Co5 magnets (5 ¢cm x 5 ¢cm x 2 cm) of appro-
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ximately 7 kguass remnant field provided the flux. The computer
output (Fig. 4-18) shows field lines spaced by .5 kgauss cm and field
intensity in steps of 1 kgauss from 1 to 10. The large cusp is to be
made of Vanadium Permendur with the yoke 2.5 cm thick. It will be 10
cm along the cusp 15 cm high and 15 cm deep. The flux will come from
block of SmCoS magnets (10 cm x 15 c¢cm x 10 cm) of 9.4 kgauss remnant
field. The computer output (Fig. 4-19) shows, field lines spaces by 1
kgauss-cm and field intensity in steps of 1 kgauss from 1 to 12. The
important point is the gyroresonant zone (3.8 kgauss for 10 GHz) which
in the second design is much larger and further from the wall and the

field 1ines which pass through it must go through fields of < 6 kgauss

before reaching the wall thus there will be a strong mirroring effect.

Summary

Three relatively straightforward theories were developed to
calculate the fields obtainable from arrangements of REC magnets and a
1imited class of ferromagnetic flux concentrators. Two of the fields
exhibited are actually in use on the experiment, and their fields,

measured at one or two points, agree very well with the calculations.
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Chapter V

Apparatus

apparatus consisted of the vacuum system, the

microwave system, and the plasma diagnostics, with their associated

power supplies and measuring circuitry.

The Vacuum System

The plasma was produced in a water cooled, cylindrical, copper

discharge chamber of
connected via a 2.54
deep stainless steel
The other end of the
the end plate, which

permanent magnet and

21 cm diameter and depth (Fig. 5-1), which was
cm thick copper plate, the base plate, to a 30 cm
analyser chamber of the same diameter (Fig. 5-2).
discharge chamber was c1osed by a copper plate,
contained the microwave antenna, a gas jet, and a

steel yoke assembly, 5.08 c¢cm wide, which produced

the electron gyroresonance zone. In addition to this small strong

cusp, ten rows of 2.54 cm square cross section, permanent magnets

produced a multicusp

confining field around the side of the cylinder,

and four rows of 1.27 x 1.91 cm cross section, magnets produced cusp

fields across the end plate which joined the side fields. The base

plate contained no confining magnets.

The end plate was configured as follows (Fig. 5-3 see also

Fig. 2-2). The microwave antenna was a pair of rectangular wave

guides terminated flush with the inside of the vacuum wall and lying

on either side of the gyroresonance zone in the end plate. A small

gas jet, a .3 cm diameter copper cylinder extending .3 cm beyond the

wall with a .08 cm hole in the side which sprayed gas across the

gyroresonance zone, stood on one side between the waveguide and the



109

CBB 840-9261

Fig. 5-1 Input Waveguide, End Flange, and the Discharge Chamber.
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pole pieces ends. Microwaves were not confined to this region alone,
nor were they absorbed completely by the gyroresonant plasma, so they
filled the entire volume of the discharge chamber.

There were eight access ports piercing the side of the chamber
between the magnet rows; two diametrically opposed pairs (with 3.81 cm
id) on the chamber midplane, and two diametrically opposed pairs (with
1.9 cm id) 5 cm from the base plate. On them were mounted (Fig. 5-4)
a barocell and a high pressure ion gauge (10-6 to 1 torr) to measure
base vacuum and neutral gas pressure, two view ports, a liquid
nitrogen cooled cold trap, (all of these had some sort of microwave
barrier), a moveable disc probe with shielded coaxial stem, and a

spark starter.

The cold trap (Fig. 5-5) was a capped stainless steel cylinder
mounted inside another stainless steel tube to which it was joined at
the top but there was a vacuum gap from there on down to provide
thermal insulation. The end of the inner cylinder came to within
about 1.5 cm of the inside edge of the discharge chamber; there was a
.6 cm thick pierced copper disc plug between it and the discharge to
serve as a microwave barrier, without which microwave heating would
have rendered the trap useless. The plug contained a hexagonal array
of .3 cm holes and was about 66% transparent. Before the trap was
mounted a glass plate was mounted over the barrier and a full power
discharge run in the chamber; a maximum of 3 mw/cm2 was indicated by
the microwave detector.

The sparker (Fig. 5-6) was simply a .03 cm dia tungsten wire

attached to a high voltage vacuum feed through with the tip in the
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center of a .1 cm dia hole in a thin metal cover at the edge of the
discharge chamber. Power was supplied by a high voltage pulse supply
(Fig. 5-7) which consisted of a variable a.c. transformer, a 13 kV
transformer and rectifier unit, a capacitor and a 5C22 hydrogen
thyratron tube trigger. This tube was in turn triggered either by a
remote switch hung by the discharge chamber, or by a logic pulse, for
automatic restarting after chopping the plasma; however this pulser
was very slow with a maximum rep rate of about 1/2 per second.
Construction of a faster spark supply utilizing a variable 400 volt
power supply and a photo-flash transformer was started but abandoned
since pulsed operation was not pursued.

The copper base plate (Fig. 5-8) contained the extractor snout for
the mass analyser, a covered slot with a moveable probe, and a
microwave shielded 5 x 15 cm pumping channel with a sliding cover.
When the barrier was open, vacuum conductance was approximately 600
liter/sec, which was used to establish a low base pressure, or for
cleaning the chamber by running a high gas flow rate discharge. The
barrier was closed during experimental operation resulting in a Tow
conductance of approximately 1 to 5 liter/sec and low gas flow rate.
Also when open an excellent end view of the plasma was obtained
revealing a bright plasma in the gyroresonant zone and the well
outlined arches of the multicusp field.

The analyser chamber contained the variable field, permanent
magnet mass analyser and had six access ports on its side (all 3.81 cm
id). These held (Fig. 5-9) a Tow pressure nude gauge, a rotation

feedthrough for the analyser, electrical feedthroughs for the analyser,
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CBB 840-9259

Fig. 5-8 Inside View of the Discharge Chamber.
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a thermocouple pair feedthrough for temperature measurements, a
thermocouple vacuum gauge, and an argon gas inlet for bringing the
entire vacuum system up to atmospheric pressure. The end of the
analyser chamber was completely closed by a glass plate with a high
transparancy mesh microwave barrier, since there was some microwave
leakage around the analyser snout assemply. A 15 cm diameter vacuum
line joined to the chamber bottom and connected to the vacuum pump
assembly, a 500 1iter/sec turbomolecular pump (Balzers TPC 510) backed
by a rotary vane mechanical pump, which was located outside the
laboratory building. Base vacuum pressures were 1 X 10_6 torr in

the discharge chamber and 4 x 10-7 torr in the analyser chamber.

With the base plate barrier closed discharge pressures in to 5-50
mtorr range could be maintained with pressures in the analyser chamber

approximately 100 times less (.05 - .2 mtorr).

The Microwave System

The microwave system (Fig. 5-10) consisted of an oscillator, a
modulator, an amplifier, power measuring circuitry, and various power
supplies and protection circuitry. Both the oscillator and the
amplifier were vacuum tubes, hence each needed several high voltages,
plus filament power, and some form of cooling to be supplied. The
oscillator was air cooled by a fan, but the amplifier was water
cooled. The oscillator was a Varian X-13 reflex klystron with
mechanical, course frequency tuning, and some electrical fine tuning.
Operating power was supplied by a separate PRD model 809A klystron
power supply. Maximum output was around 200 milliwatts. The

frequency was checked by a high Q, adjustable cavity, frequency meter
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mounted on a side arm of the output waveguide. The amplifier was a
Varian 922-70 klystron which was iﬁcorporated in a self contained
cabinet with its protection circuitry and high voltage power

supplies. Maximum obtainable output was from 800 to 900 watts. This
unit was originally a part of an experimental radar installation for
the military and had been obtained from surplus. The klystron could
be self excited by a feedback network, but this was removed and
replaced by the frequency stable reflex klystron oscillator since the
amplifier has a very narrow frequency band and slight frequency
changes greatly decreased power. The microwave signal could be
modulated by a PIN diode modulator which was between the oscillator
and the amplifier. A PIN diode is basically a current controlled
microwave shunt, somewhat analogous to a bipolar transistor. This
modulator served as a remotely controlled on-off switch, and microwave
power level control, and could be used to chop the microwaves; however
this mode of operation was not found necessary; all data was taken
with a continuous discharge. A simple control circuit which supplied
the correct voltage signals to drive the PIN modulator was built and
located in the experimental electronics rack (see Fig. 5-11). Besides
the output and reverse power monitors incorporated in the klystron
cabinet a pair of IN51B diode detectors and a differential amplifier
monitored forward, reflected, and net microwave power at the discharge
chamber (Fig. 5-12). Only the differential amplifier which yielded
net microwave power, was calibrated (output was 1 volt/kwatt), but the
raw signal from the reflected power diode was monitored, and an

attempt to minimize it for all cases was made.
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Microwaves were conducted by standard X-band (WR-90) hollow
rectangular wave guide, which was filled with room air at atmospheric
pressure, except for two short curved sections of waveguide extending
back from the discharge chamber end plate, which were under vacuum,
the vacuum seal being made by a 1/4 wavelength thick quartz waveguide
window on each one. The single waveguide from the klystron cabinet
fed a four port, sidewall waveguide power divider which distributed
power to the two input waveguide sections. Reflected power was
directed to the fourth part which had a s1iding microwave short that
served as a tuning element. An E-H tuner just before this splitter
served to minimize reflected power. A1l of this microwave plumbing is
barely visible at the extreme left edge of figure 5-1. In actual
operation all three of these tuning arms were used together to
minimize the microwaves reflected from the discharge. The location of
the microwave feeds immediately adjacent to the gyroresonant zone,
which probably contained the densest plasma, led to high minimum
reflected microwave powers.

Protection equipment included a ferrite isolator to absorb reverse
microwave power heading towards the reflex klystron, and a water
cooled circulator to similarly protect the klystron. A
phototransistor arc dectector to protect the klystron from breakdown
arcs in the waveguide (which never happened), a reverse power monitor,
a cooling water flow monitor, a high voltage overload and a body
current monitor were all connected to a klystron protection circuit,
which inturn was connected to a second PIN modulator switch between

the reflex klystron and the klystron.
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The Mass Analyzer

Variable magnetic field momentum analysers are a common plasma
diagnostic. If a particle of mass m and charge q is accelerated
electrostaticly by a potential V, then injected into a uniform

transverse magnetic field it will follow a circular path of radius

N m_glgm
r=c @8y g v

For plasmas where the charge to mass ratio is different for each
different charged particle this device will yield the fractional
populations. These devices are often called mass analysers since a
great many plasmas have only singly charged ions (g=e).

A variable magnetic field is typically produced by varying the
current through a pair of coils wound around the pole pieces. Such
devices are straight forward to design and operate, but coils generate
heat that must be dissipated, which is a major problem if they need to
be mounted inside a vacuum chamber. Since variable magnetic
multipoles for focusing high energy particle beams50 have already
been made from steel pole pieces, and the strong permanent magnets now
readily available, it seemed appropriate to build a variable dipole
field for a mass analyser this way also. The magnet assembly
consisted of a magnetized rotor and a steel yoke assembly (Fig.

5-13). The rotor was a rectangular block of permanent magnets
surrounded by rounded side pieces to form a cylinder. The two side
pieces on the magnet poles were steel; the other two were
nonmagnetic. The rotor fit into circular cutouts in the steel yoke
which connected it to the rectangular pole pieces which had

4.6 x 10.2 cm faces and a .6 cm gap. As the rotor is turned between
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the yoke side pieces, the fraction of the total flux which passes
through the yoke to the pole piece gap varies, so that when the
magnetization axis of the block in the rotor is perpendicular to the
yoke pieces, the magnetic field across the gap is maximum, and when
the magnetization axis is parallel to the yoke pieces, the transverse
gap field is zero (Fig. 5-14). The transverse gap field plot in the
figure was for the first set of magnets used; the maximum has since
been increased to 2800 gauss by using a slightly better set of
magnets. Since the yoke is not saturated and magnets that are 50%
stronger are available, it is reasonable to predict that this could
be raised to 4000 gauss by using those magnets. The longitudinal
field in the gap was too small to accurately measure and did not
degrade performance.

The rotor was turned by a worm gear drive, located outside the
vacuum, via a shaft which passed through a wilson seal. It was
necessary to include a universal joint inside the vacuum chamber,
since the axis of rotation was not aligned with the axis of the vacuum
port (Fig. 5-15). The rotor has four equilibrium points, the two
maxima (of absolute field strength) and the two zero field points.
When starting away from these points the magnets first exert a
restoring torque on the shaft but this dimishes to zero then reverses
sign as the next equilibrium is approached. Since the mechanical
1inkage had some play (mostly in the u-joint) this leads to a sudden
jerk in the rotor as the torque reverses and consequently a jump in
the magnetic field. This could have been eliminated by a rigid
rotational drive, but at least was rendered innocuous by addtion of a

spring brake for the rotor.
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CBB 840-9253

Fig. 5-15 1Inside View of the Analyzer Chamber showing the
Analyzer as Mounted.
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The rest of the analyser (Fig. 5-16) consisted of a Hall probe
(Siemens SV230) to measure the gap field, a beam extractor assembly
and a shielded, insulated graphite block into which was drilled a
depression which served as the collector cup. The beam path was of
3.9 c¢m radius and focused at 155° which was where a .08 cm wide
defining apperature was located; immediately behind this was the
collector cup. The entire region in which the beam traveled was
enclosed by a cbnducting box held at acceleration potential to
intercept particles not traveling along the collection path. Since
the analyser is a potentfa] well these particles could not leave it
anyway, and if not intercepted they would be deflected back into the
analyser by the fringe electric field, and might thus reach the
collector. | |

A small particle beam was extracted from the plasma by a two
electrode extractor snout assembly, which was mounted in the base
plate approximately 2.8 cm off center. The extractor (Fig. 5-17) was
made of two concentric cylinders the outer one cob?er. the 1nner‘one
steel (to provide magnetic shielding) each wrapped with kapton foil
insulation. The end of eaéh cylinder on the plasma side was closed
except for a .08 c¢m diameter hole on the center. The first electrode
contacted the plasma, and was given a su1tab1e Tow extraction bias.
Its chief purpose was to shield the plasma from the high acceleration
bias on the second electrode. Originally only a singlé extraction
electrode was used, but when extracting electrons and negative ions
(positive bias) a visibly different plasma formed in front of the

extractor, sometimes becoming a centimeter or more in radius. This
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phenomena has élso been observed in other discharges and reported.9
With the extraction electrode scfeening the acceleration electrode
this has not been observed.

The associated circuitry is shown schematically in Fig. 5-18.
Electrical bias was supplied by two regulated D.C. power supplies and
a battery box. The accelerator electrode and the faraday cage of the
insert were electrically connected to one supply and the extractor
electrode to the other. Currents of several tenths of micro-amperes
reached the cup. The isolated cup was biased to the same potential as
the insert by a shielded battery box grounded through an picoammeter,
which served as a very sensitive current to voltage converter. The
output signal was fed to the y input of an x-y recorder-and the Hall
probe voltage was fed to x, which thus yielded plots of cup current vs
magnetic field. Since cooling of the magnet was of no concern, the
field could be swept very s1ow1y to allow for the time constant of the
electrometer; even time constants of seconds could be used for noisy
plasmas, or the field could be left fixed on a certain peak which
~ could then be monitored as a function of time. (Sometimes over 1 hour

continuously!)

Probes

There were two electric probes used as plasma diagnostics: a small
moveable shielded collector in a channel machined across the cénteF,
of the front, of the base plate, and a disc probe with a coaxial
support, which could be 1nsertedA1nto the plasma from one of the small

diagnostic parts approximately 5 cm from the base plate.
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In order to measure the parameters in the discharge volume many
probe design; were tried; none were totally satisfactory. The probe
used (Fig. 5-19) was a .4 cm molybdenum disc mounted across the end of
its supporting tungsten wire. The wire fit inside an alumina tube
which was inside a copper shielding tube, which was inside yet another
alumina tube. - Between the end of the copper tube and the probe disc
was an alumina disc insulator. The shielding tube was attached to a
sliding microwave short which was housed in a vacuum pipe section
outside the discharge chamber. This shorted outer conductor served to
prevent microwave coupling to the inner conductor. Disc probes were
necessary, as eveﬁ very short wires nearly always were heated to
glowing by the microwaves, and a distinct knee in the characteristic
trace was never observed for them.

The associated circuitry consisted of a regulated D.C. power
supply, a polarity reversing switch, a 10 kQ series resistor and an xy
recorder (Fig. 5-20). This probe yielded excellent characteristic
traces, did not melt in the microwave environment, and did not leak

micrdwaves out into the 1ab;Ahowever it still represented a microwave
power loss, and could not be moved without perturbing the plasma.

Since the microwave wavelength was only about 3 cm, and a
microwave field filled the entire discharge chamber it was imposible
to move a probe immersed in the plasma more than a fraction of a
centimeter without causing noticeable, and often catastrophic Chahges,
such as greatly increased microwave reflection or the probe structure
being heated enough to glow. To overcome this, and allow radial

dens1ty profiles, a probe was incorporated in a covered slot in the
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base plate so it could be shielded from the microwaves, and yet sample
some plasma in order to give relative density information (see Fig.
- 5-8). Originally the channel was covered by 2 molybdenum strips which
left a .07 cm slot open across the plate. Through this slot a .02 cm
diameter tungsten wire probe shielded by a .05 cm diameter alumina
tube protruded about .2 cm into the discharge chamber. This could
still not be moved without microwave arcs forming across the gap and
the reflected microwave power being moduiated. This arcing was due to
the large potentials at microwave frequency that this arrangement
could support. Although the two cover strips were electrically
shorted in the D.C. sense, since the shortest conducting path from the
edge of cover to the other was under the slot, a distance which is
comparable to a wavelength, they were uncoupled at microwave
frequencies. The next slot covering tried was copper mesh, but power
modulation was still high. The last cover tried was a nearly solid
copper. sheet penetrated only by a s1ngie row of 29 holes of .16 cm
diameter, spaced .6 cm apart. This nearly workéd, but power |
modulations of about 5% still occur. These are not radom
fluctuations but for a inen pressure and net power occur on each
radial scan at the same probe locations. Apparently there still is
enough microwave coupling to the slot for it to act as a sort of
tuning element. This should be reducable by yet smaller holes.

wWhen the continuous slot had to be abandoned it was no longer
possible for the probe, to penetrate into the plasma and still be
moveable, so a small planar probe which is actually more nearly a

biased ifon collector, was used instead. The collector was a small
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tungsten rectangle approximately .5 cm square which was shielded by a
grounded conducting barricade so that it could oﬁ]y sample one hole at
a time (Fig. 5-21). The position was monitored by a helical
potentiometer, which was mechanically connected to the probe stem.
Both this probe and the disc probe used the same detection circuitry.
(Fig. 5-20)

Although it was intended for the probe slot to pass through the
center of the discharge, the analysis chamber was mounted slightly off
center on the base plate, hence the line of sampling holes is also off
center. The large mounting block which attaches the brobe's shield to
the tube which moves it, does not allow the collector to sample the
last hole on that side of the array. These do produce a siightly
asymmetric looking trace, but it is still good enough for comparing

different discharges.
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Chapter VI
Operation and Experimental Technique

Operating the Microwave Equipment

Starting up the microwave system consisted of turning on and
warming up both of the microwave tubes and the1f power supplies,
adjusting the reflex klystron to nearly correct frequency, and then
after applying high voltage to the amplifier klystron, slightly
adjusting the frequency to optimize output power.

Initially the manual variable attenuator in the reflex klystron
waveguide arm is adjusted to minimum attenuation to allow monitoring
the tube's output, while the PIN diode modulator was biased to maximum
attenuation, to prevent the signal from reaching the amplifier. A
cross guide coupler in this arm diverted a small fraction of this
signal through the frequency meter and into its microwave diode
detector (see Fig. 5-10). Thé frequency meter was a tunable, high-Q
parasitic cavity thch strongly attenuated the signal in a very narrow
frequency band, which could be adjusted by changing cavity size. The
reflex klystron frequency was adjusted by tuning the reflector voltagé
until a relative minimum of the signal was achieved, this would be the
center of the attenuation band of the cavity. If the reflex klystron
was grossly detuned (e.g. installing a new tube) then a mechanical
screw on the klystron tube jtself also had to be adjusted. This screw
changed the Size of the oscillator cavity inside the tube and hénce
‘set the range of frequencies over which it would oscillate. Here the
best procedure appeared to be to first get the tube to oscillate as it
was, and then adjust the frequéncy measuring cavity until its signal

‘suddenly dipped, indicating the frequency, then to change the tube
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adjustment screw a 1ittle and note which way fhe frequency changed.
This proceedure determined which way to rotate the coarse adjustment
screw on the reflex in order to move the frequency towards the desired
one. Small adjustments were then made, followed by tuning the
reflector voltage to obtain optimum signal after each adjustment (the
tube did not oscillate at the same voltage setting for each cavity
size, hence this voltage also had to be adjusted). Small steps were
necessary to prevent over tightening the tube adjustment which could
destroy the tube. Thus the tube could be slowly "walked" to the
proper adjustment.

Once the source frequency was right, the manual waveguide
attenuator was turned to maximum attenuation, and high voltage was
applied to the amplifier klystron. There was a built in timing
tircuit to allow adequate tube warmup time after filament power was
supplied before voltage could be applied. With voltage on, the PIN
diode- attenuator was now biased to minimum attenuation; this resulted
in a small output of about 20-30 watts since sdme input powef could
stil1l get through the manual attenuator. This manual attenuator was
now slowly opened, andvthe output power monfitor carefully watched.
Power would rise until the tube saturated, further increase in input
signal resulted in diminished outpu;. The manual attenuator was
carefully adjusted until that optimum setting was reached. The
amplifier klystron was very narrow band, so the reflex klystron
reflector voltage, hence frequency, would be readjusted gently until
output was maximum. The manual attenuator was also again gently
readjusted to reach'optimum. After the first 3 to 5 minutes both had

to be readjusted a final time. Now this attenuator would be left
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alone and all powef adjustment would be done by the PIN modulator.
Since thesg two attenuators were in series this prevented the input
power going past saturation.

The PIN modulator was controlled by a voltage signal from a module
mounted in the experiment's electronics rack. This module could be
switched to supply the voltages necessary for maximum attenuation, low
attenuation or a variable voltage, so as to allow varying microwave
power from about 100 watts up to maximum. This unit could also be
gated by a logic pulse to switch between full attenuation and the
level set by the variable control.

Whenever the microwave equipment was on, a portable microwave
radiation monitor (Narda model 8606) was also turned on. If any
section of waveguide had been disassembled since the last running, or
if any new vacuum feedthrough was installed on the chamber, then it
was checked for dangerous microwave leakage. Since established safe
microwave levels are only § mw/cm2 at 10 Ghz, and 1 kwatt was
applied, a very small gap between metal pieces, or any coaxial
electrical feedthrough could easily cause serious leakage. Microwave
safety was verified by checking all around the suspect area when the
microwave amplifier was first turned on (ie. low power), and then
increasing microwave power in steps, checking all around each time
until full power was achieved. If the new device contacted the
plasma, its microwave leakage was often drastically changed'from the
vacuum level by the presence of a discharge. If any area had a
detectabIe, but safe level of microwave leakage the monitor could be
1eft there with a preset alarﬁ in case changes in the plasma suddenly

: producéd dangerous leakage.
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Starting and Running the Discharge

While the microwave equipment was warming up, the vacuum chamber
was also prepared. If gas flow was to be high for cleaning out the
chamber, which was the usual case when turning on the system, the
sliding barrier across the pumping slot in the base plate was left
open and the nude ion guage in the analyzer chamber had to be turned
off, otherwise electrons coming through the pump slot initiated a
local plasma around the high voltage grid and collector of this
device. The input line gas value would be then opened, and the needle
valve adjusted to yield the desired chamber pressure. Then the
microwave amplifier would be powered up, and adjusted as described in
the previous subsection. Often the discharge self started, but if not
it could be initiated by the sparker.

Once the discharge was on, the waveguide system had to be "tuned”
to maximize the net power to the discharge. The net microwave power
was indicated by a differential amplifier connected to the pair of
microwave diode detectors that monitored forward and reflected power
at the waveguide input to the discharge chamber. This was displayed
on a digital volt meter in the experiment's electronics rack. A]sd
the ref]ected'pouer signal was monitored by an oscilloscope and
another digital voltmeter. This allowed the net power, the reflected
power and the modulation of the reflected power caused by relaxation
osc111afions in the plasma to be monitored. These oscillations are
caused by the reflectivity of the plasma being a function of electron

density, which is itself a function of the absorbed microwave
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power. Similar oscillations in other microwave plasmas are widely

reported.54

The two adjustable shqrted waveguide tuning arms, which
made up the E-H tuner, and the tuning arm on the waveguide power
splitter (see Figs. 5~1 and 5-10), were adjusted while observing these
power indicators until the quietest reflected signal, at the lowest
obtainalbe level was a;hieved. This tuning was a sensitive function
of gas pressure and microwave power, and often required a lot of
patience. There were some pressures where it was just not possible to
run a quiet discharge at all, and at some other pressures it would be
relatively quiet only over some limited power range. At most
pressures power could be varied with 1ittle or no tuning required, but
gas pressure could not be varied at all without at least a little |
adjusting being required, if not a complete returning. This finicky
behavior was the most annoying aspect of the discharge.

Some additional tuning was required in the first five minutes or
so as things heated up and the dimension changed due to thermal
expansion. The E-H tuner was water cooled, otherwise it never settled
into steady state, but slowly the net power drifted around due to this
thermal feedback between reflected power and tuning. Also the input
waveqguide section of the vacuum chamber was water cooled to protect
the vacuum windows from over heating. The discharge sometimes
suddenly detuned itself, that is net power dropped substancially and
did not recovef (mode change). This was most 1ikely when operating at
very low gas pressure (p < 15 mTorr), or if trying to operate in a
‘regime of high relaxation oscillation noise. It did sometimes rapidly

detune after having run quietly for several minutes; this was not
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really understood. The best prevention was patient careful tuning
after each new power or pressure change. Once it settled in, the
discharge could be run for hours with only a 1ittle periodic tuning if
no changes in power or gas pressure were made.

In order to be able to operate the mass analyser, which required
lTower gas pressures than those at which the discharge was run, the
cover for the pumping slot had to be lowered. Since this greatly
changed the pumping rate for the discharge chamber the needle valve
had to be adjusted. The discharge would be extinguished by cutting
of f the microwaves, and the gas would first be shut off and the system
pumped out then the cover would be closed, the needle valve adjusted
to the desired pressure and the discharge restored by switching back
on the microwave power and discharging the sparker. 0ddly, even
though the discharge usually started itself when first turned on, it
almost always required a spark to restart, if subsequently shut off.
Thislis probably due to fact that initially the microwave system is
not yet properly tuned, and a small local hot spot on the metal wall
is formed by nonuniform microwave field strength. Bright pinpoint
microwave arcs can be observed in the chamber if the microwaves are
1njecteq with no gas present, and can sometimes be seen even with a.
plasma going.

The inside of the chamber sopnfacquired a silvery coating after
running which must have been some of the soft solder used to repair
the end plate in the vicinity of the gyroresonant zone (this is
visible in figures 5-3 and 5-8). Since large amounts of power are

deposited on the wall there, some of the low melting temperature
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solder could easily be vaporized and deposited elsewhere on the
walls. This also was probably the cause of the large amount of water
(oxygen in a hydrogen plasma is rapidly converted to water) in the

discharge before the trap was installed.

Using the Mass Analyser

Once the discharge was running with the pumping slot covered and
the analyser chamber at good vacuum (typically .2 mTorr or less), the
power supplies for the extractor electrodes would be switched on {see
Fig. 5-17). A fixed acceleration voltage of + 200 V was used. Higher
voltages yielded higher collected currents but reduced the maximum
particle mass that could be discerned (since maximum obtainable field
was fixed at 2800 gauss). The value chosen was the highest voltage
which still allowed m=20 to be clearly detected. Since positive ions
are expelled from the discharge by the positive plasma potential the
outer extractor electrode was simply left floating for collecting
them. The case for negative ion collection was more difficult: at
each pressure the outer electrode bias was optimized to yield a
maximum H~ signal. This was done by first applying about +10 V of
bias and then sweeping the magnetic ffe]d until the H peak was
detected; the magnetic field was then adjusted until it coincided with
the center of the H peak. Then the bias voltage was then varied,
and the H-'siénal recorded as a function of it. The bias was reset
to the voltage which yielded maximum H signal. It was found that
~this optimum bias did not depend on microwave power, but only gas

pressure, hence it was left fixed for each pressure.
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The mass analyser signals were larger, and were reproducible if
the analyser field was swept from maximum intensity to O rdther than
vice versa. This was probably a hysteresis effect. The Hall probe
sigha] and the collector cup output were connected to an x—yvrecorder,
the peak heights were measured on the chart produced and that was used
as the ion signal data. Polarities were reversed for opposite charges,
so the two traces appear mixed together. Positive traces were taken
in red, and negative in black to make them easily distinguishable. A
typical trace is shown in figure 6-1. Because of the disparity in

sizes the electrometer was switched to a scale that was 10 times less

+
3

10 or 100 times more sensitive to record the H peak. The negative

sensitive to record the H, and electron peaks and a sca]e.either

peaks were narrower, and the field often had to be reversed back and

fbrth over them several times in an attempt to record the peak, in

spite of this it is evident that quite often the electron peaks were

still clipped off. In\additioﬁ to the x-y recorder tface, the drain

current on the outer electrode, when it was biased posit1ye1y, was

recorded since it was a reliable monitor of extracted negative current.
The absolute value of magnetic field at which H' and H™

signals were collected was not the same. This was because of the

difference in effective extraction voltage for the two particles due

to the plasma potential (it accelerates H' but retards H), hence

)
c

¢ [em
B, —,je (Vv

The magnetic field was monitored by a Hall probe which was linear, but

had an offset (ie. Hall probe signal for B=0 was not 0), so
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operationally the mass analyser equation could be written as

(vhp -V) =k \IA( Ve * vp)

where A is the mass of the species in any useful unit, say in terms of

the proton mass. There are three unknowns, but with two negative

;. 0+. 0H+, H20+) peaks available

this equation could easily be solved. At least one positive and one

(e”, H) and five positive (H', H

negative species must be included otherwise the product k ‘Ivacc + vp
could not be divided. This was tried as a means of measuring Vp but
there was a random scatter of 2-3 volts to the results, the reason for
this was not discovered. Since a probe which would work was finally
made, this study was not continued, however it still remains as an

option for measuring vp where insertion of probes is not possible.

Using the probes

The disc probe was normé11y retracted and only inserted into the
plasma briefly for measurements since it was heated by the microwaves.
Bias was supplied by a regulated power supply; current was measured
across a 1 k2 series resistor. The bias signal was input to the x
amplifier of an x-y recorder and the voltage on each side of the
resistor was input to the differential inputs of‘the y channel of the
recorder (see Fig. 5-19). A typical trace is shown in figure 6-2, as
can be seen the signal always become slightly noisy for probe bias
beyond about 4 volts. A simple ana]ysis15 was used. The electron
current was determined from the x-y output by f1it1ng a straight line
to the ion saturation current (negative asymptotic 1ine) and then

using it as the base line and measuring the distance to the current



152

curve with a ruler. There was a slight'leakage current which is
noticeable as the slope to the ion 'saturation“ current, but this
method also automatically subtracted it. These numbers were then
input to a computer along with the proper scaling factor to convert
them to net electron current. The computer then displayed 10910

(Ie-) as a function of V from which the dividing line

probe’
between those points be1ong1n§ to the transition region and those
belonging to the electron saturation region was determined visually
and input back to the computer. Each group of points was then least
squares fit to a 1ine of the form

loge (I.)=m vp +b
The electron temperature is then just the inverse of the slope of the
1ine for the transition region, the plasma potential is taken to be
the probe voltage where the two lines intersect, and the electron

density is calculated from

8Te
Ie- (V= Vp) = 1/4 Ne m

The factor of 1/4 is the product of two factors of 1/2. One factor of
172 is for a disc with diameter much larger than a debye length, since
1/2 of the particles will be headed towards it and 1/2 away, the other
is from the average of the cosine from the velocity over a hemis-
phere. Due to the shadow effect of the probe and possibly some
collisionality this is only approximate. The compufer fit to the data
shown in Fig. 6-2 i1s shown in Fig. 6-3.

The slot probe was biased at 5 fixed negative potenfia] (-25 V)to .
act as an ion collector and was moved from one‘edge to the other to

produce a radial profile.
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Chapter VII

Results and Conclusions

In this chapter data from the mass analyser and the probe are
presented. As has already been mentioned there are only limited
ranges of pressure in which a reasonably quiet stable discharge could
be maintained. From these ranges a set of pressures which were
roughly evenly spaced were chosen (20, 30, 44, 52 mTorr). At each of
these the discharge was operated at the same set of net microwave
powers (450, 550, 650, 750 watts); power could not be regulated to

better than about + 20 watts at the higher pressures.

Experimental Results

Figure (7-1) through (7-6) show the experimental measurements as a
function of gas pressure fbr each different net microwave power. The
first four show that the 901ume plasma only weakly depended on
pressure and only density showed much dependence on net power. This
is to be contrasted with figure (7-5) which §hows the nature of the
extracted H current. The salient feature is the strong increase of
H signal with pressure (no) above 30 mTorr whereas total negative
signal again only varies slightly (see Fig. 7-6). The measured value
for the plasma potential is in good agreement with the measured value
for Te and the ion composition. At the beginning of Chapter II a
very simplified theory of the sheath was presented but figure (7-7)
shows there is excellent agreement (Vp is the méasured value,
np(Te,Hs) is calculated from the measured values for Te and

the jon composition using equation (2-2)).
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H Measurements

In Chapter III the following equation for the parametric

dependence of the H density Qas derived:

s form
3 3 dn
<DA>> |[n_n <EV>" + ( )
<Attach>eff ) 2: eo dt ayro

d T
0 <0et>eff <0et>eff m

n = n

Destruction will be dominated by mutual netrualization for which the
rate coefficient depends on ion temperature and effective ion mass.
Since Te and Vp change only a 1ittle it is quite reasonable to
assume T1 also to be fairly constant, and as was shown the ion
composition does not vary tqo much; therefore, the effective
detachment rate coefficient should be fairly constant. 1In the
numerator all the quantities except the contribution to Hz(v) from
the resonance zone depend on volume parameters and are hence only
going to vary a little. The estimates in chapter III were based on
n, = 1015 which corresponds to about 29 mTorr. It was found that
at those parameters the production from the gyroresonance zone and the
local production were equal. As was shown in Figure (3-3) production
in the gyrozone increases sharply with pressure while that from the
volume should remain roughly constant, hence above about 30 mTorr
Hz(v) from the gyrozone should begin to become dominant. This is
what is seen in Figure (7-5).

Figure (7-8) shows the ratio of the analysed H current to that
of the analysed electron current and figure (7-9) the ratio of it to
extractor drain. As was mentioned the very narrow electron peaks were

subject to being clipped off; this is the reason for the scatter of
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each of the sets of points in the figure but still it indicates that
the ratio is several parts of 1000 as was estimated. Figure (7-9) was
included to show that the fraction really is a steadily increasing
function of pressure, since drain current should be a reliable monitor
of extracted negative current. Figure (7-10) shows the ratio of
analysed electron signal to the extractor drain current, again the
scatter is evident but the ratio is seen to be roughly 10_6 and
possibly improves slightly with higher pressure. The extractor was
1.27 cm in diameter. These two facts can be combined to estimate the
analyser efficiency or equivalently to convert the analysed currents
into extracted current densities

3 = (10%Area) I = 8 x 10° (em %) 1
The estimated maximum extracted H current density is .78 mA/cmZ.
This is very low compared to actual long pulse negative ion sources
which achieve 10's of mA/cm2 but their extraction is at several

hundred volts where as here it was only 6 to 9 volts.

Effect of Multicusp Confinement

Figure (7-11) shows a radial density profile taken at 30 mTorr
pressure before the side magnets were mounted; figure (7-12) shows one
at 30 mTorr with side magnets. The reflected microwave power
modulation induced by probe motion discussed in Chapter V is very
apparent in the second profilé; net microwave power dropped at the
hole just right of center then recovered and dropped again four holes
further left and beyond. The asymmetry due to the misalighment of
base plate and chamber is much more pronounced in the profile with

side magnets since it passes through the multicusp field nearer to the
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'cusp on the left side than on the'right hence the density remains
higher there. In spite of their poor quality these figures still
clearly show that the central density is propértiona]]y much higher
when side magnets are present.

Some mass analyser data was taken before the side magnets were
mounted, thé disc probe was not perfected until afterwards. Without
side magnets positive ion signals were only about 15-20% of their
heights at the same power and pressures with side magnets, the H
peaks were leés than 7%! This'extra factor of two in the enhance-
ment of H by side magnets is probably due to somewhat higher
positive ion temperatures (hence lower <MN>) that the improved
confinement will produce.

It was easier to tune the microwaves to the discharge and the
maximum net power achievable at the higher gas pressures was also
higher. This is due to the much lTower plasma densities indicated by

the extracted fon currents.

The effect of Hzg

The water concentration in the discharge was far higher than

desired, so the cold trap was designed and built to remove it. The
results from using it were at first surprising, but are in agreement
with the theory so far developed.

A 750 watt net microwave power discharge at 43 mTorr was used for

these observations. The mass analyser was set on the H_O peak and

2
1iquid nitrogen was poured in the trap. After a few minutes the H20
peak was down to about 10% of its preVious height (now only 1-2% |
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of the positive ion population). The trap was then rapidly blown dry
with nitrogen and the fractional population of H20 jumped to over

50%. This was repeated for the mass analyser set for H . Upon
introduction of 1liquid nitrogen the H signal dropped to about 75%

of it original value. After several minutes the trap was again
rapidly blown and the H signal briefly jumped up to over 2.5 times
its original value (see Fig. 7-13). The probe was inserted to monitor
the plasma before and during the period the trap was cold and in the
blow down afterwards. The electron temperature before and during was

1.5 eV and the density was 2.5 x 10]0

with no significant difference
between them. The probe was swept manually and hence was too slow to
follow the blow down. A trace which was taken on the downward slope

of the peak showed temperature had dropped to 1.4 eV and density risen

to 2.8 x 10]0.

Three things happened when the trap was rapidly blown: Te
dropped, ne rose, and the effective ion mass Jjumped up due to the
dominance of the massive water ions. This experiment was conducted in
the region where Hz(v) from the resonance zone is dominant hence
n  depends only weakly on Ne- The dissociative attachment rate
coefficient is a rapidly decreasing function_of temperature in this
range; the change from 1.5 to 1.4 eV increased it from 3x10.9 to
5x10-9. As was determined in chapter III the chief destruction
mechanism is mutual neutralization. If the change due to the effect
of increased ion mass due is evaluated by eduation 3-2 the loss rate

7

coefficient is seen to decrease from 1x10°° to 7x107'. Al

combined these predict
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N <DA>' <MN> 5.1% .99 _ L,
- T <DA> <MN>' T 3.1 % 73 — ¢

which is in prefect agreemént with the observation, since no doubt the
peak change in Te and ion composition were somewhat larger. For the
cooling down stage only the change in effective ion mass due to the

elimination of water was noticed. The predicted effect is

_ oS> 92
TO<MN>' T .99 -92

‘."' I:

The extra decrease measured can easily be explained by a slight drop
in Te (only about .05 eV is needed) which was too small to accurately
measure. There does indeed appear to be a change of this size in Te
but this change is far below any reasonable estimate of the error in
the determination of probe temperature so it cannot be reported as
fact.

This experiment indicates that rather than being detrimental H20
aids H production. The mass analyser has revealed no other
negative ion signals within a factor of 20 of the size of the H

peak for masses out to around 24 or so (see Fig. 6-1); water impurity

leads to no impurity in the beam!
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Summary of Results

This experiment was undertaken to gain experience with a microwave
driven hydrogen discharge of a type that would be suitable for use as
an ion source for high current beams. The emphasis was on H
production. The results may be listed as follows.

(1) H can be produced by a microwave driven discharge, and the
behavior is consistent with predictions based on production by
dissociative attachment to vibrationally excited molecules.

(2) In comparison to present day ion sources, the operating pressures
were high. The discharge had a cut off pressure below which it .
could not maintain itself (characteristic of all microwave
discharges), and the H current increased rapidly with
increasing gas pressure.

(3) Water in the discharge was found not to be ruinous, but to the
contrary, appears to be beneficial to H production.

(4) A net microwave power of 750 watts produced a density around

© 3x 10" em 3 4n a volume of 100 cm3. It s not feasible to
scale from this to denser discharges since the gyroresonance zone
plays a crucial part, and w;at part of the power it absorbs is not
known, but it is probably not a linear function of net perr.

(5) The magnetic bucket conf1§urat1on enhances the extracted H
curent of this device.

(6) By using steel pole pieces an ECR plasma can be created and
confined to one end while a cooler plasma will fi11 the rest of

the volume.

[aaY
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(7) A workable variable field mass analyser was constructed from
permanent magnets which, though plagued by a weak mechanical
design, proved this concept: it provided a uniform variable field

and generated no heat.

Summary and Conclusion

This experiment was motivated by the desire to find an alternative
to filament driven ion sources, since neither the short filament life
time, the long turn on time, nor the complexity of design that having
to provide electrically isolated vacuum feedthoughs with water cooling
for the filaments necessitates, are desirable. The microwave powered
device was certainly simpler and could be operated far longer without
maintainence. _

The key feature of this device was the very strong cusp which
yielded the small crescent shaped ECR zone in which hotter electrons
ﬁould be formed, but yet kept separate from the rest of the plasma.

An enlarged and much stronger cusp, like the one shown in Chapter IV,
would greatly improve performance. It would contain a much larger ECR
zone, and the plasma formed there would be subject to mirror
confinement rather than being quickly lost to the wall at the magnetic
poles. There would also be enough space between the magnets
themselves and the ECR zone for both the vacuum wall and a microwave
antenna, so that microwaves could be directed right into the resonant.
plasma. This should greatly reduce the refiected microwave power
problem and with a good antenna design reduce microwave indensities

beyond the resonance zone to negligible proportions. The mirror
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confinement will increase microwaQe efficiency, lower the gas pressures
necessary to operate the discharge, and raise_the hot electron tempera-
ture. These improvements may also be obtainable by ﬁonfining the
microwaves to the present ECR zone by a properly designed barrier
(grating or mesh), which would still allow particles to pass. If the
microwave frequency were lowered, the field necessary for
gyroresonance would also be lowered; this could result in an ECR zone
in each buckgt field cusp. For the same density to be obtainable
however, the plasma would have to be that much more beyond cut off
density since it also is lower at lower frequencies. The important
thing, however, is the total production of excited states in the ECR
zone which depends on both the temperature and the total volume of the
hot plasma; so since much more volume would now be resonant, lower
densities might well be acceptable. This scheme might be a useful
alternative.

Further experimental work on this device is needed. No measure-
hents have yet been made on the hot ECR plasma, a knowledge of both
the electron density and temperature of that region are necessary.
Several properties of the non-;ésonant volume plasma are also needed,
namely: ion energies, atomic neutral fraction, and gas temperatpres.
Another useful experiment is injection of electrons from a separate
cathode into the non-resonant volume which would allow some control,
independent of the ECR plasma, of the electron temperature and plasma
potential. Both for this experiment and all other volume production
work the actual mechanism needs to be ver1f1ed. Dissociatiative
attachment to highly vibrationally excjfed molecules appears most.

1ikely but actual measurements of vibrational populations and
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correlation to H production is essential. The extracted H_

current densities were very low, but in this experiment a very low
voltage was used on the extraction electrode; much higher current
densities will be obtained when beam extraction at high voltage like
on other negative ion sources is used. Work on developing this type
of H ion source should continue with emphasis on an enlarged ECR

zone and on large scale extraction of negative ion beams.
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Appendix A

Some Aspects of Microwave Safety

Microwave safety was always a concern in this expefiment since
nearly a kilowatt of continuous power was delivered to an apparatus
which had to be frequently disassembled and into which various devices
electrically connected to the outside had to be inserted. The exact
‘nature of the hazard afforded by microwaves and hence the definition
of "Safe" levels of exposure is sti]l a topic of debate. The most
widely accepted view, and the official view behind the established
exposure limits, is that harm is done only by deposition of energy in
body tissues faster than those regions can remove it, that is the
danger is in heat damage to effected areas of the body. With this

53 is 5 mwatt/cm2 for frequencies

guideline the official standard
above 1500 Mhz (1.5 Ghz).

This is however not the only point of view. Some believe that at
even lower power levels the alternating electric field of the
mitrowaves may interfer with the activities of the nervous system or
possibly even alter the activitjes of the body's cells by changing the
diffusion rates of the various ions dissolved in the protop]asm.56
This is the official view held in the USSR and is the basis for the
much stricter standards set fhere.

The problem of preventing 5 mWatts out of 500 watts (which is 1
part in 105) from escaping is difficult. A1l joints must have good,
continuous, conducting contact around their entire periphery. Since

waveguide flanges are designed with this in mind they usually did not

present a problem unless damaged, but that only has to be a scratéh. a
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loose screw, or a cracked solder joint so whenever disassembled all
joints were carefully checked as power was being applied.

The chief problem was vacuum seals. Small flanges with rubber "0"
ring seals would not do, hence only conflat flanges with copper
gaskets were used. If a window or a device in which microwave filters
could not be installed was to be mounted a microwave barrier had to be
added. The most satisfactory was a moderately thin metal plate with a
hexagonal array of circular holes. If a plane wave is incident on an
infinite plate of thickness t with a rectangular array of holes
(possibly staggered) of diameter d with spacing between neighbors
being a and b in the two array dimensions the transmited signal will be

A/10

Pout = 10 Pin

where A is the attenuation in decidels and is given by

1

3abn 2

t «d
= * _ - —
A =20 log]0 (2 3 ) + 40*1.841 log]o(e) q J 1 (1.841x)
v« d
The first term57 represents the fraction that is not reflected back
by an infinitely thin sheet with the same hole pattern. The second
term is the attenuation in a perfectly conducting circular waveguide

.

operating below its cut off frequency A\ = _«d . For a héxagonal array
c 1.841

and the optical transparancy is

2

wd® _ d,?2
4ab -906 (a)

This g1ves a useful attenuation formula
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A= 20 ’Iogm(%) + 32 § 1-(

1.71d)
A

2
and for reasonally small holes the square root is negligible. Since
reflecting most of the power back into the discharge is desirable the

first term should be approximately 15 or larger yielding

3

gd = 6
3A_

d < 487

t = .7 is the highest transparancy which can be reasonably machined

hence | | |
d < .1

This was found to be a useful rule of thumb.

In use only small sheets a few wavelengths across were used and
these were only part of a large non planar boundary however barriers
designed by the above to give 50 db always proved adequate.

The best way found to 1ncorp§rate such a microwave barrier in a
circular access part was to press fit a plug in the opening flush to
the inside of the vacuum wa]].' Another satisfactory way when using
conflat flanges was to replace the copper gasket with a perforated
metal disc (either soft copper or aluminum can be used).

Another possible microwave barrier is a conducting mesh (screen).
Meshes are treated as 2 independent orthogonal arrays of conducting
wires. Since most are square and since any arbitrary field can be
divided into orthogonal components only the effect of a field parallel

to or perpendicular to an infinite wire grating need be considered.

Lamb58 published a solution for a perfectly conducting grating in
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1898(somewhat before microwave shielding was a problem). For wires of
diameter d and spacing s the reflected power is

E parallel r= ! 2

1+ (2109 (3%))

('zdz)z
E perpendicular r —255——5~5——
1+ (%—g—)2

, AS

These can be rewritten to give the transmited power attenuation in db

£ parallel A=-10 10910 T Y 3
1+ - log(ﬁ
1
E perpendicular A = =10 log
10 - ('2d2)2
2AS

and the optical transparency is

For d2 << As the perpendicular attenuation vanishes (as was shown by

Hertz also in the 19th century). This is always the case for useful
screens so only the parallel formula need be considered.

The largé end flanges of the chamber (20 c¢m id) had standard
rubber “o" ring seals. There was sufficient warping when the chamber
was soldered together that the entiré chamber had to be put back in a
lathe and the flanges refaced before an adequate microwave seal could

be obtained.
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Any feedthrough‘structure which had to be electrically isolated
from the chamber wall presented a real problem since there is no
cutoff frequency for coaxial structures, hence feedthrough could not
be simply designed to be low pass filters. It was found that if a
very thin insulator was used (on the order of .005 cm thick) microwave
Teakage was usually tolerable but this had to be verified for each
case. Also such thin insulators are 1iable to be punctured by the
high microwave electric fields in such thin coaxial structures
resulting in an eiectr1ca1 short. Coaxial band reject filters are a
continuing area of engineering research but published solutions are
quite complex, and were found too limited in applicability fo be

incorporated into the to design a useful experimental structure.
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Appendix B

Cross Sections Used and Calculation of Rate Coefficients

Binary col11§10ns and the rates at which they proceeded in the
plasma formed the basis of chapter II and III. The rate at which such

a process proceeds is

(- -]
2
Jé;(vrel) °§b(vre1) v 2wv-dv
a " ® f(v_,) 2 v2 dv
J/- T pey/! ¥
[¢]

For collisions between electrons and molecules or ions the relative

R=n

velocity is the electron's velocity since the much heavier “"target" is
essentially stationary. If the electrons are assumed to have a
maxwellian velocity distribution and the cross section is known as a
function of electron energy, then since

372

*

de

<
a
<
I
3 Iro
™
N |—
3|~
"

the rate can be written as

' 3 ® -c/Te
R = ", M ’—-—-‘ji—- o(c) e cde
m'Te fo)

Defining the rate coefficient

<g V> =
n_.n
ab

this becomes

(- - -C/T
<o v> = 6.69 x 1077 Te‘mf olc) c e © de
o]

For experimental measurements o(c¢) was known for a finite set of
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discrete energies; the theoretical cross sections used were not of a
form to be readily integrated either, hence the integral was evaluated
numefical]y using Simpson's rule (m=2 je fitting to a parabola). The
cross sections were evaluated by linear interpolation between data
points and beyond the experimental points available an applicable
.theoretical curve was used (normalized to the experimental values) or

if none was available the form

log (o) = log (o(cmax)) + b(c-emax)

(where € max is the energy of the highest experimental point and b is
determined from fitting to the last several points) was assumed.

Chan59 has already compiled a set of tables and graphs for the
processes used for modeling positive ion sources this supplied all the
ﬁecessary rates not specificly dealing with negative ions. This left
the excitation rates to vibrational states and C31u state, all the
dissociative attachment rates, and the electron collisional detachment
rate to be calculated. The cross sections used are shown in figures
(B-1, 3 and 5) with *"*" representing data points. (The structure on
the electron detachment cross sections is real and caused by a
resonance resulting from Hz- formation). The corresponding rates
are shown in figures (B-2, 4 and 6). The ratio of the electron
neutral collision frequency to gas pressure is shown in figure (B-7)
and the rate averaged over the é]ectron distribution in figure (B-8).
The following sources were used for the cross sections.

e + Hy —> e + Hy (V) Ref 43

e + Hy —> e + Hz(cscu)‘ . Ref 18

e + Hy(v) —> H + H . Ref 31
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e + H2(c31u)——) H+H  Ref 33
e'+H;—)H;+H° Ref 60
e + H; S K+ K Ref 61
e +H —> e +H+e Ref 62, 63
®eo Ref 19

For reactions where both species where molecular the rate

coefficient was approximated by

<o >=gq /.2_2
vion m
64

where ¢ was the probable interaction energy. Proton transfer ~ was
an exception where no cross sections and only a single measurment at

room temperature for the rate coefficient is known.
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_ Appendix C

‘The Computer Model of the Gyroresonance Zone

In Chapter Il a series of graphs of various quantities as a
function of neutral gas density were presented. They were calculated
by first determining Te and ne as set forth in equétions (2-4b)
and (2-6). The rate coefficients were evaluated as explained in
appendix B for Te ranging from 0 to 25 eV in .25 eV steps. For
1ndex'1

T = .25*]

e
and equation (2-4b) yielded

T
ion ve>(1)

no(I) = <g

For each I the coordinate no(I). Te was marked on the no-Te

plane by a symbol yielding figure 2-3(a). This set of "o and Te
was combined with the appropriate fonization energy and Q(Te) and
using equation (2-6) a set "e(I) was calculated and plotted on the
no-ne plance to produce fig. 2-3(b). For each subsequent graph
appropriate reaction rates at this same set of Te's were combined
with the corresponding no(I). ne(I) yielding a set of discrete
points which were plotted.

Equation (2-7) was a special case. To produce figure (2-5) €0sc
was treated as the independent variable. Using ’(‘osc) and E=100
v/em, @ (and hence B) ua§ calculated. The right and left sides of the
peak had to be calculated separately; they correspond to the two

2

solutions to the quadratic equation obtained for Q- from equation

(2-7).
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Evaluation of the Magnetic Field Inteqrals for Rectanqular Magnets

Case 1 Cylindrically Symmetric Array

For the geometry indicated in figure D-1

_ r 3
8 = E; J/'O 2 n dx'dy'
on 2« 3 -% (x' + 1y,)n+1

Since n = N + vT it will not be equal to 1. After two straight

forward integrations this becomes

B

8 = - L 1 1 - 1
on 2« (n-1) (x' + 1_g_)n—1 (x' - 1_g_)n-’l

evaluated at the limits x'=r1 and x'=r°. The two terms have the

same magnitude but different complex phases. .

_ ' (n-1)/2 4
B = i Br ! e-i(n-])Tan ](a/2x')
on 2«(n-1) (x')2+ (%)2

_H(n=D)Tan" (as2x")

This can immediately be combined to give the final result

s - -8, sin[(n-])Tan-](%;T)]
on 2x(n-1)

((x)2 + (D72

which when evaluated between x' = r1 and x' = ro gives equation

(4-16).
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Case 2 Finite Length Rectangular Magnets

First evaluate.the magnetic field integral

8 ‘ > > _

- . r-r

r A A s 2.

B=-~-+— 2: JC[.b-n —_— d"°r
4v S S I'r*_ _ ';;|3 S

Choose as a relative coordinate sy$tem one where o« is a multiple of
«/2 (ie either x or y is normal to any side) (see Fig. D-2 for
geometry). The integrals for each of the four surfaces are so similar
that only one need be done, the others can be generated by properly
switchingvx and y or changing limits, and by including the correct b n
for each one.

A A
Therefore consider the top face, (n = x).

J(j‘ ((x=x")X' + (y-y")4' + (z-2')2")dy'dz’

((x-x")2 + (y-y")? + (22132

For simplicity réplace x-x' by x, do similarly for y and z, and use

the notation

1
b 4 y? 4 22

Integrating out dy' leaves

A
j’(zy_x__x___y_dz
r(x2+zz) r r(x2+22)

The last two integrals are elementary the first one is a 1ittle more

difficult
_l__ZdZ _y___rdr‘ 1/ _ 1 AR o'}
=2 r-y  r+y dr = 21og rey
r(x + 2 ) r(r

ijrgz = - log(z+r)



198

9L LLPB 18X

"2.8se) 40} A433woa9 uojeubajug

2-0 "byy




Using the algebraic sign function

1ifw>o0
Sgn (w) =
-1 idw<o

the first integral becomes

j’ xydz - Xy Sgn(z)rdr
r(x + 2 ) r(rz- yz) Jrz_ xz A

_ X 1 1 dr
bV AN
r-x" -y

2
% sgn (xz) [—COS-]( y(r-y) - x ) #Cos™! |-

(l”-y)Jx2 + yz

22 22 )
Xr -y 2z

(x"+ 22)(x2+ yz)

y(r+y) + x )]
(r+y) J

% Sgn(xyz) Cos‘](

For this single face the field is

b 2.2 2.2
e [l Sgn(xyz) Cos ]( X ; '23252 5 ) ]
(x“+ 2°)(x"+ y)

oo
H

b

By = - zf (- Tog (z + 1))
by 1 -y

o Sl (2 1og (r+y))

As was already mentioned the other three faces can easily be
determined from this and the result is as in eq. 4-20.
Now the other integral

B Jr A 2
r 2: AL A d r'
S = - b » ey
4 (o x2ns lr-rl
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Again only one of the four need be considered

f dy' d.z' - =]] g%= ]og (y+r‘) dz
J(x-x')2 + (y-y‘)2 + (z-Z')2

using the previous notation. This last integral could not be found in

any table. Starting from similar integrals a solution was.found by
trial and error.
log(y+r)dz = z log(y+r) + y log(z+r)

2 2 _
+ |x| Sgn(z) Cos"]<x 3 Fyr ) -2

x2+ y2 (y+r)

This was verified by differentiation with careful consideration taken

of the algebraic signs of x,y and z. So for this face

b
s = - zf [z log (y+r) + y log (z+r)
2 2 .
+ |x| Sgn(z) Cos-]< X _+ Y *FyC ),
x2+ y2 (y+r)

Again by proper permutations the other three can easily be generated

and the»resu]ts is as in equation 4-21.

A
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