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Preface

The purpose of this work was to examine the transport of charged

plasma constituents across the magnetic picket fence (filter) in negative

hydrogen ion sources. The plasma flux and the rate at which thermal

electrons in the source are cooled as they cross the filter affect the

production and destruction rates for negative hydrogen ions. Thus, an

understanding of thermal electron transport through the filter is key to

optimizing negative hydrogen ion yields. One of the successes of this

work was to derive an equation which correctly predicts the variation

of electron cooling with flux through the magnetic filter. But the actual

mechanism for electron diffusion remains something of a mystery. The

magnitude of electron flux through the filter is an indication that the dif-

fusion may be driven by ion acoustic or related turbulence associated

with gradients in density and temperature in the filter region.

Also important are the transport of high energy electrons (from hot

filaments) and the three positively charged ion species present in the

source through the filter. High energy electrons in the extraction cham-

ber of a negative hydrogen ion source may strip negative hydrogen ions

of their excess electrons, while the distribution of positive ion species

will affect via wall neutralization processes the production rate for vi-

brationally excited hydrogen molecules (from which negative hydrogen

ions are produced) and the negative hydrogen ion/positive ion mutual

neutralization rate. The transport of positive ions through the filter ap-

pears to be well described by an equation that assumes that ion motion

. collisionless. The transport of emaIrgeiic electrons, like that of thermal
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electrons, proceeds at an anomalous rate, indicating that microinstabilities

may be enhancing diffusion.

Negative hydrogen ions extracted from the source will be acceler-

ated then stripped of their excess electrons to form energetic neutral

hydrogen ion beams. These beams can be used to heat fusion plasmas

and in space-based weapon systems.

Several people were of great help to me in performing this research.

I want to thank first my wife Karen and my sons Christopher and Ge-

offrey for encouraging me to complete this dissertation and for making

home a superior place to work - far superior to the officially sanctioned

work environment. I also want to thank my faculty advisor, Dr William

Bailey, for his careful attention to the details upon which my arguments

rest, and Mr Joe Marshall for repeatedly drawing vivid verbal pictures

of how miserable my future would be if- I failed to graduate.
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Abstract

An analysis of plasma transport through the magnetic filter in mag-

netic multicusp tandem negative hydrogen ion sources was conducted.

The objectives of the study were to 1) assess the rate of thermal elec-

tron transport through the magnetic filter, 2) analyze iie scaling of ther-

mal electron diffusion with plasma electrode bias voltage and magnetic

filter induction and hence determine the mechanism of thermal electron

diffusion, 3) explain the observed variations of thermal electron cooling

with plasma electrode bias voltage as a function of thermal electron flux

through the magnetic filter, 4) describe the transport of energetic elec-

trons through the magnetic filter, and 5) model the transport of positive

ion species through the magnetic filter and calculate the relative per-

centages of extracted positive ion species.

The rate of thermal electron transport through the magnetic filter

was found to be one to three orders of magnitude higher, depending

upon discharge parameters, than the rate expected from classical col-

lisional transport theory. Thermal electron flux through the filter is known

to scale as the inverse square of the magnetic induction. Although the

collision frequency temperature dependence could not be determined

from the data, the flux variation was best described using a Coulomb-like

temperature gradient drag term. Theoretically, the candidate thermal

electron diffusion mechanism consistent with these results is scattering

from weak ion sound or related turbulence.

xi



Thermal electron energy flux loss through the magnetic filter was

found to be due to 1) inelastic collisions with neutral molecular hydrogen

at low values of thermal electron flux and 2) plasma potential variations

at high values of the thermal electron flux. An equation was derived

which correctly reproduces the observed variation of the ratio of source

to extraction chamber plasma densities as a function of the ratio of

source to extraction chamber thermal electron temperatures.

The flux of primary electrons through the filter was shown to be

one order of magnitude higher than the classical collisional rate. Positive

ion species transport was modelled assuming ballistic flow rather than

diffusion through the filter. Relevant ion production and loss mechanisms

were used in conjunction with the transport model to calculate extracted

positive ion species percentages. Results were found to be in rea-

sonable agreement with experiment.
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PLASMA TRANSPORT IN A MAGNETIC MULTICUSP

NEGATIVE HYDROGEN ION SOURCE

Chapter I - Introduction

Preliminary Remarks

An outline of this effort to model charged particle transport through

the magnetic filter in H sources will be presented in the final section

of this chapter. First, H sources will be described in detail: the mo-

tivation for producing H in abundance will be given, and the configu-

ration of a typical H- source described. Variations in plasma density

and electron temperature with various discharge parameters will be pre-

sented, followed by an overview of H' production and loss mechanisms.

Results of recent efforts to model H sources will be summarized. Then

the transport problem itself and the relevant parameter space will be

described.

In the H sources of interest here, the primary physical process

resulting in the production of H is dissociative attachment of low energy

electrons to vibrationally excited hydrogen molecules (H2 (v) + e -+ H

+ H) (Bacal, 1988). This reaction is thought to occur predominantly

in the volume of the plasma rather than at a surface, hence the name

"volume" source. In a volume source with a magnetic filter, H is pro-

duced in abundance in a region called the target chamber which is mag-
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netically shielded from the region where electrons and positive ions are

produced. The H- production rate in the target chamber is a function

of low energy electron density and temperature, while H loss is due

to mutual neutralization with positive ions. Plainly, a comprehensive H

source model must provide for the computation of electron transport and

cooling rates and positive ion transport rates across the magnetic filter

into the target chamber.

Descriotion of Volumes Sources

Motivation. H- sources are required for the generation of intense

neutral hydrogen beams with energies in excess of 150 keV per nucleon

to heat magnetically confined fusion plasmas. Actually, negative ionic

deuterium, D-, is preferred to H-, since it is one of the reactants in

the deuterium-tritium fusion reactions. Some estimates require deuterium

energies of 400 keV to achieve sufficient penetration of the confined

plasma prior to ionization of the injected neutral deuterium atoms (For-

rester, 1987). The neutral beams must have current densities between

10 and 100 mA/cm 2 (Hiskes, 1984: 1927) for this purpose.

In addition to heating fusion plasmas, neutral beams have the po-

tential to be employed in space-based weapon systems (Forrester,

1987). The atomic hydrogen beam energy required to disarm the elec-

tronics of a nuclear warhead is approximately 100 MeV per nucleon (Mc-

Kee, 1986).

Negative ions are preferred to positive ions for beam formation be-

cause beam energies must be high. The neutralization efficiency of pos-

itive ions is very low at high energies: the charge exchange cross

1-2



section drops rapidly at energies above 100 keV/nucleon, resulting in

a neutralization efficiency of about 20%. For negative ions, the neu-

tralization efficiency at the same energy is about 60% with a gas strip-

ping target, while a plasma stripping target can improve this to about

85% (Figure 1-1) (Walther, 1988).

History. Interest in the generation of negative hydrogen ion beams

began with Ehler's work in 1965 when a high current (> 40 mA) beam

of negative ions was extracted from a Penning source. Since that time,

three methods for producing negative hydrogen ions have been consid-

ered: the double charge exchange process which converts a proton

beam into a negative ion beam; the bombardment of a cesiated surface

by a plasma rich in H+ (known as a surface plasma source); and the

generation of negative hydrogen ions in the volume of a plasma. Double

charge exchange sources produce large negative ion currents, but beam

cross sections are necessarily large, resulting in low current densities.

These sources also leak gas into the accelerator vacuum, thus degrading

beam quality. Surface-plasma sources have been operated successfully

since 1971 when intense negative ion yields were observed after cesium

vapor was injected into an arc discharge by Soviet researchers in

Novosibirsk. To date, these devices have produced beam currents on

the order of 1 ampere, and current densities roughly 1 A/cm2 (Wells,

1981).

Interest in the production of negative hydrogen ions in the volume

of a plasma was sparked by the discovery by Bacal and Hamilton in

1979 that negative hydrogen ions can be created in copious amounts

in a hot plasma hydrogen discharge (Leung, 1983). Experiments at

1-3



LL

Qca

c' co

E
0.. Cu

E)
(n

0 (D CD 0 (D 0 0 CD 0 0
CD m 00 r D n I-CN0

(%),(uotoM uoitz~vzno

1-4u



Ecole Polytechnique in France in 1976-77 had produced measurements

of H density in a diffusion-type plasma (with glass walls and no

magnetic wall shielding) 100 times larger than that computed from cross

sections then known for H production and loss. Relative to the other

production methods, production in the volume of a discharge should have

the advantage of creating a relatively quiescent beam at high current

densities (Bacal, 1982). Indeed, the prime advantage of the volume

source is that it produces H- at very low temperatures (Ehlers, 1990).

Configuration. Details of the physical configuration of H volume

sources will be given in Figures 1-2 through 1-4. Typically, a volume

source consists of a stainless steel cylinder about 20 cm in diameter

and 30 cm in length, although there has been one important variation

on this shape: a source with rectangular walls, 55 cm by 31 cm by

20 cm in dimensions (Holmes, 1987). (Where reference to the source

shape is necessary, the rectangular parallelepiped source will be referred

to as the box aource.)

In the cylindrical source (Figures 1-2 (Ehlers (1982b) and 1-3

(Ehlers, 1982a)), samarium cobalt magnets are mounted along the ex-

ternal surface in grooves carved to within millimeters of the plasma

volume. These magnets produce fields in excess of 1 kilogauss near

the walls but a very weak field near the chamber center and are placed

to form cusp lines parallel to the cylinder axis with the north and south

magnetic poles alternately facing the plasma. Magnets are also placed

on the circular face of the cylinder opposite the extraction opening

(Ehlers, 1981). Through this face also are introduced several fine (0.05

cm in diameter) tungsten filaments (Ehlers, 1982b).

1-5
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In the box source, the external magnets do not extend the length

of the device. They are positioned in a checkerboard pattern, with north

and south poles alternately facing the plasma. Here, also, tungsten fil-

aments are introduced through one wall (see Figure 1-4) (Holmes, 1987).

Sources with Filters. In the type of negative ion source most rel-

evant to this research, the tandem magnetic multicusp device, the interior

is divided into two chambers by a magnetic filter which allows the motion

of ions and low temperature (< 1 eV) electrons from one chamber, called

the source chamber, to the second, known as the target or extraction

chamber. The filter thus enhances H- production by separating the plas-

ma into a source region where energetic electrons excite vibrational en-

ergy levels of H2 and a target chamber where cold electrons dissociate

vibrationally excited H2 into H and H. In a cylindrical source, the mag-

netic filter field can be formed by inserting a bank of magnets into the

source parallel to the plasma electrode (Figure 1-2) (Ehlers, 1981) or

by introducing two banks of current-carrying wires into the same plane

(Holmes, 1982b; Bezverbaja, 1988). When the field is produced by per-

manent magnets, the maximum field strength is typically less than 100

gauss (Ehlers, 1981). When the field is produced by current-carrying

wires, the strength is adjustable (Holmes, 1982b).

In a box source, the magnetic filter field is created by two rows

of bar magnets on the exterior of the source which form rows of north

or south poles parallel to the long axis of the source. The field has

a maximum value on the center plane of the source of about 60 gauss,

although, of course, this depends on the strength of the wall confinement

magnets (Holmes, 1987).
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In the source chamber, thermionic electrons from filaments are ac-

celerated to energies of about 100 eV and interact with the neutral gas

to form the plasma and excite the hydrogen molecul.;s into higher vi-

brational levels (Bacal, 1988). The electron energy distribution function

has a high energy tail with a high concentration of electrons with en-

ergies in excess of 25 eV (Hiskes, 1987). The target chamber has no

or very few high energy electrons (Hopkins, 1988) and a low (< 1 eV)

electron temperature. In both chambers the plasma is confined by the

use of magnets at the walls. The wall magnets increase the efficiency

of the discharge by reflecting the high energy electrons back into the

plasma and by limiting plasma losses to the cusp lines. And even on

the cusp lines, electrons are subject to mirror-like confinement (Bacal,

1988). Leung and Ehlers have shown that plasma confinement is su-

perior for a line-cusp magnet geometry (as in a cylindrical source) to

that of a checkerboard magnet configuration (Leung, 1984a).

One wall in the target chamber generally left free of magnetic

shielding is the target chamber end plate or plasma electrode. H is

extracted through apertures bored in the end plate. In most experi-

ments, the plasma electrode voltage can be varied independently of the

voltage on the other walls.

The confinement of the plasma by wall magnets allows the pro-

duction of a relatively high density plasma at low pressures. (Pressures

in the typical H- volume sources to be discussed in this work are on

the order of 1 mTorr (Ehlers, 1981).) The situation of relatively high

plasma densities (1011 cm "3) with low neutral densities (1013 cm "3) re-

sults in a high utilization efficiency. A high gas utilization efficiency is

1-9



indicative of a low relative density of neutrals in the acceleration channel

of a beam (where H ions are accelerated after extraction from the

source). Neutrals in the acceleration channel may transfer charge with

the ions in the beam, degrade beam quality, or cause other undesirable

effects (Forrester, 1987). In addition, low neutral pressure diminishes

the rate for the stripping process H2 + H -4 H2 + H + e within the

source itself, which can be major loss mechanism for H (Wadhera,

1984). Leung has shown that the presence of a magnetic filter reduces

the optimum operating pressure of the source by a factor of 2 (Leung,

1985b).

Plasma Density and Potential Profile Dependence on Extraction

Electrode Bias Voltage. The magnetic filter serves to produce a region

of low plasma density, resulting in a significant reduction in the electron

component of an extracted beam (York, 1984). The reduction in plasma

density is most significant when the end plate of the target chamber

has a small positive bias voltage (Ehlers, 1982b). In that case, the

profile of the plasma potential in the extraction chamber (Figure 1-5)

is fairly flat (Leung, 1984b), so that H- moves easily to the end plate

where it can be extracted. Since the energy of H- upon formation is

only about 0.17 eV (Wadhera, 1984), reduction of the retarding potential

is an important consideration.

Electron Temperature Dependence on Maqnetic Filter Field Strength.

As stated above, the magnetic filter also reduces the electron temper-

ature in the target chamber below that in the source chamber (Ehlers,

1981). The reduction in electron temperature can also occur along the

field lines when the plasma is separated by a magnetic mirror field

1-10
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(Brynoff, 1988). Leung has investigated the dependence of the electron

temperature in the target chamber on both the bias voltage on the end

plate and the magnetic filter field strength. The target chamber electron

temperature dependence on magnetic filter induction is fairly weak, but

it would appear that the temperature reduction is more pronounced for

the strong filter. Holmes has measured the dependence of extraction

chamber electron temperature with the magnetic flux. His results are

displayed in Figure 1-6.

Electron Temerature Deoendence on Extraction Electrode Bias Volt-

aae. As for the dependence upon target chamber end plate voltage,

Vb, the temperature reduction was most pronounced (the source chamber

electron temperature being about 1.4 eV, while the target chamber tem-

perature fell to 0.4 eV) for low bias voltages (Vb = 0). The target cham-
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ber electron temperature rose slowly with increasing Vb, becoming about

0.5 eV at Vb = 2 V (Leung, 1983). Leung's Langmuir probe traces

appear here as Figures 1-7 and 1-8. Figure 1-7 shows the variation

for a "weak" magnetic filter, while Figure 1-8 is for a "strong" filter. The

magnetic flux for the "strong" filter was twice that for the "weak" filter.

Plasma Density Dependence on Magnetic Filter Field Strength. The

behavior of the plasma density with magnetic field strength is less clear.

Holmes has shown that, for Vb = 0, the source chamber plasma density

rises linearly with increasing magnetic flux (which varies as the magnetic

field strength) while the target chamber density stays constant (Holmes,

1982a). Figure 1-9 displays Holmes' measurement of this variation. But

while the Langmuir probe traces in Leung's paper indicate a rising source

chamber density with magnetic filter field strength, they also indicate a

fall in target chamber plasma densities for Vb > 0 (Leung, 1983).

Electron Temperature Variation with Discharge Current. According

to Holmes, the electron temperature in the source chamber rises from

about 3 eV for a discharge current, Id , of 10 amperes to about 6 eV

when Id = 40 amperes. But the target chamber electron temperature

rises only from 1.0 eV to perhaps 1.5 eV for the same discharge current

variation. These measurements were made with a magnetic flux of 300

G cm, and here, as above with Holmes, Vb = 0 (Holmes, 1982a). Holm-

es' result appears here as Figure 1-10.

Plasma Density Variation with Dischargqe Current. Holmes also mea-

sured the variation of plasma density with the discharge current for the

same magnetic flux. He found that the source chamber plasma density

rose by a factor of 3 to 4 over the range of discharge currents, while

1-13
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the target chamber density rose by a factor of 2 over that range. Here

again Vb = 0 (Holmes, 1982a).

Production and Loss Mechanisms

Production and Loss of H. The plasma in the source chamber con-

sists of three positive ion species -- H+, H2
+ , and H3

+ -- and the negative

ion H-, together with both energetic and thermal electrons (Mordin,

1983). The emitted energetic electrons are accelerated through the

sheath which forms at the tungsten filaments and acquire an energy

equal to the difference between the filament voltage and the plasma po-

tential (this is typically over 100 V). They have sufficient energy to ex-

cite molecular hydrogen vibrationally.

Variations in target chamber plasma densities and electron temper-

atures are of great importance to the production of H by dissociative

attachment of vibrationally excited H2. The largest cross sections for

this process are for the higher vibrational levels of H2, v > 7. For

these vibrational levels, the cross sections peak at electron energies of

less than 1 eV (Mordin, 1983: 57, 63).

The importance of low electron temperatures to this process was

demonstrated by Leung et al in 1986. In an experiment the electron

temperature in the extraction chamber was reduced from 1.0 eV to 0.5

eV by the injection of cold (0.5 eV) electrons. It was found that the

plasma density in the extraction chamber increased by a factor of 3,

and the H yield improved by more than a factor of 4. The increased

yield is attributed to the reduction of electron temperature in the ex-

traction chamber (Leung, 1986).
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But even at higher electron temperatures the H- production rate is

sensitive to H2(v) (vibrationally excited H2) populations. Theoretical cal-

culations by Wadhera show that the dissociative attachment rate in-

creases by four orders of magnitude from the fourth to the eleventh

vibrational levels for a range of electron temperatures Te > 1 eV, so

it is advantageous to maximize the populations of the higher vibrational

levels (Mordin, 1983).

Negative hydrogen ions can also be produced by polar dissociation

to molecular hydrogen and dissociative recombination of H2
+ and H3

+:

Polar dissociation: H2 + e -- H + H+ + e

Dissociative recombination: H2
+ + e - H- + H+

H3
+ + e --+ H + H2+(v)

These processes, however, are negligible compared to dissociative at-

tachment of vibrationally excited molecular hydrogen (Mordin, 1983).

Recent experiments in a cesium-seeded discharge have indicated

that H may be produced in substantial amounts at the plasma electrode,

via a wall process (Walther, 1988).

Loss mechanisms include losses to the walls, mutual neutralization

with positive ions and collisional electron detachment. (This is yet an-

other reason that Te in the extraction chamber should be low. The elec-

tron temperature should be comparable to or less than the collisional

detachment threshold energy of 0.75 eV (Mordin, 1983: 74).) In the

source chamber, wall losses for H should be small when the plasma

potential is positive, as is usually the case. In the extraction chamber,

1-18



the wall loss rate will be governed by the plasma potential profile (Mor-

din, 1983). The collisional electron detachment rate can be a function

of the choice of wall material. For low pressure discharges, secondary

electrons formed from energetic electron bombardment of the anode

along the cusp lines can decrease H- yield. When primary electrons

are present in the extraction chamber, wall material with a high work

function must be selected in order to decrease secondary electron

emissions. Aluminum appears to be the best choice (Leung, 1985a).

Regardless of the wall material, collisional electron detachment plays

a major role in H- destruction in the source chamber. The importance

of this effect was shown by Leung and Bacal who measured the ratio

of H to electrons in the source chamber of a device to be 0.02 when

the filaments were placed in the magnetic field free region near the cen-

ter of the chamber and 0.15 when the filaments were placed in the

region of intense magnetic field strength, thereby magnetically confining

energetic electrons near the walls (Leung, 1984b). (It should be noted

that negative ions will congregate to the center of a discharge where

the space potential is high.)

As the cross section for collisional electron detachment has a peak

for electron energies near 10 eV, this process is negligible in the ex-

traction chamber where few energetic electrons exist. Moreover, as stat-

ed previously, the thermal electrons in the extraction chamber are at

a lower temperature (Mordin, 1983).

Mutual neutralization with positive ions can be the dominant loss

process for negative hydrogen ions in the extraction chamber. As mutual

neutralization is dependent upon the relative velocities of the interacting
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particles (Bruneteau, 1985), the strength of the process is related to the

pressure, plasma density, and the plasma potential profile (Bacal, 1984).

Negative hydrogen ions may also be lost through collisions with ei-

ther atomic or molecular hydrogen. Stripping by molecular hydrogen fre-

quently excites the molecular hydrogen vibrationally, leading in turn to

the production of H through dissociative attachment. Dissociation

through impact with atomic hydrogen is generally negligible due to the

low atomic hydrogen density (Mordin, 1983).

Production and Loss of H2(v). Vibrationally excited molecular hy-

drogen is created through collisions of H2 (v = 0) with high energy elec-

trons (called E-V interactions) through an intermediate electronic state,

and through collisions with thermal electrons (called e-V interactions)

which generally raise or lower the vibrational quantum number by

one. In addition, there exists considerable experimental evidence that

recombinative desorption of atomic hydrogen on the walls is an important

source of H2(v > 0), at least for v up to 5 (Cadez, 1988; Eenshuistra,

1988). This process would be of most importance in the high pressure

regime. Atomic hydrogen produced in the source chamber would pass

into the extraction chamber with relative ease due to its long mean free

path, and there form H2 (v). Calculations have indicated, however, that

recombinative desorption should be important only up to level v = 2

(Bacal, 1988).

Another process (referred to as the S-V process) can produce

H2(v): H2  or H3+ ions are neutralized on the wall to produce

H2(v). Hiskes speculates that 1/3 of H2+ ions reflect from the walls as

H2(v) (Bacal, 1988).
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As to loss mechanisms, calculations have shown that wall de-ex-

citation is more important for vibrational levels with v less than 4, while

V-T (vibrational-translational energy transfer) rates are more important

from there on (Mordin, 1983) (although more recent work indicates that

wall de-excitation may dominate up to v=13 or higher (Bacal,

1988)). This is true for low (1d = 10 A) discharge currents. When the

current is raised to 1000 A, however, ionization becomes the dominant

loss mechanism (Bacal, 1988).

For production, it is believed that the E-V process controls the pro-

duction in the range v > 6 at 10 A discharge current, and for v > 2

at Id = 1000 A. For discharge currents less than 100 A, the e-V process

dominates production up to v = 6 (Bacal, 1988).

Production and Loss of H+. The primary creation process for H+

is dissociative ionization of molecular hydrogen by electron impact.

Losses are due to wall neutralization and mutual neutralization with H"

(Mordin, 1983).

Production and Loss of H2 +. The dominant production process for

H2
+ is direct ionization of H2(v = 0). It is lost to the walls and through

collisions with neutral H2 which results in the creation of H3
+ (Mordin,

1983).

Production and Loss of _H3+. This ion is created through collisions

of H2
+ with H2(v = 0). It is lost through wall collisions, through dis-

sociative recombination with thermal electrons, through dissociation via

impact with energetic electrons, and through recombination with H- (Mor-

din, 1983).
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Production and Loss of H. The most important creation processes

for atomic hydrogen are dissociation of molecular hydrogen via energetic

electron impact and the collision of neutral hydrogen molecules with H2
+

which results in the creation of H3
+ and H. The only significant loss

process for H is diffusion to the walls (Mordin, 1983).

Production and Loss of Electrons. The high energy electrons emit-

ted from the tungsten filaments are degraded in energy by inelastic col-

lisions and by Coulomb collisions with thermalized electrons. The

electron-electron collisions lead to a Maxwellian distribution for the low

energy portion of the electron energy distribution function (EEDF). For

energies greater than 15 eV, the EEDF is proportional to the discharge

current Id- Its shape has been characterized as far from Maxwellian

(Hiskes, 1985), but others assert that a second, high temperature Max-

wellian energy distribution function is a good approximation to the high-

energy portion of the EEDF (Hopkins, 1988). Electrons are thus pro-

duced at the filaments and through ionization. They are lost to the walls

in the source chamber and through the filter to the extraction chamber

where they move to the extraction electrode. Electrons may also be

lost through dissociative attachment to H2(v) and attachment to ions.

Hia Power Discharges and Models

Yield Dependence on Discharge Current. One important feature

of tandem multicusp ion sources was discovered experimentally in 1983

(York, 1984). This was the fact that the extracted H- beam current in-

creases almost linearly with the discharge current Id . Bretagne et al

have calculated the electron energy distribution function in a low pressure
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(4 mTorr) source and have shown that the pumping rates for the higher

vibrational levels scale as id (Bretagne, 1986: 1211). These facts re-

inforce the idea that the main source of H in the plasma is the dis-

sociative process, but they also introduce a difficulty. York et al found

that, when the discharge current was increased above 160 amperes, the

source pressure was too low to keep the beam stable and quiet, and

so had to be increased (York, 1984: 682). At this pressure, the beam

current was 38 mA/cm2 .

Optimum Chamber Lengths at Low Pressures. An experiment was

performed to determine the optimum lengths for the source and extraction

chambers (Leung, 1985). When the source was operated at a pressure

of 1.5 mTorr with a discharge current of 3 A and a discharge voltage

of 80 V, it was found that the extracted H current rapidly increased

when the distance from the filter to the plasma electrode was reduced

to less than 4 cm. In addition, the extracted electron current was re-

duced, presumably because electrons were trapped in the filter magnetic

field. The experimenters determined that H was being formed in the

filter region. This determination was made by inserting a movable ex-

tractor in the source. It was found that H yield increased by a factor

of 6 as the extractor was moved from the edge of the source to a

position near the filter plane. Finally, it was found that the H yield

was not especially sensitive to the size of the source chamber, except

when the source chamber became so small that the filaments resided

in the filter magnetic field, in which case H production was increased

substantially. The important variation was that the optimum operating

pressure of the source - the pressure at which H density was at a
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maximum - rose with decreasing source chamber length (see Figure 1-

11). The curve labelled a is for a source chamber with length 20 cm,

that labelled b has a source chamber 16 cm in length, and curve c

is for a source chamber so short that the filaments have begun to enter

the magnetic field of the filter. This result indicated to those conducting

the experiment that larger source chambers would enhance H- yields,

since stripping would be reduced.
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Figure 1-11: Dependence of Maximum H- Current on Pressure

Emhasis on Small Scale Lenaths. Some time before that exper-

iment was conducted, Hiskes and Karo had modelled an H source to

determine the optimum extractable H current as a function of H2 and

electron densities (Hiskes, 1984). According to this model, optimum ex-

tracted H' current densities will occur when the product heR = 1013

electrons cm 2 where ne is the electron number density and R is a sys-
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tem scale length, usually the length of the source chamber or the source

chamber radius; and when the product N2R = 1014 to 1015 molecules

cm "2, where N2 is the number density of molecular hydrogen. The model

was extended in the next year (Hiskes, 1985) to include the effects of

molecular ion surface neutralization, with particular emphasis on the

length of the extraction chamber. The model predicted that the largest

concentrations of H would occur for small Z/R, where Z is the extraction

chamber length. (Hiskes (Hiskes, 1987) commented upon Leung's (Le-

ung, 1985) discovery that extracted H- current densities were higher near

the filter plane. Although Hiskes' model assumed that H2(v) and H"

were attenuated by collisions in the extraction chamber, Hiskes remarked

that Leung's source was operated with electron densities too low to pro-

vide the requisite number of H atoms to provide that attentuation. He

surmized that Leung's effect was due to the rapid fall of electron density

through the filter.) The model also predicted that, for a source of scale

length R0 , which provides an H current density Jo, by decreasing the

source scale length to Rb while increasing all densities by a factor of

Ro/Rb, the current densities would increase to Jb = (RO/Rb)jo On

the basis of this scaling, Hiskes concluded that source sizes must be

scaled down from the typical R = 10 cm scale length to provide suf-

ficient current densities for fusion applications (Hiskes, 1987).

Model 9f ar Source. In contradiction to this conclusion, Holm-

es et al (Holmes, 1987) developed a source which provides sufficient

current density for fusion applications (57 mA/cm2) by increasing the di-

mensions of the source. (Hiskes' 1984 model had predicted that, for

a system of scale length R = 10 cm, the maximum extracted negative
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ion current density would be about 8 mA/cm 2 (Hiskes, 1984: 1935).) The

source was configured as shown in Figure 1-4 with dimgnsions of 55

cm by 31 cm ,y 20 cm. Several results from this experiment are note-

worthy.

First, it was shown that the effective wall loss area Ap for the pri-

mary electrons was only 170 cm2 out of the total wall surface area of

5000 cm2 . This was determined by measuring the change in the ratio

of Id to npup (where np is the number density of primary electrons anC

UP is their mean velocity) with variations in the gas pressure. The equa-

tion

?n
Id -=4 Ap+en N2 "Oup{YV (1.1)

establishes the equality of primary electron production at the filaments

to losses at the cusps and through inelastic collisions (with cross section

ain) and with neutral molecular hydrogen (N2 being the H2 number den-

sity) through the volume V of the plasma. At low pressure, then

e41- A (1.2)

and so variations in source pressure allow measurement of AP.

Second, it was found that positive ion current density is practically

independent of gas pressure at high (> 3 to 5 mTorr) gas pressures,

and this can be explained in terms of the confinement of energetic pri-

mary electrons. Since, by Eq (1.1), at high N2 ,
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i d = enpN21) p inV (1.3)

the product np-op varies as N2 -1 at constant Id. But the rate of production

of ions is governed by npupN2 ion , where Oio n is the cross section for

ionization; and losses are linear in n/, the number density of positive

ions, and independent of terms appearing in the rate of production. So,

for ions,

npupN2 ( 0 . (1.4)

where 't is a characteristic positive ion destruction time; and so n1 is

constant in N2 and linear in Id.

Third, when the source was operated at 10 mTorr pressure with

Id = 1000 A, the H- density in the extraction chamber was about 2.8

x 1011 cm "3 and approximately 1/2 the density of positive ions in the

source. In sources operated at low discharge currents (about 10 A),

the H density is usually about 0.1 times the electron density in the

extraction chamber (Leung, 1984b) (see Figure 2-3). The negative ion

density was seen to rise linearly with Id until it saturated at high dis-

charge currents (about 1000 A, but lower for lower operating pressures).

This saturation is likely due to the reduction in H2 density at higher

discharge currents (Bacal, 1988). The H density also rises with in-

creasing source pressure, though the rate of increase decreases as the

source pressure increases.

Fourth, it was found that n/n. Ine scales linearly with N2. This result

is derived by Holmes et a! on the assumption that the dominant loss
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processes for H in the extraction chamber are mutual recombination with

H+ and collisions with H. Since atomic hydrogen is produced through

dissociation of H2 by impact with primary electrons and by collisions

between H2 and H2+ resulting in H3+ and H,

NH npSdN 2 + npN 2 (o)DI+ N2 <au (3+, H) >n 2  (1.5)

where NH is the number density of atomic hydrogen, cH is the atomic

hydrogen recombination time for wall collisions, Sd is the dissociation rate

for the process e + H2 -+ 2H + e, n2 is the number density of H2+,

<o0 U>DJ is the rate coefficient for e + H2 -- H + H+ + e , and <ou(3+,H)>

is the rate coefficient for the process H2 + H2+ --+ H3+ + H. For

high pressures, it is well known that

_ np<acu (2+) >(1.6)n2 =(16

<au (W, H)>

(Mordin, 1983: 177) (this result is easily obtained from the balance equa-

tion for H2
+) where <ou(2+)> is the rate coefficient for the process e

+ H2  -- H2
+ + 2e . So Eq (1.5) can be written as

NH = npSdN2 + npSiN 2  (1.7)
'[H

where Si is the ionization rate , <ou(2+)> + <oU>DJ.

Also, since the primary creation process for H+ is dissociative ion-

ization of H2,
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- = npSiN2 (1.8)
pi2

Then

NH = (I+ Ld)H (1.9)

This ratio will prove useful later.

The balance equation for H is written as

N*n,<GIu>DA = nln.<a'u>+_ +NHn_<G'OU>H. (1.10)

where ne is the number density for thermal electrons, N* is the number

density of vibrationally excited molecular hydrogen, <au>DA is the rate

coefficient for dissociative attachment of electrons to vibrationally excited

hydrogen molecules, <au>+ that for mutual recombination of H- to H+,

and <au>- the rate coefficient for stripping of H by atomic hydrogen.

Using Eq (1.9), Eq (1.10) is written as

N*n,<O U>DA = nlfn<au>m (1.11)

where

<Yl> = <au> +<au>f .- - (1.12)

Then, by writing the rate equation for vibrationally excited molecular hy-

drogen,
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N*-- +N*np<aO> D = npN 2<0'U>p  (1.13)

where t* is the wall loss time for for vibrationally excited H2 , <om>D

is the rate coefficient for its destruction and <o-u>p for production. Since

the wall loss term is small for high discharge currents,

N* = (1.14)N2 < CY'O> D

and

njln- < G UD> p< OU>DA- = ____ (1.15)
ne <OlJ>D< Y1>M

Measurements show that, in fact, nin. Ine is linear in the source pressure.

Figure 1-12 displays Holmes' measurements of this relation (Holmes,

1987).

Fifth, Holmes et al go on to state that, if the dominant loss process

for H- were electron detachment, n. would be proportional to N 2 . This

is easy to see. If electron detachment were the dominant loss process,

then the H- balance equation would read as

N*n,<YU>DA = n,n <Ou>,D (1.16)

where <o->eD is the rate coefficient for electron detachment. Substituting

Eq (1.14) for N* into Eq (1.16)

n =N 2  P DA (1.17)'< Y> eD < F1> D
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Although n. does rise with N2 , the relation is not linear.

Sixth, it was remarked by the authors that the primary electron den-

sity is independent of the potential applied to the plasma electrode, and

so N* and NH are independent of Vb.

Seventh, the ratio of nljn. to ne was measured at various values

of ne by varying the potential applied to the plasma electrode. Since

njn. rises linearly with ne, it is concluded that stripping of H by atomic

hydrogen is not as important a loss process as mutual neutralization.

Figure 1-13 displays Holmes' measurement of the dependence of njn.

on ne (Holmes, 1987). This conclusion appears to have been reached

by investigating the scaling implied in Eq (1.10) when the term for mutual

neutralization losses is neglected. Then,

N*ne<(FU>DA = NHn_-.Y>H' (1.18)

Then ne is proportional to n-, or nine is proportional to njn.. By noting

that n1 = n- + ne , it is seen that if stripping were dominant, then

njn. should vary as ne(ne + n.). But this variation is not observed.

If, instead, mutual neutralization is the dominant process, then the scal-

ing nln. proportional to ne is immediate from Eq (1.10). (Note: Eq

(1.15) appears to be perfectly general on first sight, showing that njn.

is proportional to ne regardless of the relative sizes of the terms for

mutual neutralization and stripping by atomic hydrogen. However, tI,

which appears on the right-hand side of Eq (1.15) inside of the term

<u>m, as is plain from Eq (1.12), must be dependent upon the bias

voltage of the plasma electrode: the electrode potential causes changes
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in the potential profile through the filter and across the target chamber,

and could conceivably effect the loss times for positive ions. So Eq

(1.15) predicts a linear rise in n/n. with ne only if the mutual neutralization

term in Eq (1.12) dominates.)

Model Includinq Filter Effects. On the basis of this measurement

(Figure 1-13), Green et al (Green, undated) neglect processes involving

atomic hydrogen in their model of the source. This model is very similar

to Holmes' model just discussed. The greatest dissimilarity is in the

fact that Green includes the effects of the filter to relate source and

extraction chamber parameters. Green's equation for the balance of H

production and destruction processes is

n.+n-/2 ao+ n( 2)N, <01)>D (1.19)n- (2)(2

This differs from Eq (1.10) in that, on the basis of Holmes' results, Green

has neglected the effects of atomic hydrogen; he has instead included

a term n./ . for wall losses. The superscripts "2" in n (2) and n (2) refer

those densities to the target chamber; any H created in the source

chamber is assumed to be destroyed at these high discharge currents.

Green states the condition for neutrality in the target chamber

n.+-(2) = (2) (1.20)

and he introduces a parameter a which relates the positive ion density

on the two sides of the filter:
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(2)
, n (1.21)

ni

where n(1) is the positive ion density in the source chamber.
w n(

By solving Eq (1.19) for the ratio n 2 )/n and substituting an ex-

pression for N* from Eq (1.13) and an expression for n, from Eq (1.4),

it is found that

(2) _ (1) <+ <U > b

( <+ <>D N_] - (1.22)nl n (2) 17<Ol>DA r*. <(YU.>Pn/l) N2 <-D-PJ

Then, introducing a for n42)'nI(1 and n 2)/n -1 forn

n(2) [ni (2) <U

Since the n.1, term in Eq (1.19) is significant only for very low densities,

it is neglected, and Green writes

1 <J>+. S, i , ] +[ +-<D] 1 (1.24)n = < --- -DA <0 t>---j 7 nt (2 L<G5 A <GUp N
I

Green tests this equation by measuring 11n. as a function of 11jr

in the extraction chamber, and finds good agreement.

In order to use Eq (1.24) to maximize n. in the extraction chamber,

it is necessary to understand 1) how a varies with the magnetic filter

induction and extraction electrode bias voltage Vb, 2) whether any ion

species can be transported preferentially across the filter to maximize

<u>+., and 3) how to transport electrons across the filter so as to max-

imize <O'u>DA, since the dissociative attachment rate is a function of
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electron temperature. These are fundamentally questions of plasma

transport, the subject of the present study.

Discussion of Plasma Transport

Goal and Utility of This Work. Initially, the major goal of this work

was to calculate the fluxes of the charged particles in the plasma to

the walls in the source chamber and through the filter to the walls in

the extraction chamber. It was thought that these fluxes, once known,

would allow for calculation of the plasma potential in the source chamber.

The method to be employed would involve writing an equation for elec-

tron creation and loss, and this equation would inevitably involve the

difference between the potential on the anode Va and the plasma po-

tential Vp. For instance, equating the production of electrons to their

losses at the line cusps in a cylindrical-source,

-+no.V=]u-e + nPupaonV  4 n e W Le xp (- (Vp - Va)/T,) (1.25)

with W. the leak width for electron losses to cusps of total length L,

and T. the electron temperature. The idea, then, was to analyze the

total electron loss, both at the cusps and via diffusion through the mag-

netic field at the anode and via diffusion through the magnetic filter field

into the extraction chamber.

The goal was not, however, simply to calculate the plasma potential.

Analysis of the fluxes should also allow calculation of the variation of

the plasma density in the source chamber with both the magnetic in-

duction of the filter field and the bias voltage on the extraction electrode.
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(See Figure 1-9 for an example of how the filter magnetic field strength

can effect the source chamber plasma density.) Knowledge of these

variations, along with knowledge of the plasma potential, would consid-

erably improve detailed numerical calculations of the species densities

in the source chamber, as in Bailey, 1987; Bell, 1987; Bretagne, 1986;

and Hiskes, 1982. In these calculations, one normally is interested in

populations of vibrationally excited molecular hydrogen and, therefore, in

densities of both thermal and primary electrons; both of these densities

are inextricably related to electron losses due to transport out of or to

the walls of the source chamber.

In addition, the evidence suggests that the great majority of H- in

the source is produced in the extraction chamber at the edge of the

filter field. The electron temperature in the extraction chamber is

sufficiently low to enhance the dissociative attachment process and too

low to strip H. An analysis of electron transport through the filter should

produce a model of the temperature fall, and knowledge of precisely

how the fall occurs and how it varies with the final chamber electron

density would doubtless be valuable in any attempt to optimize H-

production. Also, the final chamber electron density (or ion density, as

in Green's formulation (Eq (1.24))) itself must be known as a function

of the filter field strength, source chamber density, and plasma electrode

bias voltage in order to be useful in analysis of H- production. This

is due to the fact that the H- production rate neN*<alJ>DAV is linear in

the final chamber electron density.

Quite apart from utilitarian motives, one is struck with curiousity re-

garding the electron transport through the filter upon first noticing the
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fact that the plasma potential falls from the source to the extraction

chamber. This indicates, of course, that the electrons are moving

through the filter with relative ease in comparison to the ions. And

yet the ion flow is not much diminished by the presence of the filter.

The ion gyroradius is, even at the highest filter field strengths, on the

order of centimeters, which indicates that one or two collisions with neu-

trals would suffice to move an ion across the filter: but the electron

gyroradius is on the order of tenths to hundredths of centimeters.

It was found that the majority of experimental data related to

charged particle motion across the magnetic fields in tandem sources,

though scanty, was related to the magnetic filter. As the difficulty of

the problem became clear, the goal of this effort was progressively re-

duced from calculating the densities and potential in the source on the

basis of fluxes out of the source chamber to understanding the flow

of the plasma through the filter. And, even so, only a general under-

standing of electron transport through the filter has been achieved.

Scale Lenaths/Freauencies. Since the plasma density in the source

chamber can be anywhere between 1011 and 1012 cm "3 for low pressure

and high pressure discharges respectively, and the thermal electron tem-

perature ranges from 1 eV to 5 eV, the Debye length can be from 2

x 10-3 cm for low pressure discharges to 1.6 x 10-3 cm for high pressure

discharges. In the extraction chamber, these lengths increase by a factor

of (5/3)1/2 to (10/3)1/2, since the plasma density falls by a factor of 5

to 10 from the source to the extraction chamber and the temperature

falls by a factor of about 3. The plasma frequency can be between
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5.5 x 109 sec1 in the extraction chamber of a low pressure discharge

to 5.5 x 1010 sec "1 in the source chamber of a high pressure discharge.

For electrons, the mean free path for electron-ion collisions is 21

cm in the extraction chamber of a low pressure discharge, 23 cm in

the source chamber of a low pressure discharge or the extraction cham-

ber of a high pressure discharge, and about 60 cm in the source cham-

ber of a high pressure discharge. The electron gyroradius, however,

is much less than 20 cm even in the low magnetic field near the center

of the discharge: magnetic induction magnitudes must be as low as

0.1 Gauss for the electron gyroradius to reach 20 cm.

The mean free path for electrons in electron-neutral collisions can

be estimated by using the momentum transfer cross section data of Fig-

ure 1-14 (McDaniel, 1964). For electron energies between 0.5 and 5.0

eV, this cross section is about 10-15 cm 2: The mean free path ranges

from 50 cm in a low pressure (1 mTorr) discharge to 5 cm at nigh

pressures (10 mTorr), assuming a molecular hydrogen temperature of 500

degrees Kelvin (Bacal, 1988). This indicates that electron-neutral col-

lisions may dominate electron transport in high density discharges op-

erated at high discharge currents. The cause of this can be found in

the rise in source chamber electron temperature with discharge current,

considering that the electron-ion mean free path increases as T2

The three species of positive ions are found in the discharge in

varying proportions. The relative concentrations of H+, H2
+, and H3

+

are a function of the discharge current. Figure 1-15 (Ehlers, 1982b)

shows that, at low discharge currents (ld < 15 A) the dominant ion spe-

cies extracted is H3
+, but for Id > 15 A the H+ percentage is highest.
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The ion temperatures are not well known. In a recent model (Bacal,

1988), the H+ temperature is taken to be 0.35 eV, equal to the tem-

perature of atomic hydrogen. This estimate is apparently based on the

assumption that the temperature ,.' an ion is equal to the energy of

formation. In like manner, therefore, the temperatures of H2+ and H3+

can be tentatively estimated. Since H2+ collects very little energy in

formation from ionizing electrons, the temperature of H2+ is taken to

be equal to the molecular hydrogen temperature, 0.04 eV. The tem-

perature of H3+ can be estimated by examining the reaction H2 + H2+

-4 H3+ + H , by which the vast majority of H3+ is created. This reaction

is exothermic with approximately 0.44 eV of available kinetic energy

(Mordin, 1983). The energy should be shared with 75% going to H

and 25% to H3
+. Hence, the temperature of H3+ is about 0.11 eV.

The accuracy of these estimates depends upon the ratio of the

mean time for a collision with the walls to the mean time between col-

lisions with neutral hydrogen molecules. If collisions with H2 are more

likely, then the average ion energy could better be estimated as the

difference in plasma potential over the ion's mean free path, whether

that path length is twice the ion gyroradius or the distance between hard

collisions.

Using tabulated cross sections for ion elastic collisions with H2

(Smith, 1987), the mean free paths and collision frequencies for ion neu-

tral collisions can be calculated. (At these low ion energies, the elastic

collision cross sections are reasonable extrapolations, not measured val-

ues (Smith, 1987).) Denoting the mean free path for H+ - H2 collisions

as LIe, that for H2+ - H2 collisions as L20, and that for H3+ - H2 col-
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lisions as L30, with the corresponding collision frequencies denoted as

v10 , V20 and V30 , the results are shown in Table 1-1 for an assumed

H2 temperature of 500 degrees K. With these mean free paths, it is

obvious that each ion will suffer multiple collisions before striking a cusp.

And yet, the energy of formation can be an accurate estimate of the

temperature. Although ions are reflected from the source chamber walls,

they pass through the filter with relative ease. Thus, a substantial per-

centage of the ions may exit the source chamber at an energy near

the energy of formation.

1 mTorr 10 mTorr

Ljo (cm) 10 1
L20 17 1.7
L3o 17 1.7

vlo (x 104 sec "I ) 9.5 95
V20 1.3 13
V30 3.4 34

Temperature is assumed to be the energy of formation.

Table 1-1: Ion-Neutrai Mean Free Paths and Collision Frequencies

(At low ion energies, the ion elastic collision cross section for H2
+

may be smaller than the cross section for the process H2
+ + H2 -

H3+ + H . The mean free path L2o given in Table 1-1 may thus be

an overestimate of the actual H2* mean free path.)

The ion energy may therefore be estimated loosely as the minimum

of the potential gradient in the source and the energy of formation. For
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the purpose of estimating the relative magnitudes of ion-neutral and ion-

ion collisions, the ion temperature for H21 and H3+ will be taken to be

0.1 eV. The va!ue 0.1 eV is a guess based upon observed changes

in the plasma potential of about 0.1 eV over the width of the source

(Bacal, 1985a). The temperature of H3+ is taken to be 0.35 eV.

The effects of ion-ion collisions on ion motion will be discussed

in Chapter V. Here, it suffices to present the collision frequencies for

ion-ion collisions for both low pressure, low discharge current and high

pressure, high discharge current environments. The ion-ion collision fre-

quency is given by (Hinton, 1983: 158)

4 2 npe 41n(A.)
10t 3 (Tcz/m(, + TP/mp) 3/mat1m+l/a)(.6

The term ln(X) is the Coulomb logarithm, equal here to approxi-

mately 7. (Incidentally, this equation reduces to the appropriate equation

for electron-ion collisions if the subscript a refers to electrons.) Table

1-2 presents calculations for the collision frequencies. For the low pres-

sure column, the total ion density was estimated at 1 x 1011 cm-3. H3+

is taken to account for 60% of the positive charge, H+ 30%, and H2+

the remaining 10%. At high pressures, the distribution is 70% H+, 20%

H2
+ , and 10% H3+ of the total positive ion number density equal to 1

x 1012 cm 3 .

Since the cross section for elastic scattering of ions from neutrals

varies little in the low energy range, the data of Table 1-1, calculated for

ion temperatures equal to their energy of formation, should be reasonably

accurate, and can be compared with the frequencies of Table 1-2. The

1-43



conclusion to be drawn is that, in the source chamber at all pressures,

ion-ion collisions are more important than ion-neutral collisions for H2+

and H3
+ . At low pressures in the extraction chamber, however, the re-

sults will be lowered by a factor of 5 to 10, depending upon the positive

ion density decrease, and so ion-neutral collisions could equal ion-ion

collisions in importance.

Low Pressure High Pressure

V12 2.8 56
V13 16 27
V21 42 99
V23 50 82
V31 2.7 63
V32 5.5 110

Frequencies x 10-4 sec1

Table 1-2: Ion-Ion Collision Frequencies

The energetic electrons from the filaments have a mean free path

for elastic collisions with neutrals equal to 250 cm and a collision fre-

quency of 2 x 106 sec "1 at low pressures. These electrons do not

exist in large numbers in the extraction chamber, as has been shown

experimentally (Hopkins, 1987). In calculations to follow, it will be as-

sumed that electron fluxes are not altered beyond the source chamber
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edge of the filter field due to processes involving energetic electrons.

That is, source and sink terms for electrons will be considered to be

zero through the filter and into the extraction chamber. That this is

a valid assumption for source terms can be shown by way of an ex-

ample. Holmes (Holmes, 1982b) measured an electron current through

the magnetic filter of about 1 ampere. If it were supposed, as an over-

estimate, that the entire discharge current of about 5 A was injected

into the magnetic filter in the form of energetic electrons, very few would

ionize H2 while within the filter magnetic field. Assuming a path of 4

cm within the filter for each energetic electron and an ionization cross

section of 10-16 cm 2 (Tarawa, 1990), the electron current created in the

field is at most Id x 4/L i = Id x 4N2Oio n = 8 x 10-3 Id. Here Li is

the mean free path for ionization. This value is at most a factor of

10-2 below the current flowing through thie filter, and so is negligible.

Loss of electron flux through the filter and in the extraction chamber

due to recombination with ions and dissociative attachment will also be

neglected. The loss of electrons through these processes over a cross

section of the source will be compared with the flux. The electron loss

per unit area is

V {flenI<a>U>R+eN*<Ua>DA} (1.27)

with A the cross-sectional area of the source and <o.u>R the reaction

rate coefficient for recombination of electrons with ions. As an extreme

case, N* = 103N2 and <aOU>DA = 10-8 cm 2 (Mordin, 1983: 63). In

a low pressure discharge, ne = 1010 cm3 , so the second term in brack-
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ets yields 1012 cm"3 sec 1 . The cross section for recombination may

approach 101 4 cm 2 at low electron temperatures, so the first term is

about 1013 cm "3 sec "1. Thus, the loss of electrons per unit area is

at most 1014 cm "2 sec "1, which is a factor of 100 below the flux mea-

sured in Holmes' experiment (Holmes, 1982b). There Holmes drew an

electron current in excess of 1 A to the extraction electrode area of

197 cm2 .

As an aside, it should be noted that electron losses in the extraction

chamber through these processes imply that the flux through the filter

must balance the electron thermal flux to the plasma electrode plus loss-

es due to recombination and dissociative attachment. If these processes

are ignored, the minimum flux through the filter is being underestimated

slightly. This should be kept in mind in anticipation of the results of

Chapter I1.

Mathematically, these calculations can be related to the continuity

equation

dn= -V. F+ (1.28)
dt 8t

It has been shown above that, for electrons, Fx >> 18n/t AxI beyond

the edge of the filter field, or "x = a constant.

Both ionization and recombination effects are important at lower val-

ues of the flux, such as when the extraction electrode is shielded by

a magnetic field or is biased to a low voltage. And, of course, they

will be of consequence for ion motion, since the ion flux is much lower

than the electron flux under most circumstances.
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Outline of Efforts and Results

Thermal electron transport through the magnetic filter will be treated

first, in Chapters Il, Ill, and IV.

In Chapter II it will be shown that electrons diffuse across the mag-

netic filter at a rate higher than one would expect from a classical dif-

fusion mechanism. Evidence from three experiments will presented in

support of that conclusion. It will also be shown that the electron-ion

collision frequency derived by Holmes is larger by a factor of about 17

than the collision frequency generally quoted in the literature.

Chapter III is concerned with whether Holmes' derivation is valid.

It will be shown that the cause of the discrepancy is Holmes' procedure.

He assumes a particular functional form of the diffusion coefficient and

then averages, rather than following the standard approach of computing

the mean square displacement upon collisions. Also, an equation for

the flux will be derived from the Fokker-Planck equation. It will be

shown that this equation does not provide sufficient flux to account for

the results of experiments discussed in Chapter II, but that there are

conditions where the electron flux may be driven by ion acoustic or re-

lated turbulence resulting in a flux equation with the same functional

form.

Chapter IV will demonstrate from experimental data that the flux

to the extraction electrode rises in a way consistent with the temperature

gradient term in the flux equation acting as a drag term. Nothing definite

can be concluded about the functional dependence of the collision fre-

quency itself on temperature or plasma density, except that a variety

of functional forms may fit the data reasonably well. An equation for
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the cooling of electrons as they pass from source to extraction chambers

will be derived and shown to be in reasonable agreement with the data,

both at low values of flux through the filter where inelastic collisions

are an important consideration and higher values of the flux where the

energy flux variation depends primarily on the electric field.

In Chapter V, the primary electron and positive ion transport through

the filter will be examined. A model of the source will be presented

in order to predict extracted positive ion species percentages. The mod-

el will incorporate a particular view of positive ion and primary electron

transport, and will thus constitute an indirect test of ion transport theory.

Chapter VI is a summary of these results and an outline of future

research projects in this area.
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Chapter II - Evidence of Enhanced Diffusion

Introduction

In magnetic multicusp negative hydrogen ion devices with magnetic filters,

sometimes called tandem devices, electrons diffuse across the magnetic field

of the filter at a rate higher than what one would expect from a classical

diffusion mechanism. Evidence for enhanced diffusion through the filter can

be found in experiments performed by Leung and Bacal (Leung, 1984b),

Holmes (Holmes, 1982b), and Ferreira et al (Ferriera, 1989).

In what follows, each of these experiments will be discussed in some

detail. For the Leung and Bacal experiment, a calculation will be made of

the final chamber electron number density n2 . The value of n2 so calculated

is a factor of 350 lower than the value Leung and Bacal measured in the

experiment. The implication to be drawn is that either the rate of electron

diffusion through the filter is greatly enhanced above the classical

(electron-ion) value, or the electron flux to the plasma electrode is far below

its thermal value 1/4 n2-i , or both effects are at work.

For the Holmes experiment, Holmes' derivation of a classical electron-ion

collision frequency a factor o%112 higher than the generally accepted value

will be rehearsed, as will measurements in agreement with the derived result.

The Feniera experiment will then be briefly addressed. The credible

results from that experiment are the measurement of an enhanced (three or-

ders of magnitude) electron diffusion coefficient through a magnetic picket

fence and the measurement of an ion-sound-like wave spectrum in the mag-

netic filter region.
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Evidence from Leuna and Bacal's Experiment

In the experiment conducted by Leung and Bacal, the magnetic filter

had a maximum strength of about 35 G. A profile of the magnetic field

from source to extraction chambers is shown in Figure 2-1. Although this

information is not given in the manuscript itself, the authors state that the

configuration of the filter is the same as in a previous experiment, documented

in Leung, 1983. In that earlier paper, it was stated that "the filter was arranged

according to the optimized geometry found in a previous investigation," and

this geometry is given in Ehlers, 1982b. The inference can be made from

Table 1 and Figure 3 of Ehlers, 1981c, that near the magnetic surfaces, the

filter field strength is 76 G, but in between two magnets the maximum filter

field strength is 35 G. The field extends 4 cm to either side of the plane

of the filter magnets. The filter field is generated by an array of permanent

magnets as depicted in Figure 2-1. Electrons are magnetized throughout

this region.

The maximum electron flux through the filter should occur when the

unshielded circular plate at the end of the target chamber (the plasma electrode)

draws the greatest current, and this will be the case when the plate bias

voltage, Vb, is very nearly equal to the plasma potential in the target chamber,

VP. Incidentally, the relation Vb = VP is also characteristic of the optimum

configuration of the source for H- extraction, so it makes excellent sense to

attempt to understand the electron flow to the extraction chamber with these

parameters (Leung, 1984b).

One factor which makes this experiment valuable for investigation of

electron flow is that there is no stray magnetic field shielding the target

chamber end plate. Such a field does arise when plasma is extracted from
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Figure 2-1: Profile of the Filter Field

a small opening in the end plate and separated magnetically into con-

stituents (Bacal, 1987). A stray field as high as 20 G parallel to the

end plate can be formed just inside the target chamber. In this ex-

periment, no plasma was extracted; instead, plasma constituent number

densities were measured using a photodetachment technique. Even with-

out the separation magnets, there may remain a small residual magnetic

field near the center of the plasma due to the side-wall magnets. The

effect of this field will be considered at the end of this section.
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When the plate bias voltage Vb is raised to 2.5 V, there is little potential

fall between the plasma and the wall. The plasma density in the source

chamber is given as nI = 1.2 x 1011 cm3 , while the density in the extraction

chamber is n2 = 1.7 x 1010 cm3 (see Figure 2-2). It is well known that

the electron temperature decreases as the electrons flow from the source

chamber to the target chamber (Holmes, 1982a; Ehlers, 1981) and that the

fall is typically by a factor of 2 to 3 for sources configured in this way (Leung,

1983). (See Figures 1-6 through 1-8 for the temperature fall.) The source

chamber electron temperature is generally about 1.0 eV to 1.5 eV, so the

final chamber electron temperature is about 0.5 eV. In the calculation which

follows, the electron flow in the target chamber to the end plate can be di-

minished at most by a factor of exp [e(Vb - Vp)/Te] or exp(-1/5), since the

difference Vb - Vp, - 0.1 V . Also, it is important to remember that a

temperature fall acts to oppose the flow of electrons from the source to the

extraction chamber (Golant, 1961). But this inhibiting effect of the electron

temperature gradient will be ignored, and the magnetic field strength will be

assumed to be 35 G uniformly across the filter plane at its maximum value

(although it rises to 76 G near the magnet faces). Finally, the inhibiting

effect of the electric field between source and target chambers will be ignored.

The plasma potential drops two to three tenths of a volt from the source

to the extraction chamber (see Figure 1-5). This drop will diminish the elec-

tron flux. All of these assumptions are designed to maximize the calculated

electron flux to the target chamber. It will be found that, even though the

magnetic field strength is underestimated and the retarding effects of the po-

tential and temperature gradients are ignored, the classical collision-driven

electron flux is two orders of magnitude too low.
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Negative hydrogen ions were present in the target chamber with a den-

sity about 0.1 that of electrons. Their effect on electron motion will be ignored

in this chapter. Figure 2-3 shows the measured ratio of H number density

to electron number density in the target chamber as a function of the plasma

electrode bias voltage.

TARGET
50V-1 A

0.12'

008

0.0 
-

. I

0 +2 +4

Vb (V)

Figure 2-3: Measured Ratio of H Ions to Electrons

Figure 2-4 shows the coordinate system employed in the following dis-

cussion.

The classical expression for the flux, under the restrictions delineated

above, is:
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r -V el Te dn (2.1)r= 2 +o2) dxxMe (Vel e

(Golant, 1963) where x is the dimension along the cylindrical axis of the

source, Vd is the frequency of eloctron-ion collisions under the (here appro-

priate) assumption that the ion velocity is much less than the electron velocity

and averaged over a Maxwellian electron velocity distribution, Te is the elec-

tron temperature in ergs, me is the electron mass in grams, n is the plasma

density in cm 3 , and we is the electron cyclotron frequency, given by eB/mec,

where B is the magnitude of the magnetic induction and c is the speed of

light.

With the electron temperature in electron volts, and employing the no-

tation re to indicate the change in units from ergs to electron volts, the elec-

tron-ion collision frequency Ved can be written as

6 In (X) (2.2)e= 2.91x10 n (22
e

(Department of the Navy, 1983) where In(X) is the Coulomb logarithm given by

ln(X) = 23.0-In (_n%/ (2.3)
k.e

It is appropriate to examine the variation of vd through the magnetic

fiiter. On the source chamber side, n = 1.2 x 1011 cm-3 and, although

It is not given, we can safely guess that it is about 1.5 eV (Leung, 1983).

Then ln(X) is about 11 and vd = 2 x 106 sec1 . On the target chamber

side, n = n2 = 1.7 x 1010 cm3 , and, as argued earlier, te = 0.5 eV. Then,

in the target chamber, Vel = 1.4 x 106 sec-1 .
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Since the electron cyclotron frequency We = 1.76 x 107 B sec"1, with

B in gauss, the toe 2 term dominates the VeI 2 term in the denominator of Eq

(2.1) even for B as small 1 gauss.

The electron flux Tx through the filter can now be approximated. Since

the plasma density falls from its initial value to one much lower over the

width, roughly 4 cm, of the filter field,

dn x 1 An
d 2x O 4cm 4 Ax

and using this value for the variation in electron number density in Eq (2.1),

it is found that

r - 4x10 14 cm-2 sec - 1  (2.4)

Assuming, then, a continuity of electron flow through the magnetic filter

to the target chamber end plate, the final chamber number density n can

be estimated from the expression

r n2 U(2.5)

where : is the average electron velocity, i = (8T,1(xme))" 2 , and 4 is a

numerical factor expressing the electrostatic shielding of the end plate. It

has been estimated earlier that k = exp(-1/5) , or about 0.8.

Using the value of r. given in Eq (2.4), Eq (2.5) can be solved for

n2 . Hence, n2 = 4r,/(u) = 2 x 10 7 cm "3 . Of course, in the experiment
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n2 was measured to be n2 . 2 x 1010 cm 3 . This indicates that the

flow of electrons through the filter substantially exceeds the classical pre-

diction.

If it is objected that the flux has been underestimated because the max-

imum value of we has been used in the calculation above, the response is

twofold. First, the field strength is nearly equal to the maximum value for

a width of about 1 cm -- thus, the estimate n2 = 2 x 107 cm3 could be

low by a factor of 4, since the filter width was taken to be 4 cm. Second,

it is possible to perform the calculation more carefully and to arrive at an

equation for the plasma density as a function of x.

Displaying the plasma number density dependence of vel explicitly by

writing ve! = d n Te"312 (and hence ignoring small variations in In(k) with

n) with d equal to

4 2_x e4  2 2 -
d =3 1/ . In(%) =6xO cm3 erg3"2 sec -  (2.6)

me

and applying the knowledge that vd << oe, Eq (2.1) can be transformed

as

d 1 dn

me(O T2 X (2.7)

Writing we(x) = coo exp[-(x/a) 2] , with co the value of the electron cy-

clotron frequency at maximum magnetic induction. This should be a

fairly good approximation to the shape of the magnetic field. Ignoring

the effects of changes in electron temperature or plasma potential on

electron transport as before, Eq (2.7) can be integrated, with the result
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that

2 2 a Ifi A/

(X) =nI 2 a a I T(2.8)

where

2mI-o 2

3 =" (2.9)

and 4(.y) is the error function evaluated at y. The coordinate x is taken

to be zero at the maximum value of B in the filter plane, is negative

in the source chamber and positive in the extraction chamber (see Figure

2-4). Further simplification is possible. The position where source cham-

ber density was measured, x1 , is probably about -4 cm or more, in the

magnetic field free region of the source-chamber. Hence,

n2(x) = n- a (, (45 )+sign(x) ( -XD)) (2.10)
1x =n-i a a

In order to employ this equation to calculate n2 , assume that x is some

reasonably large (say 4 cm) distance into the target chamber. This distance

is chosen because at that point the magnetic induction becomes weak enough

for the electron gyroradius to allow electrons to escape from the filter. So

= n1 -'Pa!D (4,F) (2.11)

Writing 03 again in order to display the dependence upon n2,
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1/2 2 22m~FT . 0(o 0 2m~o) 0 T-/ 4( .2
d d e 2 (2.12)

Defining e by the equation

2m ,
F- = 1. / 1l a 7 (,) (2.13)

the expression for n2
2 can be written as a quadratic:

2 _ 2n- ni-En2z (2.14)

and solved as

2 = 4n 2  
-£ (2.15)

Using the values accepted earlier for the parameters which appear in

Eq (2.13) for F, it is 'ound that E = 2.8 x 1014 cm 3  Since e >>

n ,it is justifiable to approximate Eq (2.15) with n2 = n1
2/. With

n= 1.2 x 1011 cm 3 , n2 = 5 x 107 cm 3 . Thus, the revised calculation

increases the value of n2 by a factor of about 3.

Incidentally, knowledge of n2 allows exact calculation of 13, so that Eq

(2.10) can be solved for the plasma density as a function of x through the

filter field. Figure 2-5 shows the variation in electron number density with

x through the filter for the situation discussed above.

The argument above may be summarized as follows. The given source

chamber electron density can sustain a classical electron flux through the filter

on the order of 1014 cm2 sec 1 (Eq (2.4)), and demands that the extraction
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chamber electron density be about 107 cm3 . The measured final chamber

electron density, 1010 cm3 , corresponds to an electron flux to the extraction

electrode on the order of 1017 cm2 sec-1 . On the basis of this argument,

the flux through the filter must exceed its classical value.

An objection to the argument may be raised. It can be argued that

Eq (2.5) overestimates the thermal flux to the extraction electrode. It is not

known where in the extraction chamber the electron density n2 was measured.

If the residual magnetic field due to the side-wall confinement magnets or

the filter is high enough, the electron mean free path may be much shorter

than the target chamber. In that case, the density n2 = n2(x) may fall with

increasing x, so that the electron density one mean free path away from the

extraction electrode may be considerably less than the measured value.

Devynck has shown that the electron density may fall by a factor of 3 over

a 5 cm distance when there is a residual magnetic field of 5 G (Devynck,

1987). If the plasma density one mean free path from the extraction electrode

is much smaller than the measured target chamber value, the electron thermal

flux to the plasma electrode, and so the required diffusive flux through the

magnetic filter, will also be much smaller.

To avoid this difficulty and more rigorously determine the magnitude of

the electron diffusive flux through the magnetic filter, it is necessary to mea-

sure the electron current to the extraction electrode. This was done by Holm-

es in the experiment described in the next section (Holmes, 1982b).

Evidence from Holmes Experiment

There are some noteworthy differences between Holmes' experiment and

that of Leung and Bacal. First, Holmes' filter was not produced by permanent
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magnets but by a configuration of wires. Two planes of wires form the mag-

netic filter. The planes are parallel to the plasma electrode and separated

by a distance on the order of 1 cm. The current in one plane is in the

opposite direction to the current in the other, forming a fairly uniform magnetic

field between them. The field strength is higher, of course, near the wires

and between pairs of wires from opposing planes. (Figure 2-6 shows Holmes'

measurement of the magnetic field of the filter, with a slight correction to

the indicated direction of current flow in the wires.) By varying the current

through the filter, Holmes was able to verify the functional dependence of

the electron flux on the filter field strength. Second, Holmes gives no in-

dication that he measured the plasma density in the target chamber, but states

that he measured the total current to the plasma electrode in the target cham-

ber. As stated near the end of the last section, assuming continuity of current

density across the filter region and the target chamber, the current to the

plasma electrode gives a definite value for the electron flux through the mag-

netic filter.

To better understand the functional dependencies verified in this exper-

iment, it is helpful to first examine Holmes' own derivation of the diffusion

coefficient.

Holmes begins by assuming a functional form for the diffusion coefficient

of

v Te
D = v(2.16)

where T. is the electron temperature in ergs, me is the electron mass

in grams, o), is the electron cyclotron frequency, and vc is the electron-ion
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collision frequency before averaging over the distribution function for

electron velocities. Holmes points out that electron-ion collisions dom-

inate electron-neutral collisions under the relevant experimental conditions

b, a factor of about 30, and he gives the following equation for vc:

=8e4 n I [ ) (X) -G (X)] (2.17)Vc = 2 'U

me

(Holmes' original mks equation has been converted to cgs units) with

X = (mtU 2/(2Tt)) 1/ 2 , where mt is the mass of the target species (either

ions and other electrons) and Tt is the target species' temperature in

ergs. This expression is (to within a factor of v2) given by Spitzer

(Spitzer, 1962) as the result of a derivation for the rate of increase in

the square of the change in test particle velocity upon collisions in a

direction perpendicular to the original direction. As before, c?(X) is the

error function evaluated at X, while

0 WX - XA-(,I (X))

G (X) =X (2.18)
2X 2

Before proceeding with Holmes' development, cc er the behavior of

O(X) - G(X) for both large (X >> 1) and small (X << 1) X. Since

f) dt exp(-7 2), (2.19)
0

d 'M 7= exp (-X2) (2.20)

So at large X, X d(/dX -- 0, while O(X) -) 1, and G(X) -4D()/(2X 2 )
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-4 0 also. So at large X, vc behaves as / 3 . At small X, it is easy

to see (by expanding D and G in series and retaining only the first

few terms), that

4

S(X) -G (X) = 34 (2.21)

Thus, at small X, vc will vary as 1u 2.

Holmes' next step is to average his expression for the diffusion coef-

ficient D Eq (2.16) over a Maxwellian electron distribution function. (Holmes

actually linearly combines two terms for vc in the numerator of Eq (2.16),

one for collisions of electrons with ions and one for collisions of electrons

with other thermal electrons. The second of these terms is small, and it

will be considered here later, and only in passing.) Converting Holmes' result

for the average diffusion coefficient (again, without electron-electron effects)

into cgs units,

(v)Te
(D) = 2  (2.22)

where

24 i n e 4
(va) = I4- n . In (k) (2.23)

Me 
e

This equation for (vc) is a factor of 9x1/2 higher than the average collision

frequency given by Eq (2.2), re-written here (Golant, 1980) as

4 F27- ne 4 nX
v= 3 m •In (k) (2.24)
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It is instructive to attempt to reproduce Holmes' result, Eq (2.23). In

order to calculate (vc), it is necessary to multiply Eq (2.17) by the normalized

Maxwellian electron velocity distribution function, f(u), given by the following

equation:
m 3/2

M_--- 2 r_' 1e 2)

f(U) = ( . U exp e (2.25)

and integrate over all speeds and angles, or:

32C2 e4 I 3/2 W - G (X) exp ii

(vc) -2 , ()) •2xTe j'dX. x G--exp(-M (2.26)
e 0

The challenge, then, is to integrate

(ml d (X) - G (X)
f xp(-aX)

0
meT1

where a = miT . To arrive at Eq (2.23) for (uc), this integral must

deliver a factor of 3/2 x 112 for electron-ion collisions and, incidentally,

it must yield 0.62/4 x 112 for electron-electron collisions to retrieve Holmes'

result there.

The simplest way to approach the integral is to employ an infinite series

for the error function 0 (X):

2 W X2 . X2+ 1 (2.27)

(National Bureau of Standards, 1964) where n!!=n(n-2)(n-4)...
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It is a simple matter to show that

0 (X) - G (X) exp(-X 2) n1 1.

X 12 [(2n+ 1)!! (2n+ 3)!! (2.28)

Then

fd. - = 2(X) -G (X) ] + 3 )  (2.29
0X I 4= 2 n+1 2n+3

where y=1 +a.

When the field particles are ions, a is very small and the series con-

verges slowly. But when the field particles are electrons also, as in the case

when the effects of electron-electron collisions are being taken into account,

a = 1 and y = 2 , and Eq (2.29) converges rapidly, within fifty terms,

to 0.615. According to Holmes, the integral, in the case of electron-electron

collisions, should be 0.62/4 n 112 . Hence, Holmes' result for this calculation

is lower than ours by a factor of n1/2/4. It is expected that the same dis-

crepancy will occur in the calculation for electron-ion collisions.

The exact result of the integral is dependent upon the values of me,

mi, Te , and T which appear in the expression for a. With the ion temperature

taken to be 0.1 times the electron temperature, and assuming that the ion

mass is that of H3
+, the series converges slowly. After 30,000 terms, the

series yields 5.4.

It is an eas, matter to estimate the integral analytically as a check upon

the numerical calculation. For X < 2 , D(X) - G(X) is approximately equal

to 0.7X (see Eq (2.21)). But in that region, exp(-aX 2) is rough! equal to

1 since a is very small. Hence,
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fd [' X) G(X)]exp(-aX 2) 1.4 (2.30)
0

For X > 2 , -(X)  G(X) can be approximated by 1, and the upper

limit of integration is safely placed at the point where aX 2 is about 1

(that is, at the point where deviations from unity for the exponent begin

to become important). This condition is met for X equal to 235. Then

-G (235

fdx [(D(X) G(X) ] exp(~c2 1.4 + f dX1  6.2 (2.31)
0 2

It is plain, then, that the value of the integral is nearer to 6.0 than

to 6/4 n1/ 2 . Thus, Holmes' calculation of the diffusion coefficient, un-

derstood simply from a computational point of view, is an underestimate

of the electron flux by a factor of K 1 /2/4.

As shall be shown momentarily, when-the right-hand side of the ex-

pression for the flux, Eq (2.1), is multiplied by the factor 9n 1 2 , which is the

ratio of Holmes' electron-ion collision frequency to the standard value found

in the literature, Eq (2.1) accurately predicts the flux Holmes measured in

this experiment. Yet it appears that Holmes' derivation is marred by a small

computational error. In addition, the approach taken as a whole is radically

different from that normally taken in the theory of electron transport across

magnetic fields. This difference will be brought out in Chapter III.

In addition to correctly caiculating the experimentally measured electron

flux through the magnetic filter, Holmes' expression for the flux preserves what

his experiment shows is the orrect functional form for the flux, a variation

as 1/B2max. To demonstrate this, it is necessary to proceed with the der-

ivation.
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After calculating the diffusion coefficient, Holmes derives an expression

for the flux in much the same way as in the development above leading

to Eq (2.8). Beginning with Eq (2.8), assuming that each of the error func-

tions in brackets is equal to one, assuming that n2(x) << n12, solving for

Fx , and multiplying the right-hand side by a factor of 9i1 2, we have Holmes'

equation for the flux:

J2 d 2
= - d no-°. 9V (2.32)

Holmes then performed some measurements to test the validity of this

equation. He found that the logarithm of the product FxTel/2 /nl 2 varied in-

versely with twice the logarithm of the transverse magnetic flux (which is pro-

portional to o0a), in agreement with Eq (2.32) (since a is constant for all

values of the magnetic flux). Figure 2-7 shows the dependence of the product

!eTelM2/l 2 on the transverse magnetic flux. (There is a typographical error

in the figure. The measured slope is -1.97, not 1.97. The theoretical value

given by Eq (2.32) is -2.0.) le is the total current to the plasma electrode.

Lea et al (Lea, 1990) have also confirmed that the diffusion coefficient varies

as 1/B2 at high B, at least for high values of Vb. Figure 1-9 shows Holmes'

result from another experiment (Holmes, 1982a) where n1 was seen to rise

linearly with the transverse magnetic flux, as predicted by Eq (2.32).

Holmes also found that rxTe1/2 rose linearly with n1
2 at constant mag-

netic flux. This result is shown here in Figure 2-8, where the logarithm of

the product feTe112 is shown as a function of the logarithm of n1
2. The slope

was measured to be 0.88. Equation (2.32) predicts a slope of 1.0. These

observations verify the functional form of Eq (2.32) but not the magnitude
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of the collision frequency. That the experimentally measured current matched

the value predicted by Eq (2.32) for the appropriate n1 can only be assumed

since the value of the source chamber plasma density is not reported in Holm-

es' paper (Holmes, 1982b).

It could be objected that, since the plasma density in the source cham-

ber is not constant, Holmes may have measured the plasma density n, at

a point where it is a factor of four or so lower than its maximum value.

The maximum value of n, would, under this scenario, provide sufficient dif-

fusive flux through the filter in accordance with Eq (2.32) without the 91/2

enhancement factor. The conclusion to be drawn would be that electrons

traverse the filter in accordance with a classical Coulomb diffusion coefficient,

in contradistinction to Holmes' diffusion coefficient (Eq (2.22)).

The plasma density that enters into the flux equation, however, and

drives the electron flux to the extraction electrode, should be measured near

the filter plane in the source chamber. This is obvious from the nature of
the integral F2 ndxo (x) -J'dnn deriving from Eq (2.7). The major

contribution to the left-hand integral comes near the peak filter induction; this

integral is very nearly constant for x, not much less than 0 (see Figure 2-4).

The right-hand integral must also approach a constant value on the source

chamber side of the filter plane. Figure 2-5 shows that Eq (2.8) predicts

the source chamber density will be very flat, becoming constant near the filter

plane on the source chamber side.

Now in real sources the source chamber plasma density profile is not

flat. Measurements show that the density rises to higher values with smallet

x (Johnson, 1987: 162). The rise is due to the fact that the plasma must

diffuse to the filter, requiring a density gradient into the source chamber. (The
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rise is enhanced if plasma loss processes override production near the filter,
dF

as they should. Then, V will be negative (see Eq (1.28)), so that the flux

must be higher deeper into the source chamber, requiring a larger density

gradient than if the flux were constant.)

Thus, if Holmes measured the source chamber density away from the

filter region, it is likely that the value he used to test Eq (2.32) was too

high. Since the value of n1 deep in the source chamber can be about a

factor of 4 higher than n1 near the filter plane (Johnson, 1987: 162), Holmes'

measurements may show that the required enhancement to the classical dif-

fusion coefficient is not a factor of 9c112 , but is closer to a factor of (9 112)2.

If Holmes' collision frequency is applied to the experiment of Leung and

Bacal, described earlier in this chapter, a refined estimate of the target cham-

ber plasma density required to produce a flux to the extraction electrode in

balance with the classical flux through the fiter can be deduced. Replacing

d in Eq (2.13) with 9n 1/2d, reducing F by a factor of 9X1/2, , decreases from

2.8 x 1014 cm3 to 1.8 x 1013 cm3 . Then the calculation for the final chamber

plasma density rises from : = 5 x 107 cm3 to 8 x 108 cm-3. This is still

a factor of 20 below the final chamber plasma density measured in the ex-

periment. Figure 2-9 displays the variation of electron number density with

x for Leung and Bacal's experiment using Holmes' diffusion coefficient. It

also shows that the classical diffusion coefficient must be increased by a fac-

tor of 350 to yield the measured final chamber electron number density.

As stated earlier, an alternate partial explanation for this wide (factor

of 350) discrepancy may be attempted. The actual direct electron flux from

the edge of the filter to the end plate can be substantially reduced below

the thermal value of n2U by a small residual magnetic field near the center
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of the extraction chamber due to the multipole configuration of permanent

magnets along the chamber side wall. To determine the degree to which

this effect diminishes the thermal flux to the extraction electrode requires si-

multaneous measurement of the plasma density profile in the extraction cham-

ber and the current to the extraction electrode. In Chapter IV, an estimate

is made of the area of the extraction electrode which receives a thermal elec-

tron flux for experimental conditions (Leung, 1983) similar to those considered

here.

In summary, there is experimental evidence that the electron diffusion

through the magnetic filter is anomalously high. These results indicate that

the correct functional form for the flux is given as in Eq (2.32), and that

there is an enhancement factor of at least 9n1/2 above the classical flux.

The high final chamber density in Leung's exp--ment indicates that either

the flux through the filter was enhanced by-a factor an order of magnitude

higher than 91 / 2, or that the thermal flux to the extraction electrode was

diminished by residual magnetic induction.

Evidence from Ferriera's Experiment

The Ferriera experiment was conducted in a source similar in config-

uration to the Leung and Bacal source (Leung, 1984b). Important differences

are: 1) the average plasma density was only about 1010 cm3 (compared

with 1011 cm3 for Leung and Bacal), 2) the peak filter magnetic induction

ranged from 230 G to 510 G (compared to 35 G for Leung and Bacal),

and 3) the plasma was generated in argon at a pressure of about 0.5 mtorr

(compared with hydrgen at 1.5 mtorr for Leung and Bacal). These differ-

ences decrease the comparative ability of electrons to cross the filter. The
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effect of a decrease in source chamber density and an increase in peak filter

magnetic induction is apparent from Eq (2.32): the electron flux is dramat-

ically reduced.

The filter magnetic induction was varied among four different values.

The current to the extraction electrode was (presumably) measured, though

not reported, for each filter, as were the plasma potential profile and both

the source and extraction chamber electron densities. The diffusion coefficient

was then calculated from the equation

JD [e 2neAv (AV) Ane ) -

De- = _o _ A (f-e l) (2.33)

where Del is the electron diffusion coefficient, JD. is the electron current

from the source to the extraction chamber, neAV is the average electron

number density, TCAv is the average electron temperature in the filter
AV' An e

region, AV is the change in plasma potential and -n is the change
'Ei Ax

in electron number density over the width of the filter magnetic field,

Ax . The resulting values of the diffusion coefficient ranged from 2

to 6 x 104 cm 2 sec. The diffusion coefficient is the same order of

magnitude as the Bohm diffusion coefficient (Bohm, 1949), two to three

orders of magnitude higher than the classical value.

Nothing definite can be said about the scaling of the diffusion coefficient

with magnetic induction or temperature. This is due to the fact that the elec-

tron density through the filter was not reported. Inste-ad, the electron sat-

uration current to a Langmuir probe was measured. But to recover the

electron density from a measurement of the saturatior current requires knowl-

edge of the diffusion coefficient (Bohm, 1949: 54).
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It appears that the enhanced diffusion through the magnetic filter is, in

this case, due to an ion-sound-like wave interaction. The frequency of peak

intensity decreased from 3 MHz at 117.5 G average magnetic induction to

2.5 MHz at 255 G average magnetic induction.

Summary

Evidence for enhanced diffusion through the filter has be found in ex-

periments performed by Leung and Bacal (Leung, 1984b), Holmes (Holmes,

1982b), and Ferreira et al (Ferriera, 1989).

In Leung and Bacal's experiment, the final chamber plasma density is

so high that, for the flux through the magnetic filter to match the thermal

flux to the extraction electrode, the collision frequency must be enhanced by

a factor of 350. Alternately, the thermal flux to the extraction electrode may

be diminished by a factor of 350 (due to a possible residual magnetic in-

duction), or the two effects of enhancing the collision frequency and dimin-

ishing the thermal flux may combine to provide a flux balance.

In Holmes' experiment, the flux through the magnetic filter was measured

at (at least) 9K1/2 times the classical rate.

In Ferriera's experiment, performed under conditions of relatively low

plasma density and high magnetic induction in an argon plasma, the mea-

sured flux exceeded the classical rate by a factor of 103.
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Chapter III - Transport Theory

Introduction

It was demonstrated in Chapter I that both positive ion and electron

collisions are dominated in typical tandem multicusp H sources by Cou-

lomb collisions rather than collisions with neutral molecular hydrogen. In

Chapter II the derivation of Holmes (Holmes, 1982b), in which an ex-

pression for the electron flux through the magnetic filter is developed,

was reviewed. There it was noted that Holmes' development is unor-

thodox. In the present section, a standard theory of charged particle

diffusion in a highly ionized plasma is presented and contrasts are drawn

to Holmes' derivation. The derivation of the Fokker-Planck equation for

a particle in a medium of Maxwellian target particles will be developed

in detail in order to deduce the meaning of the terms in Holmes' ex-

pression for the electron-ion collision frequency Eq (2.17). Thereafter,

the highlights of a standard approach to calculating the electron flux

across a magnetic field in a highly ionized plasma will be given; this

will serve as a basis for the examination of the relative size of various

terms in the equation for the electron flux, on the assumption that the

enhanced flux measured in H devices may be due to terms generally

small in other situations. The equation thus derived will be the standard

flux equation for a fully ionized plasma (Shkarofsky, 1966) with a mod-

ification to indicate that not all positive ions will experience drift in the

filter magnetic field. Finally, an overview of wave-particle transport as

derived by Dum (Dum, 1978b) will be presented. It will be shown that

it is possible to retain a 1/B2 behavior in the diffusion coefficient and
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to have a Coulomb-like VT drag term in the momentum moment of the

Boltzmann equation if the diffusion is driven by ion-sound-like or related

turbulence. In Chapter IV, it will become apparent that the correct func-

tional form of the flux must include this VT drag term.

The Fokker-Planck Equation

This section in large measure is a repetition of Trubnikov's devel-

opment (Trubnikov, 1965) of the Fokker-Planck equation.

The starting point for a discussion of charged particle diffusion in

a plasma is the Boltzmann kinetic equation for the species a of charged

particle under consideration:

, +V. (Yfa)+V . V:(F()fa) = (-) (3.1)
C

The function fx = fa (_S, y, t) , the one-particle distribution function for

species a, is defined such that fa(.,Sp,t)dxdp is the probability of find-

ing one particle of species a in the phase-space volume centered at

_xy , and whose infinitesimal volume element is dxdu . The term F(e)

is the external force acting on the particle; usually,

eF~' =Ze {E+ I [' x p] } (3.2)

where Ze is the ax particle charge (Golant, 1980; Hinton, 1983; Trubnikov,

1965). The term (SfaI/t)c describes the effect of collisions, and it is

the central point for discussion in this section.
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The collision term appropriate under many circumstances is the Fok-

ker-Planck collision term,

8f- -V a (3.3)

stC

(Allis, 1956: 430) where the flux term ja is given by

a a C-a

faD (3.4)
Ma k

with E' being an entirely different entity from F(e) of Eq (3.2). This

force, f a , is known as the force of dynamic friction. The tensor Dik

is called the diffusion tensor in velocity space. (Here and below, the

Einstein summation convention is employed for indices i, j and k.)

Since a plasma typically contains mudtiple charged particle species,

terms in Eq (3.4) are equivalent to the sums of individual terms for

each target species 3:

i= a a/ (3.5)

(3.6)

Dik = (3.7)

where eft is the force of dynamic friction on particles of species a

due to particles of species 13, and Dp is the velocity space diffusion

tensor for a particles in a J3 particle medium. The sum in Eqs (3.5
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to 3.7) is over all species that interact with a. The physicai meaning

of the force of dynamic friction and the diffusion tensor in velocity space

can be brought out by examining the derivation of Eqs (3.3) and (3.4).

If it is assumed that the distribution function obeys Smoluchowski's lav.

(Wu, 1966):

fa(Pt) = JdApfa(p-A'u,t-At)Q(9-A%, 9) (3.8)

where Q(p-Au,Ap) is the probability that, in time At, the velocity P-Ap

changes by a small Ap to y due to collisions. Expanding the integrand

in a Taylor series

fa (9 - A t,- At) Q (p - A ,Ay) = faQ - A aQ) (3.9)
;1

+ A .a2 AtaQ)+]AgiA~~jV (QQ)+..

where faQ = fa (p, t) Q (p, Au) and noting that fdAUQ (p, Au) 1 , it is

apparent that

(fa -< { Au>f -- (< A u A u >ft) } (3.10)

where

f dAuAuQ (p, A-u) (3.11)

and
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< A-Aj> 1'dApAuiAoiQ (p, AU) (3.12)

(Wu, 1966: 52). Then, after some minor manipulation to group terms,

=<Ali>a/ - 1a<Au AW>a/P (3.13)
ma 2aiT

and

D a/P Ao.Au .>a/p (3.14)

The quantity <Aui> is obviously the average rate of change in particle

velocity due to collisions. And the trace of <AuiAuj> is proportional to

particle energy loss upon collisions.

The Boltzmann equation with the Fokker-Planck collision term is

known as the Fokker-Planck equation. The central condition for appli-

cability of the Fokker-Planck equation is that In(k), the Coulomb loga-

rithm, be much larger than 1. This occurs only if the large number

of small angle, large impact parameter scattering events have a greater

cumulative effect than a few large angle, small impact parameter events

(Hinton, 1983). (The reason for this is that, if the collision results in

a large velocity change, it is as if a particle were created within an

infinitesimal volume element around the final velocity without having

passed through the boundary of the volume. Such a process cannot

be described mathematically with the divergence of a flux in velocity

space (Trubnikov, 1965: 139).) For electrons in a typical H- volume

source, In(X) is about 10, so this condition is satisfied. (The Fokker-
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Planck equation also fails for especially high velocity particles, for which

the Coulomb interaction between two particles is modified by the rest

of the plasma in a more complicated way than can be de.,ribed by

static Debye shielding.)

For Coulomb collisions it is possible to derive expressions for <A.U>

and <AuiAoj> following Trubnikov (Trubnikov, 1965: 119-124). Consider

an a particle incident with relative velocity _ directed along the z axis

upon a medium of P particles with velocity y' . The number of 03 par-

ticles entering into a particular differential area pdpdo in the x-y plane

at impact parameter p per unit time with velocity y is

fo(Y') xdadi' (3.15)

where do = pdpdo , p = (x2 +y2) 1/2, and M = Since the

scattering angle is determined by p, 0, and the relative velocity and since

the collisions are elastic, the average Aui per unit time, considering all

particles at all velocities, is

< /0daJdv'Auifo(Y') (3.16)

Similarly,

<A'UiA,>a/0 = Jdayd'A-oiAu i-fp (-v') (3.17)

These equations can be simplified by noting that Au. = (m /ma) i

with top = (mImp)/(ma+m p ) and by writing
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=- aj (3.18)

ma

re° _ fdcAMiAj (3.19)

The difficulty, then, is to calculate the quantities wi and wij. From

dimensional considerations,

= !A (3.20)

wij = 8iB + --- -C (3.21)

and the challenge is to compute the scalar quantities A, B, and C. If

the scatter is into an angle 0, defined as is usual for spherical coordinate
systems as the polar angle, AK X = Ksin8coso , AKY = Xsin0sino , and

K = - X (1 - cos0). But, since it is well known that for the Coulombz

interaction tan(0/2) = pL/p where pL = (eaep)/(mapMK) , these

changes in relative velocity can be transformed as

PPj.
AK = 2 2 cosO (3.22)

p 2 p 2

AN =2 2 p2L sino (3.23)

2

AK = -2 21 (3.24)
p +p2.

To eliminate the contribution of high-angle scatters, the integrals for

wi and the wij are performed beginning from a minimum distance
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P.i. = 2p_L . To avoid divergences, the upper limit is set at a p'.,L

equal to the Debye length. It is found that (Trubnikov, 1965)

+ 1n() (3.25)

(inside of In(X), the relative velocity has been replaced with a suitable

function of temperature) and

W (iJ- M j .i)i( In (k) (3.26)wq= ~ 8j ,m-a )ln .4xX

where wzz is taken to be zero since the integral contained in it converges

for an infinite upper limit in p. Finally, then, by using the relations

a(--I) = mi/m3 and al =2 i/m - (Him)/X3 , the following ex-

pressions for <Aui>cL13 and <AuiAuj>WL/P are generated:

z/P /, La/Rna<Ai> / = -(1+ ma/mn) L a/nP (9) (3.27)

A a/P 2La/ 2 ( (3.28)
Ai)~ ~ A' ij~ > -L/ U

where

La l p = ((4neael) /ma) 2n(k) (3.29)

and
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= ~ ' Ldvuf (') (3.30)

and

(P) -V f-o" (V) i(3.31)

where fo (p) is the distribution function for particles of species 03. The

functions V and p are known as the Trubnikov potentials. They are,

mathematically, apart from constant factors, terms in the series for the

well-known Rosenbluth potentials (Trubnikov, 1965). The diffusion tensor

in velocity space and the coefficient of dynamic friction for a particles

in a medium of P3 particles can be written in terms of the Trubnikov

potentials as

D , = -Lo a~ v (3.32)

and

Fr/' a L a/P (3.33)

ma Mo -6

Note also -that V =

It is instructive to calculate the Trubnikov potential V and the dif-

fusion coefficients Dc and Da/1 for the case where there is only onefusin ceffciens Dj, nd yy

target species 13 present, which has a Maxwellian distribution function

in the coordinate system where the mean IP velocity is zero.
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1/2 1/2

fp()= np y exp(-4o) = n ')f'(Xo) (3.34)

Here, 1 = (mP/(2TO))12 as in Chapter II. Then

f id0(x () ) =I ( (x) (3.35)f°(xd ) 2Tdz

(D is here, as in Chapter II, the error function, defined by Eq (2.19).

Equation (3.30) will be transformed in a similar way prior to integration:

1O(P)= - du'j-- 'jfl(-') = nl 2 /VO (X1) (3.36)

where

VO (x) f +~dXh ho(X') (3.37)

When this integral (Eq (3.37)) is performed, it is found that

WO (X) = -16 [ (' (X) + (2X + l/X) D (X)I (3.38)

In order to calculate Dc'j/, it is necessary to evaluate

1/2

D k Lp -) (3.39)

In a straightforward manner this yields

1/, ,-
= La/ (ml) &ik I d 0 Xi d -o d o

3- dX 1 j
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This is simple to evaluate when the coordinate system is chosen prop-

erly. Taking the z axis parallel to X , then D"--k will be diagonal. In

that coordinate system, Xi = 0 unless i = 3 , and XiXk = 0 unless

XiXk X32 = X2 Hence,

D D/ d (3.41)

And employing Eq (3.38) it is found that

1 d W -1 ( (V) D'() =-8--c1 (X) -G()) (3.42)
XdXW~ 8irX W X2x (.2

an expression very similar to Eq (2.17), the term Holmes employed for

the electron-ion collision frequency before averaging over the test particle

distribution function. And this is, of course, exactly what is expected,

since Holmes takes for vc, 1/U2 times Spitzer's <(Aw.l) 2 > , which is

equivalent of <(Aux) 2> + < (Auy) 2> Hence, Holmes' vc is actually

D..j;/,2 But the question remains of whether his is a legitimate ap-

proach to calculating the transport of electrons across a magnetic field.

For completeness, the diffusion coefficient D13is written

DaP=LlnG (Xp) (3.43)

ZZ 47ciu

Since V2= 1

P (X ) (3.44)
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and the force of dynamic friction can be written, from Eqs (3.33) and

(3.44) as

I aP Ma a/03 m 13!)
M S - L G(X,) (3.45)

This is as far as Trubnikov goes in his presentation. But it is possible

to write the diffusion coefficient in velocity space as

D /0- 8ituo3 {DAi+GBj} (3.46)

where

Ai- i' - i'Uj  (3.47)

B= 3i -_SU 2  (3.48)

Next, the collision integral -V j a l p will be written:

-nL 2maVi (DAii+GBij )fa}

8n a,/1 - To U~ am Gfa+( 3 Flu) (3.49)

Incidentally, this result reduces to Braginskii's collision integral (Bragin-

skii, 1965: 239) in the limit of X0>>1 In that limit, 0 - I and

G --+1 / (2X2)

In summary, Trubnikov's derivation of the Fokker-Planck equation

has been presented and the conditions of its applicability have been

stated. The equation should apply to the electrons in the plasma, but
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not to the positive ions. The Trubnikov potential derivation was pre-

sented, and the Trubnikov potentials were employed to deliver the Fok-

ker-P'anck collision term for any species a in a medium of Maxwellian

3 particles in the frame of reference where the directed velocity of the

I3 particles is zero.

A moments approach (based on the work of Grad (Grad, 1949; Go-

lant, 1980)) to obtaining an expression for the electron flux will be high-

lighted; but first a short digression to consider the (position space)

diffusion coefficient as given by the mean square displacement per unit

time. This consideration of the particle's mean square displacement

upon collisions will make it plain why Holmes' appropriation of Dxx

for the collision frequency before averaging is incorrect.

Excursus on the Mean Sauare Displacement

The vector p= b bx/ is directed from the center of the Lamor

circle to the particle position. The vector b is a unit vector in the di-

rection of the magnetic field # , here taken along the z axis, u is the

particle velocity, and co is the cyclotron frequency. Upon a collision,

the Lamor center, with position given by r , is moved a distance given by

Ar = -Ap = bxA_/o (3.50)

(see Figure 3-1).

Here, the motion of particles in the x direction is investigated. The

change in the Lamor center position along x is

3-13



AX= - (Apb) = (AliY)/(0 (3.51)

It can be shown, in much the same way as in the derivation of the

Fokker-Planck equation, that the flux F of charged particles is given by

r = n<Ax -1 [n< (Ax) 2>] (3.52)

for small Ax/At, where here, as in the previous section, <Ax> is Axl/ (At).

2

Figure 3-1: Geometry of Lamor Center Displacements

The diffusion coefficient is

D < (AX)2 1 < (A) (353)
2  (3.53

It is tempting to substitute here D from Eq (3.41) into Eq (3.53)yy

3-14



as Holmes has done (Holmes, 1982b). However, the coordinate system

here is different from the one employed earlier. That system was tied

to the particle velocity, with z along the direction of motion for each

a particle individually. The coordinate system here is the same for all

particles. For random collisions, it is expected therefore that

< (Au) 2 > =<(Au) 2> = 2 ( +Da/ + D a / }  (3.54)

So the diffusion coefficient, before averaging over the a particle distri-

bution function, is

D a/P a/P1 La/P 1D.DDXX +D YY +Dzz1 2 = 3 41uI2 (3.55)

(Compare with Eqs (2.16) and (2.17). Holmes is averaging a function

of 1/1 3 , which makes a larger contribution at small -o than the function

of 1/u given in Eq (3.55).) The average diffusion coefficient is then

(D) = L7 d42 -exp43 n j2 (3.56)

Since D(Xl) -1 except for extremely small u (, 2 < 2 Tb/mb) (assuming

here that the 13 particles are heavy ions), the result is

(D) = V(3.57)

with va 3 given by Eq (2.24) with a = e and 3 = I . That is, this approach

yields the classical diffusion coefficient.

3-15



One can also employ this method to estimate the effect of the

change in the magnetic field strength through the filter on the electron

motion. That is, since B is not a constant, Ax- (Aiy)/o- (UYAco)/o 2 .
do

Since Ao-- - Ax , then

Ax= A + (3.58)(0 ( ( 2 dx

In the magnetic filter, uy is about 107 cm sec"1 and co is about

109 sec 1 with do)/dx at most 109/2 cm -1 sec 1 . This term is very small

for that region (strong B) where this discussion makes sense.

In summary, it is clear that Holmes' choice of vc as D a/o/, is

incorrect. In addit'on, it is inappropriate to assume the functional form

given by Eq (2.16) and then average over the particle distribution func-

tion. The mean square displacement approach results in that functional

form, but only after averaging is done. The momentum balance equation

for electrons, presented in the next section, may also be used to gen-

erate the classical diffusion coefficient, Eq (3.57), in agreement with the

mean square displacement approach.

Moments and the Grad Method

In the moments approach an attempt is being made to eliminate

the distribution function fa from the Boltzmann equation (Eq (3.1)) entirely

in favor of density, temperature, etc. Classical transport equations are

obtained by multiplying the Boltzmann equation by 1, momentum, and

kinetic energy, etc., respectively, then integrating over velocity. The re-

sulting hydrodynamic equations can be solved for the number density,
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temperature, and average velocity at a point provided quantities such

as the energy flux, heat flux, viscosi!y, and force of friction can be re-

lated to the temperature, density, and velocity at the same point. The

classical transport equations are thus an approximate solution to the Bolt-

zmann equation (Braginskii, 1965: 212). Physically, the approximation

asserts that the rate of change of hydrodynamic quantities must depend

upon their local values. But this dependence is implausible if particles

move substantial distances in short periods of time (Clemmow, 1969).

Thus, the Boltzmann moments approach is applicable for the description

of classical transport processes when the plasma is collision dominated.

That is, the mean free paths must be much shorter than the charac-

teristic length of gradients in temperature or density, etc., in the direction

of the magnetic field, and either the mean free path or gyroradius must

be much shorter that the characteristic length of gradients in directions

perpendicular to the magnetic field (Hinton, 1983). For positive ions

in the filter region these conditions are not satisfied, since the ion gy-

roradius is usually about as wide as the filter field itself, through which

the plasma density falls abruptly. For electrons, however, these con-

ditions are plainly met for the direction perpendicular to the filter field.

They are also met in the direction along the filter field: in the region

near the center line of the plasma, gradients are low (Bacal, 1984: 21).

Away from the- center line of the plasma, electron motion is restricted

by magnetic fields. The Boltzmann moments approach is thus applicable

to electron motion both perpendicular to and along the filter field.

The equation most suitable for describing the transport of electrons

is the momentum moment of the Boltzmann equation. The momentum
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moment is obtained by multiplying the Boltzmann equation by a com-

ponent of the electron velocity, uk , and integrating over all velocities.

The details of integration and manipulation can be found in many sources

(Golant, 1980; Schkarovsky, 1966, etc.). The resulting equation can be

written as follows:

mn [+ (Y.V)y = ZenE+Znmo[_uxb] -Vp- (V-f) +m 8 (3.59)

For electrons, Z = -1. The variable o) is the electron cyclotron fre-

quency; y is the directed velocity defined by

U= f d.f(p) = (3.60)
I -

The scalar pressure p is defined by 3nm. 2 The tensor xii, called

the viscous stress tensor, is defined by x = nm (tj c - - 1j The vec-

tor c is defined by the equation u = u+. ; c is the known as the random

or peculiar velocity. Equation (3.59) will be simplified following an anal-

ysis of the relative size of terms and the elimination of small terms.

But first it must be established that the distribution function is nearly

Maxwellian: that the random velocity is large in comparison with the

directed velocity in the filter field region.

Grad's method for solving Eq (3.59) for the flux capitalizes on the

smallness of the directed velocity y of the charged particles in com-

parison with the random velocity. In Chapter II, in the discussion of

Leung and Bacal's experiment (Leung, 1984b), it was estimated that the

final chamber flux was given by Fx = n2 with =0.8 Therefore,
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the average magnitude of the directed velocity y is u=0.2c , for the

average c. In Chapter IV it will be argued that in addition to electrostatic

shielding at the plasma electrode, the magnetic field may decrease the

thermal flux by an additional factor of 0.1, so that the directed velocity

is actually on the order of c/50.

The directed velocity is also small in comparison with the average

thermal velocity in Holmes' experiment (Holmes, 1982b). By calculating

Holmes' source chamber plasma density from Eq (2.32) by using his

measured Fx , and by writing rF = njul , u1 can be found. Then, con-

sidering that rx = n2u2, the rise in u through the magnetic filter can be

estimated by assuming a reasonable value for n2

From Figure 2-6 it is apparent that the characteristic width a of

Holmes' filter field is about 1.5 cm. Employing this value in Eq (2.32),

with an electron flux of 3 x 1016 cm 2 sec 1 at a magnetic flux equal

to 300 gauss cm, the source chamber electron number density is

nI = 4 x 1011 cm- 3 . Since the total flux (1 ampere to an effective

area of 197 cm2) is only 3 x 1016 cm "2 sec "1, the directed velocity is

about 8 x 104 cm sec "1. If the electron density falls by a factor of

10, as it did in Leung and Bacal's experiment (Figure 2-2), the final

chamber density is 4 x 1010 cm "3 and the directed velocity rises to

8 x 105 cm sec 1 . The average velocity of electrons is about 7 x 107

cm sec 1 , so the thermal velocity is high with respect to the directed

velocity, at least through the filter.

On the basis of this calculation, then, it is surmized that the Grad

method of computing the collision term to the momentum equation (or

to any other moment of the Boltzmann equation) should apply.
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To simplify Eq (3.59), note first that the term -n- is roughly equal

to -meve ne(uey-u) plus terms of comparable magnitude, as shall be

demonstrated shortly. (Incidentally, vd is given by Eq (2.24).) All smaller

terms can be set to zero. For large electron fluxes, this collision term

can be approximately 10-4 dynes/cm 3. The pressure term is on the

order of 10-2 dynes/cm3 . The electric field term is perhaps an order

of magnitude lower than the pressure term, and the magnetic field term

is comparable to the pressure term.

The hydrodynamic acceleration, the left-hand side of Eq (3.59), is

about 10-6 dynes/cm 3. So this term can be ignored. The divergence

of the stress tensor, V , iis another term involving the directed velocity.

The largest terms in ;ij , for strong magnetic fields, are of the form

neT

0.73 ne (3.61)VelW

where

aui auj 2
W = jx + F-- a (V.u) (3.62)

For large magnetic fields, only the diagonal terms are appreciable

(Braginskii, 1965). The only significant component of the electron di-

rected velocity is along the x axis. Hence,

W 44, , WYY = WZ, 2- au,(3.63)

The derivatives of xij with respect to y and z are practically zero, so
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the only non-zero viscous stress term in Eq (3.59) is xx- . This term

is of the same order of magnitude as the collision term.

In order to apply the Grad method to Eq (3.59), an expression must
be~~~~ fon o (ne!y)

be found for Initially, it will be assumed that only Coulomb

collisions are important. Elastic collisions with neutrals and inelastic col-

lisions will be taken up later in the chapter. Taking the velocity moment

of the right-hand side of the Boltzmann equation,

8 ((nuk) 8fe

8t tJdi ( ) (3.64)

where fe is the electron distribution function. Substituting the expression

for -f from Eq (3.10) and integrating by parts,

8 ( n.u. )
jfx[Ak',j i> (3.65)

J

where the symbol I indicates a species of ion. The second term in

Eq (3.65) integrates to zero since <AUkAUj>e/fC goes to zero on the

surface at infinity. Substituting an expression for <Auk>eI! from Eq (3.27)

together with Eq (3.44), Eq (3.65) becomes

8(nuk) (n m i nj U m Uk
= - I + 4--e) TfdP(u-)G (X / )fe (3.66)

As in the integration of Eq (3.56), (D 1 except for very small u, so

G (X,) - 1/ (2X') is a good approximation to G for u> ((2T 1 ) /m,) L/ 2

For velocities smaller than this, the leading power of X in G is X1. This

can be seen by examining the series for 4D in Eq (2.27). So there
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is no large contribution to the integrand at small velocities and it can

be safely assumed that

(nUk) I + Me1L+ 4 j u, (3.67)

In the Grad method, the distribution function is expanded in a series

whose coefficients involve moments such as n, T, uk, etc.:

'= n( - 2 )C2 )[1-Y ,k--2(1- ] (3.68)

(Golant, 1980: 164), where q is the heat flux vector defined by
1 2qk = 1mc ck This expansion is a special case of a more general ex-

pansion which includes terms linear in elements of the viscosity tensor.

However, from the mathematical form of the expansion (not shown here),

it is plain that the non-zero (diagonal) elements of the viscosity tensor

are coefficients of terms that will integrate to zero in Eq (3.67).

By expanding the integrand of Eq (3.67) in a Taylor series about

Uk = Ck , it can be shown that

8 (ney . e(y -YI 3 v e 3 . 9
~(~eY)

U - vet'(t 'u/ + 5 --e q' (3.69)

(Golant, 1980) where vd is given by Eq (1.26) and ul is the directed

velocity of the species of ions. It remains to substitute into Eq (3.69)

an expression for the heat flux. For conditions where the energy of

directed motion is much less than the energy of random motion, the

heat flux moment equation is
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5nT 32m. VT, + w~q, x b = -1.87viq + 2fTVi (Ul)

Then, solving for qe

- 1bx 5 VTe (3.71)

where only the largest term, comparable to the first term on the left-hand

side of Eq (3.69), has been retained. (Of course, a larger term exists,

but it is in the direction of the magnetic field. The interest here is

in transverse directions.)

For electrons, then, Eq (3.59) may be written as

,, + nmWy x b + Vp, + V. ft + mn,v,t (y - yt) (3.72)

+-bx ---eVT= 0

where all the vectors (except b) are in a plane perpendicular to b

In the case where a similar equation can be written for the ion mo-

mentum balance, separate equations for u. and u, may be derived.

Here, however, that is impossible; but Eq (3.72) can be written in a

form which brings out the functional form of the flux in the x (source

chamber to extraction chamber) direction. Eliminating yxb in the usual

way (by first taking the cross product of Eq (3.72) with the unit vector

in the direction of the magnetic induction, hence producing a second

equation involving uxb), it is found that
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)u = enveE. +v -d +V- --V 3ne-.e - mn2ul, (3.73)mee(o lX e el e ld-x eld-x 2 Ve edX_ e evel(.3

+ Mnev eIe% (y. X _x

It is difficult to assign a value to the last term in Eq (3.73) since a

fluid momentum equation for the ions cannot be written. Since collisions

occur infrequently for positive ions, it is expected that they will drift with

a velocity approximately equal to

d e (F x b)

(the usual ExV drift velocity). But as only a fraction of the ions are

trapped within the filter field, the last term in Eq (3.73) can be ap-

proximated as

(g - I) eneveIEx

with g a positive factor less than 1. When g is 1, no ions are trapped

in the filter field; and when g is zero, all are.

Braginskii (Braginskii, 1965: 218) shows that

0.73 neTe Jux
= 7 (3.74)S 3 v, a

This can be written, under the assumption of constant flux, as

0.73 Te I dn(
7 -. neu x -  - (3.75)

c3Vel ne
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Finally, then, the equation for the electron flux is

_ _=_ _etx(gee_ _ dpe 3 dre
XEJ+ (geEd- -- n e-- (3.76)

m e  •C0 + V2-U' 0.24 -/- d -Ten (n.)

• me evjx

n
e

where 1. is the ion flux in the x direction. As the ion flux is not

likely to exceed 1016 cm 2 sec 1 (using Bohm's estimate of

= n/ exp(-I) (3.77)

for the flux to the extraction electrode (Bohm, 1949)), the last term on

the right-hand side of Eq (3.76) is extremely small in comparison to

the electric field and gradient terms. The term from the stress tensor

in the denominator is at least 5 orders of magnitude smaller than 02

at high magnetic inductions, so this term can also be ignored. The

electron flux should then be given by

v ge dP_ 3 aTe

)(geE+ - - )(3.78)
X Me(W 2+ v dx 2 1'dx

summed over all ion species. This is essentially Eq (2.1), written under

the assumption of negligible electric field and small temperature gradi-

ents, both of which, it is apparent from Eq (3.78), act to slow the elec-

tron flux through the filter.

The effects of electron-electron collisions on the electron flux have

not been considered in the foregoing discussion. Shkarofsky (Shkarofsky,
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1966: 288) shows that the velocity moment of like particle collision in-

tegrals is zero to first order. Therefore, there can be no sizeable con-

tribution from electron-electron collisions. (To the extent that further

terms in Eqs (3.9) and (3.10) can be ignored, electron-electron collisions

can be disregarded.)

As noted in Chapter I, the mean free path for electron-ion collisions

is only a factor of 2 higher than that for electron-neutral collisions in

a low pressure discharge. Hence, there is reason to expect a contri-

bution from collisions with neutrals of the same order of magnitude as

the contribution from electron-ion collisions. The electron-neutral collision

frequency is about 106 p(mTorr)/1 mTorr sec 1 . The electron-ion collision

frequency given by Eq (2.2) is about 3 x 106 sec 1. Golant (Golant,

1961) derives an expression for the electron flux across a magnetic field

by utilizing an expansion of the electron distribution function in Laguerre

polynomials. His result, in the high magnetic field limit, and omitting

ion pressure terms, is:

Vea (vea+ve) Vet+VeaTdne Vea-Vel d(7
X 0 2 . M(O2 edx F 12 edx

V203 eee
E

l

m e

This reduces to Eq (3.78) as vea - 0 and the high coe limit is taken

in Eq (3.78), apart from the fact that g, for Golant, must equal 0 since

all ions are assumed trapped within the magnetic field. Assuming, as

in Chapter II, that temperature gradients and the electric field are un-

important, Eq (3.79) can be integrated. For simplicity, assume a Gaus-
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sian magnetic field of characteristic width a and integrate from negative

to positive infinity. The result is
d[22

rx- d (-n 2-n2)+v(ea 1n2) Te (3.80)

where o° is maximum electron cyclotron frequency. The second term

on the right-hand side is of the same order of magnitude as the first,

so the increase in flux is much less than the factor of 9x1/2 measured

by Holmes. Using Eq (3.80) on the example given on page 2-12, the

final chamber density rises from 5 x 107 cm 3 with only electron-ion

collisions considered to 7 x 107 cm"3 when electron-neutral collisions

are included.

To estimate the contribution of inelastic collisions, consider the rel-

atively likely vibrational excitation of H2 from v=0 to v=1. Given a re-

action rate of 10-9 cm 3 sec 1 (Tawara, 1990) and a pressure of 1.0 mTorr

with a gas temperature assumed to be 500 degrees Kelvin, the inelastic

collision frequency for this process is 2 x 104 sec "1. This is two orders

of magnitude lower than the electron-neutral elastic col'sion frequency

and so is inconsequential.

If the vibrational temperature of the neutrals were equal to the elec-

tron temperature, it is expected that the superelastic collision frequency

for the v=1 to v=0 vibrational transition would approach the inelastic col-

lision frequency given immediately above. Typically, the superelastic col-

lision frequency will be smaller than the inelastic collision frequency. An

electron which experiences a superelastic collision will have an increased

Auy (see Eq (3.53)) due to the gain in energy. This energy gain, to-
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gether with the electron's initial energy, will result in a Lamor radius

of about 0.1 cm in a 35 G magnetic filter. The gain in energy is thus

far too small to send the electron directly across the filter field. The

energy gain required to do that is roughly 200 eV. And, because the

Coulomb collision frequency speed dependence is 1/U3, the rate at which

it experiences Coulomb collisions will decrease. Indeed, since the Cou-

lomb diffusion coefficient varies as vT-T -1 4 , it is expected that elec-

trons which have experienced superelastic collisions will have a relatively

difficult time traversing the filter.

Drifts ad Motion Along Field Lines

Neo-classical diffusion in toroidal fusion plasmas is the result of two

effects: drifts which, between collisions, carry charged particles a dis-

tance large in comparison to the Lamor-radius, and the existence of

trapped particles near the outer edge of the torus (Stacey, 1981; Galeev,

1968; Frieman, 1970; Rutherford, 1970a and b). The resulting diffusion

coefficient varies as 1IB2 but is an order of magnitude or more higher

than the classical counterpart. There should be no analogous trapped

particle effects in the magnetic filter, but it is worthwhile to investigate

drifts which could increase the electron current through the filter.

Figure 3-2 shows some of the gradient drifts and electric currents

that arise near the magnetic filter. The electric field L gives rise to

an f x drift, discussed above in the simplification of Eq (3.73). Since

this drift affects only a fraction 1-g of the ions, a secondary electric

field (not shown in Figure 3-2) may be produced. The field would be
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Figure 3-2: Electric Drifts and Gradient Currents Near the Magnetic Filter
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directed parallel to the source chamber E' and so inhibit motion from

the source chamber to the midpoint of the filter.

The gradient of B will be directed toward the filter plane. So in

the source chamber, the gradient B drift will drive positive ions to the

top of the page and electrons to the bottom. The resulting electric field,

F' , causes an electric drift (denoted by E'xB) whose effect will be

to drive electrons and positive ions back into the source chamber. In

the extraction chamber, the gradient drift drives electrons to the top of

the page and positive ions to the bottom. The resulting olectric field

causes an electric drift of charged particles into the extraction chamber.

If, then, electrons can diffuse as far as the filter center line, they should

receive assistance from the E' x B drift as they proceed farther into the

extraction chamber.

There will also be a pressure gradient drift near the filter. The

pressure gradient is directed from extraction to source chamber. Thus

it will tend to counter the effect of the B x VB drift in the source chamber

and accelerate it in the extraction chamber. Because of the compar-

atively rapid changes in B, it is concluded that the gradient B drift effects

are more important.

The net effect of drifts in the source chamber is to oppose the

motion of charged particles toward the extraction chamber. In the fluid

approach taken- in the previous section, the induced electric field was

assumed to be zero.

Electrons may move along the magnetic field lines. In this way

the mean displacement upon collisions can be very much greater than

the electron Lamor radius. Any assistance received from this effect will
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approach zero near the filter plane, since the curvature of the field lines

also decreases. It is near the filter plane that the magnetic induction

is high and an enhancement to classical diffusion is required.

The magnetic field lines between the filter magnets may be de-

formed by by the presence of confinement magnets on the source cham-

ber end plate. The rippling of the field lines can also increase the

mean square displacement upon collisions. However the net effect of

this must be small: for an electron near the filter plane, a collision

will simply carry the electron to a field line near the previous one. This

field line should parallel the first, so no advantage is gained over the

case whore the field lines are straight.

Anomalous Diffusion

It appears, then, that classical diffusion theory cannot account for

the electron flux through the filter as measured by Holmes (Holmes,

1982b). That the expression for the flux given by Eq (3.78) incorporates

the generally-accepted form of the diffusion coefficient is well attested

by the literature. Chandrasekhar (Chandrasekhar, 1961: 193) agrees with

Eq (3.78) to within a factor of 2 in the limit of high B, no electric field

or temperature gradients. (The factor of 2 comes in because these early

calculations required magnetized ions in a fully ionized plasma. Under

those conditions, it is well known that the diffusion is ambipolar (Golant,

1980: 311). The ambipolar diffusion coefficient is, if the electron and

ion temperatures are equal, twice the coefficient given in Eq (3.78).)

Chandrasekhar's result was obtained 4 years earlier by Longmire and

Rosenbluth (Longmire, 1956: 509). Golant (Golant, 1980: 311) gives an
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expression for the electron flux which is, in all pertinent details, identical

to Eq (3.78). Braginskii (Braginskii, 1965: 249-251) also agrees with

Eq (3.78), as does Hinton (Hinton, 1983: 180).

Jimbo (Jimbo, 1984) observed anomalous (Bohm scaling) diffusion

in a reflex-type negative hydrogen ion source. The source was operated

at a pressure of about 10 mTorr with magnetic inductions ranging from

1500 to 5000 G. The anomalous diffusion of H was found to enhance

H production in the device.

Holmes' measurements (Holmes, 1982b), and those of Lea (Lea,

1990), clearly establish that the diffusion coefficient in the tandem mul-

tipole source varies with temperature, magnetic induction and plasma

density as the classical diffusion coefficient. This rules out Bohm dif-

fusion. The Bohm diffusion coeificient is written as

D T. (3.81)Da-16 meCO,

(Bohm, 1949). This coefficient provides the linear rise of source chamber

density with magnetic induction shown in Figure 1-9, but could not re-

produce the scaling with temperature and magnetic induction shown in

Figures 2-7 and 2-8. Incidentally, the flux through a magnetic filter pre-

dicted by use of Eq (3.81) agrees fairly well with the value measured

by Holmes (Hoimes, 1982b) at 300 G cm.

In addition, there are theoretical reasons ior scepticism as regards

diffusion due to collective effects. For a two-dimensional plasma, the

1/B 2 behavior of the cross-field diffusion coefficient depends upon the

ratio of the change in particle position upon collision to the Debye length.
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When the change in particle position upon collision is larger than a De-

bye length, different particles are encountered on each gyration and all

encounters can be treated as independent (Okuda, 1973). A mathe-

matical expression for this condition can be derived for a two-dimensional

plasma employing quantities developed earlier in this chapter. The con-

dition for collisional dominance of the diffusion coefficient (a classical

functional form) may be written as

2) tk2 (3.82)(< (AX) ) c -> D (.

where cc is the mean time between collisions and X.D is the Debye

length. Using Eq (3.53) for the relation between <(A.x) 2> and <(A'Uy)2>,

and averaging, the result is

P 2
_ 1 (3.83)e)

where (o is the plasma frequency and we is the electron cyclotron fre-

quency. (To achieve this simple equation the electron Debye length has

been employed. The condition would be more stringent had the smaller

(ion) Debye length been used.) In the source chamber of a low pressure

plasma, Wop is about 1010 sec "1 and (e is 6 x 108 sec " 1 in a typical

filter. So

( )2 280 (3.84)e)

Thus, the plasma passes the rather stringent (two dimensional) condition
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for classical behaviour. Since particles in a three-dimensional plasma

can move along the magnetic field lines, collective effects must be far

less likely.

In Jimbo's experiment, described above, the electron density was

around 1012 cm-3, corresponding to a plasma frequency of 6 x 1010

sec1 . For a magnetic induction of 1500 G, the cyclotron frequency

is about 3 x 1010 sec -1, and the ratio of Eq (3.83) becomes roughly 4.

In Chapter II, the results of Ferriera's experiment (Ferriera, 1989)

were briefly presented. It is not clear from the data, but it is possible

that the diffusion coefficient there also had Bohm scaling. The ratio

of Eq (3.83) in that experiment was roughly 2.

This consideration indicates that the filter magnetic field in low pow-

er discharges is far too weak for Bohm scaling to arise. The same

is doubtless true for high power discharges, where plasma densities are

about an order of magnitude higher, while the filter field has approxi-

mately the same maximum induction. Could anomalous scaling with

magnetic induction be observed in the source chamber across the con-

finement magnetic fields? The confinement fields along the anode wall

are typically on the order of kilogauss. But there the fact that electrons

have direct access to the anode at the cusps makes anomalous diffusion

less plausible.

Weak Turbulence

Ion acoustic and related turbulence is characterized by small phase

velocity w/ (kue) 4 1 and short wavelength (kue)/w e 1 . The existence

of an ion sound spectrum in a magnetic picket fence was verified by
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Ferriera (Ferriera, 1989) under conditions of low o,/w~ . This fact, along

with the consideration that such spectra can be generated by electron-ion

drifts, ion-ion drifts, beams and gradients (Dum, 1978b; Melrose, 1986:

229), makes ion-sound-like and related turbulence a plausible candidate

explanation for the observed electron transport rates across the magnetic

filter in negative hydrogen ion sources.

Anomalous diffusion of ions due to ion sound instability was treated

by Spitzer as early as 1960 (Spitzer, 1960; Bernstein and Kulsrud, 1960;

Hoh, 1962). In Spitzer's theory, the electric field is characterized by

a phase which is a statistical function of time. Drummond and Rosen-

bluth parted from Spitzer in assuming that the electric field is composed

of a superposition of coherent plane waves (Drummond and Rosenbluth,

1962). As a result it was seen that diffusion was due to resonance

between particle and phase velocities. -

Theories of turbulent plasma separate into two groups. Weak tur-

bulence theory supposes that the turbulent spectral function W(t) is

composed of randomly phased plane waves (Kadomtsev, 1965). In weak

turbulence theory, waves may be damped by either velocity space elec-

tron diffusion, which removes the instability's source of free energy -

this is the quasilinear theory (Vedenov, 1963; Goldman, 1984) - or by

wave-wave scattering and induced scattering off thermal ions (Goldman,

1984; Melrose,-1986). In strong turbulence theory, nonlinear wave struc-

tures may be used instead of plane waves as the building blocks for

turbulence, or one goes beyond the usual random phase approximation

to admit phase coherence and renormalization effects (Goldman, 1984).
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The condition for applying weak turbulence theory is that the energy

density of the turbulence W is much less than the energy density of

the the particle species nT +n1T1 . This condition is satisfied if 1)

the free energy driving the instability is small compared with the species'

thermal energy and 2) the fluctuations generated by the instability have

wavelengths of the order of or less than the ion gyroradius. Relatively

large fluctuation energy densities are found experimentally only at larger

wavelengths (Gary, 1980). Ion acoustic turbulence is short in wave-

length. It is expected that gradient-induced drift velocities in the filter

magnetic field region will be small in comparison to the electron thermal

velocity. Consequently, the free energy driving the instability should be

small in comparison with the electron thermal energy, and weak turbu-

lence theory should apply.

The scattering of electrons by the turbulent ion acoustic and related

spectra can be treated with the Fokker-Plank equation, as was done

earlier in this chapter for electron-ion collisions. The electron-wave force

of dynamic friction 141/ and the velocity space diffusion tensor D-w are,

of course, very different from their Coulomb counterparts. Since the

electron wave force of dynamic friction, due to the spontaneous emission

of ion sound waves, is only a small correction to the electron-ion force

of dynamic friction ["'" , it will not be considered here (Dum, 1978b).

The unmagnetized quasi-linear velocity space diffusion tensor is given by

D 8x2e2'dAW (k) 8 - (k -) ) (3.85)IM,, - 2 f (k- "

where W(k) is the energy density of the turbulent spectrum in d3k about
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and y is the electron velocity, _ = _+u , the sum of the random

and directed velocities.

C. T. Dum argues that the unmagnetized form of the resonance

condition may be used for weakly turbulent spectra which are sufficiently

broad in k (Dum, 1978b). The wave-particle correlation time will then

be short compared with the electron's gyro period.

Dum (Dum, 1978a) has carried out detailed calculations of the

wave-particle transfort coefficients for electrons in ion sound and related

turbulence. He has found that, provided the electron distribution function

stays close to Maxwellian and the turbulence is isotropic, the effect of

turbulence on electron transport is obtained by substituting enhanced val-

ues of Z, the ion charge, and T,, the ion temperature, in the classical

transport equations (Braginskii, 1967; Epperlein, 1986). What this implies

for electron transport is that ion acoustic and related turbulence en-

hances the collision frequency appearing in the transport equations but

retains the classical functional form. Thus, the VT term in the flux equa-

tion will act as a drag term as in Eq (3.78), even while the collision

frequency v , depends upon a positive power of T, . (The fact that,

for Coulomb collisions, the temperature gradient acts as a drag term

is ascribed to the fact that (v/T) ((ov)/(aT)) is negative (Golant, 1980:

285).)

(There is, -of course, no guarantee that the turbulent spectrum in

the magnetic filter of an H source, supposing that one exists, is iso-

tropic. Lacking detailed knowledge of the spectrum, this assumption is

made for simplicity. An additional complicating factor, as Dum points

out (Dum, 1978b), is that the turbulence may react upon the initial Max-
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wellian electron distribution so that the electron distribution function ap-

proaches an exp (-ac5) dependence on c (a is a constant). Measure-

ments of the electron energy distribution function have shown no

profound divergence from a Maxwellian. In what follows it will be as-

sumed that the electron distribution function is nearly Maxwellian.)

Dum's results will not be reproduced here. (Dum reduces the Fok-

ker-Plank equation to a system of equations for an isotropic and a small

anisotropic part of the electron distribution function, and computes mo-

ments from these (Dum, 1978a).) Instead, to display how the form of

the of the transport equations remains Coulomb-like for ion-acoustic

wave-particle transport, the Grad expansion of the electron velocity dis-

tribution function, Eq (3.68), will be used in conjunction with Eq (3.64)

for the velocity moment of the collision integral, Eq (3.3) for the rate

of change in the distribution function due to collisions, and Eq (3.85)

above for the wave-particle velocity space diffusion tensor, to generate

the collision term in the momentum moment of the Boltzmann equation,

Eq (3.59). It will be shown that Eq (3.69) for (8(ne))/(5t) is re-

produced by the isotropic ion acoustic or related spectrum with the sub-

stitution vet-+vw * Given this, and assuming that Eq (3.70) for qe is

correct with v- vew, Eq (3.78) with v el -VeW is then obviously the ap-

propriate equation for electron flux under the influence of isotropic ion

acoustic or related turbulence.

From Eq (3.64)

8 (n d = fdu 8 ( ) (3.86)
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From Eq (3.3) and Eq (3.4), and considering only wave-particle inter-

actions,

8fe _ gwafe(fe) - SyDneD 1e (3.87)

where the friction force has been assumed negligible. Integrating Eq

(3.86) by parts,

(tU=) -_dcDj (3.88)

Now

= - c e+fe -q m 1e -i + 2 mkCMe (3.89)

where 40* = (m/(2nTe)) 3nexp [-(mac2)/(2T,)]. It will turn out that, by

symmetry, terms involving cqtck will integrate to zero. Eq (3.88) can

then be rewritten as

6(neul )  (neud) (o) + (n. Ul)  (3.90

S tt + 5t (3.90)

8 (n. u ) (o) 0
t- dCD nWmfe

8 (n rlle ,1)ew Me 0

= fd acqm c f-- gt- ~ Im neie 5T

By transferring the Dirac delta function in the diffusion tensor to

a delta function involving the angle k. t (the angle between the vectors
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k and c) and the quantity coo = ((o. - (k-y))/(kc) ((ok is the frequency

of the plane wave with wave vector k ), it is straightforward to show that

8 (neu) (0) 4xt2 e2  k, (Oak -  Me

= d 2 dkW(k)(c)k2 kc T e  (3.91)
me

where 8 (co) = 1 for -1 :5o< 1 , 0 otherwise. Since 1cool << 1 for ion

acoustic turbulence, the condition O(o) may be dropped from the in-

tegrand of Eq (3.91). If W(k) is isotropic, this may be written as

(ney ) (0) r 2
8t = Jc - ewo(c) (y-,,-v) (3.92)

where

v w(C) =d 4xr2 e 23 1 (3.93)

Equations (3.92) and (3.93) together define the electron-wave collision

frequency and the wave spectrum drift velocity y. . Note that the elec-

tron-wave collision frequency has the same 1/c 3 speed dependence as

the electron-ion collision frequency. Integrating Eq (3.92),

8 (4,t) (0)=
8-(0) = -nvew (_u -uw)  (3.94)

with

4r / e 2 14c L2e2

4 =w (2n)1/2 _ fdk Wk) 1 = 3(2n)l1 W(= (3.95)
Me e 3e e
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j in leTek ue P

with u e being the electron thermal velocity (Te/me) 2  Similarly,

8 (nY) (1) 3 v e (3.96)

If, as stated earlier, the substitution ve, _ vew holds for the collision term

of the heat flux moment equation, as it should, Eq (3.78) for the flux

is transformed by vei -v , . Compare Eq (3.69) and following.

Actually, the electron-ion and electron-wave collision frequencies can

be combined into a summary collision frequency vs = Vel +Vew

Vn 1 2 L [I)X !! = ( ) 2Z (3.97)

where X is given by

X- 3Te (3.98)
Ze 2

1/2

with XD = (T/ (4nne)) , the electron Debye length.

More careful calculations by Dum (Dum, 1978a) show that if the

turbulence is so weak that the electron distribution function remains es-

sentially a Maxwellian, the effect of turbulence on the classical transport

coefficients can be modelled by replacing Z and TI with Z0 and T 0 where

Z° is the effective ion charge and T/0 is the effective ion temperature.
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Plainly, then, the electron-ion collision frequency is enhanced by the
ratio - If it is supposed that wave-particle transport is about 9(j)112

times as effective as particle-particle transport in the filter (as was shown

in Chapter 2), then (Z°)/Z is about 9(X) 112. For this value of Z°

the transport coefficients may be well approximated by using the coef-

ficients which correspond to Z° = -c (see, for instance, Tables II, Ill and

IV in Epperlein (Epperlein, 1986)). The coefficients which enter the ex-

pression for the flux (Eq (3.78)) are not functions of ZO

The electron diffusion coefficient may be written as

(D) = v el + veT2 M vewTe (3.99)
mee meO. e

Although there is a formal 1/B2 scaling here, the actual scaling is de-

pendent upon how W(I/k) varies with B-(see Eq (3.97)). Again, vrew

varies explicitly with r 3", but W(l/k) may also be a function of the

electron temperature. Equation (3.99) was obtained formally by Vedenov,

who introduced a term describing collective electron-ion friction into the

electron momentum balance equation (Vedenov, 1968: 99).

The actual dependence of v e , on Te and B depends on the source

of the instability and the damping mechanism. S. Peter Gary (Gary,

1980) has calculated the electron-wave collision frequency for the uni-

versal drift instability, which is driven by the electron diamagnetic drift,

for the case where the electron distribution function stays close to Max-

wellian. Attention is drawn here to this collision frequency because it

is an instance where the wave-particle transport diffusion coefficient re-

tains its 1/B2 behavior. Gary shows that the electron-wave cross field
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diffusion coefficient for the universal drift instability is

_AA 1/2 1/6

(D>- )n (4+i/Te) (3.100)

or

1/3 n /2 1/6
Yw- 47c T e" n, ( i /  (3.101)

The ion temperature enters the expression because it is assumed that

damping is due to wave-ion interactions. This collision frequency can

easily be on the order of 108 sec 1 for typical H source parameters,

two orders of magnitude higher than the classical electron-ion frequen-

cy.

Summary

In this chapter the transport properties of electrons across a mag-

netic field under the influence of collisions with either ions or ion acoustic

turbulence have been examined. It has been shown that Holmes' value

of the electron-ion collision frequency is high by a factor of 9X 1/2. The

wave-particle equation for the flux mimics the Coulomb (electron-ion) flux

equation, and will provide a much larger flux. In Chapter IV it will be

shown that the-VT. drag term, common to both electron-ion and elec-

tron-wave transport, is necessary in order for the flux through the mag-

netic filter rise with increasing extraction electrode bias voltage with the

extraction chamber thermal flux.

3-43



Chapter IV - Temperature Gradient Effects and Electron Cooling

Introduction

In Chapter III it was shown that the appropriate classical expression

for the electron flux is

vei ripe 3 fife
r ,(2+ 2 (genE.+-, - _n- ) (3.78)

as long as the ion flux is not very much greater than the electron flux.

Employing this relation and an equation for the electron heat flux it is

possible to relate the temperature fall through the filter to the plasma

density fall. The development of a mathematical expression based upon

the classical transport coefficients will be presented in a section to follow.

But first, the relevant experimental data will be discussed. These data

will then be employed in an analysis of the functional form of the flux

to determine whether the classical expression (Eq (3.78)) shows the cor-

rect variation with changing Vb.

It will be concluded that Eq (3.78) properly describes the variation

in [". with changing Vb . Some ambiguity will remain, however. While

the results of the present chapter will reinforce the conclusion that the

electron flux across the magnetic filter is enhanced, it will not be possible

to decide from these scaling considerations between electron-ion and

electron-wave scattering as the mechanism which drives the diffusion.

What will be plain is that the temperature gradient term must be a drag

term for the filter flux to vary as the thermal flux to the extraction elec-

trode.
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Presentation of the Data

As seen in Chapter I, the final chamber electron temperature is

a function of the extraction electrode bias voltage. By analyzing the

probe traces of Figure 1-7 (Leung, 1983) the electron temperature and

plasma density in both the source and extraction chambers can be dis-

cerned and compared with the theory to be developed. Figure 1-7 is

chosen for analysis rather than Figure 1-8 since it is difficult to extract

information from the extraction chamber probe traces in the strong filter

case. Shown in Table 4-1 are the source and extraction chamber elec-

tron densities, temperatures and plasma potentials given by the probe

curves of Figure 1-7. The densities are given in arbitrary units (found

by scaling the saturation current with the electron temperature), while

the temperatures are in electron volts and the plasma potentials are in

volts. Vb is the voltage applied to the extraction electrode, as before;

*i is the plasma potential in the source chamber and *2 is the plasma

potential in the extraction chamber. Ap is the change in plasma po-

tential, 01-02 , and Aw is (the change in potential at the extraction elec-

trode wall) 02-Vb

It should be noted that T1 in Table 4-1 is 0.3 eV higher than the

value reported for the Langmuir probe trace with Vb = 0 in Figure 1-7.

The six data points for the extraction chamber electron temperature

show a rise in that temperature with increasing extraction electrode bias

voltage. But as that voltage is increased, the ratio n2/n1 falls. This

behavior of T2 as a function of n2/n 1 is not accounted for by the ex-

pression developed by Holmes (Holmes, 1982a) to explain extraction
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chamber electron cooling, but can be anticipated upon careful consid-

eration of the analysis of Ogasawara (Ogasawara, 1990).

Vb 01 02 A0p Aow nj n2  n2/nj TI T2  T2/T1

0 3.6 1.5 2.1 1.5 4.2 .32 .076 1.7 0.4 0.24

1 4.2 2.4 1.8 1.4 4.5 .21 .047 1.7 0.5 0.3

2 4.8 3.1 1.7 1.1 4.7 .15 .032 1.7 0.5 0.3

3 5.4 4.1 1.3 1.1 4.8 .12 .025 1.7 0.6 0.35

4 6.4 5.1 1.3 1.1 5.0 .11 .022 1.7 0.7 0.42

6 7.9 6.8 1.1 0.8 5.1 .08 .016 1.7 0.8 0.48

Table 4-1: Source and Extraction Chamber Densities, Temperatures
and Potentials

Holmes' relation between the plasma density fall and electron cool-

ing is

2a (I-- ) n (T - T2) (4.1)
(n2~j.. T2

where a is a parameter found experimentally to be 2.5 . Thus, according

to this equation, the ratio TilT2 rises with nl/n 2. However, according

to Leung's data (Figure 1-7), nl/n2 rises while T1iT 2 falls as Vb is in-

creased.

Holmes did not test his equation with Vb variations. In his ex-

periment, Vb was constant at the anode voltage, Vb = 0.0 V. Also,
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in his derivation, he assumed that the potential variation between cham-

bers was negligible, and this is far from true for the data of Table 4-1.

The relation between n2/n, and T21T1 given by the data of Table

4-1 is

-n0.003 -2 "15

= 0.003 ( (4.2)
n , T i

This is an empirical relation found from a log-log plot of the data.

Bezverbaja (Bezverbaja, 1988: 230) also found that the ratio of ex-

traction to source chamber electron temperatures rose as the ratio of

extraction to source chamber electron number densities fell. For the

Bezverbaja experiment, the empirical relation is

5.0n2  (T2 .3
n 0.001 (4.3

so plainly the multiplicative factor and the exponent are functions of the

discharge parameters.

Ogasawara's equation for the cooling will be presented in a later

section. It will be found that Ogasawara's approach allows for the phe-

nomena of of rising n1/n2 with falling T1/T2.

Effective Area pf the Extraction Electrode

As discussed in Chapter II, the residual magnetic field in the target

chamber can decrease the electron mean free path and result in spatial

variation in electron density. The electron density required to compute

the thermal electron flux to the extraction electrode is the electron den-
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sity one mean free path away from the extraction electrode. Mathe-

matically, a decrease in the electron density is equivalent to a decrease

in the effective area of the extraction electrode. An attempt will be

made in this section to deduce the extraction electrode effective area,

and so to determine to what extent thermal flux calculations based upon

measured values of the extraction chamber electron density typically

overestimate the actual thermal flux to the extraction electrode.

The data of Table 4-1 allow an estimate to be made of the effective

area of the extraction electrode. Such an estimate will be required in

order to approximate the electron densities listed in Table 4-1. The

electron flux to the walls of the source must always exceed the ion

flux by an amount equal to the discharge current Id:

I'ea+Ib A - (ltA +" A, ) - - -IFA 44
bbA ,FaAan(4.4)r

e e P

where Aa is the effective area of the anode for thermal electrons, Ab

is the effective area of the plasma electrode for thermal electrons, and

Aa is the effective area of the anode for filament (primary) electrons.

Quantities subscripted "" refer to positive ions. Negative hydrogen ions

are neglected, since they are at low temperature and high mass relative

to the electrons and, under most conditions, are shielded from the walls

by potential gradients. Assuming that the ion flux is equal to the Bohm

expression, the balance equation can be written as:
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1-) 1/2ea 2 (T 2  (A ')Ab (4.5)

T 1T 2 a (2 )1/2 Id

-0.6n,(-) Al-O.6n2 m I) A1 = P

As the potential on the extraction electrode is raised, electrons are drawn

out of the plasma at a rate sufficient to raise the plasma potential in

the source chamber. This decreases the value of the first term in Eq

(4.5) rapidly; by the time that Vb is 3 V, 01 is about 5.4 V, and the

electron flux to the anode has fallen to 4 x 10-2 times the thermal value,

making it comparable to the positive ion flux to the anode. The &.Ab

term will be much smaller than all others at high values of Vb, so it

is expected that

T2 1/2 A . Id_ iAa+O.6nl( 1) A (4.6)22- ex -T e e P (MI)

+n 1 -) 12exp 0 Aa

Since the primary electron flux to the cusps should be little effected

by changes in plasma potential, and since Id is a constant, Eq (4.6)
b a

provides a means of estimating Ab in terms of Aa using the values given

in Table 4-1 for high Vb. (Ab is an unknown quantity due to the mag-

netic shielding "from the confinement magnets on the anode.)
b a

It is found that Ab/Aa_ 18 (To do this calculation, use the fact
that 4A, = A1 (Cho, 1990).) But Aa is WL , where L is the total cusp

1/2length and We is the cusp leak width given by 4 (rerl) , where re is
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the electron and r, is the ion gyroradius. Using the maximum strength
b2

of the confinement magnets (3600 G), this gives A5 = 30 cm2
b

It is also possible to estimate A, using the electron currents ex-

tracted by Leung and Ehlers (Leung, 1983) from a 0.15 by 1.3 cm2

opening in the plasma electrode (see Figure 4-1). These electron cur-

18 l I I I I I I I I I IA 6-_ no filter
16 - strong filter

14 ---- weak filter

12

10 0
E

8
S0. " ,.° -.. . .0

4

2

0
0 2 4 6 8 10 12 14 16 18 20 22 24

Vb(Volt)

Figure 4-1: Extracted Electron Current as a Function of Vb

rents were extracted from a discharge operated under conditions identical

to those for which the data of Table 4-1 apply, for two different magnetic

filters and without a filter. When the source was operated without a

filter, the extracted current was 17 mA. This current is due mainly to

primary electrons, since it remains constant with variations in the plasma

electrode potential. Supposing the loss area of the plasma electrode
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to be large compared to the wall cusps, the maximum current to the

plasma electrode is approximately equal to the discharge current. As-

suming, then, that the extracted current density is constant over the ef-

fective area of the plasma electrode, this indicates that the maximum

effective area of the plasma electrode is about 11 cm2.

It is difficult to transfer this condition to thermal electrons, since,

although they are turned in their paths by lower values of magnetic in-

duction, they also have the ability to diffuse across a magnetic field

due to their higher collision frequencies. When a filter is inserted in

the device, the primary electrons are prevented from entering the ex-

traction chamber and the current to the plasma electrode varies with

applied potential. For the case of a filter, with maximum magnetic in-

duction of about 35 Gauss, the extracted current was 6 mA at high

values of Vb. Assuming, then, that there is no sheath at the plasma

electrode (the absence of such a sheath having been demonstrated by

Bacal and Hillion (Bacal, 1985b)), the maximum effective area of the

plasma electrode is 33 cm2 . A larger area than this would imply a

current to the plasma electrode in excess of the discharge current. The

plasma density responsible for that 6 mA current is about 1 x 1010 cm 2 .

Since the data of Table 4-1 were taken with the source configured with

this filter, and operated under the same discharge conditions as when

the current of 6-mA was extracted, this value will be used in subsequent

calculations in this chapter to scale the source and extraction chamber

densities. A value of nl or n2 equal to 1.0 in Table 4.1 will be assumed

to be 1 x 1011 cm"2 .
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When the strong filter was used, the maximum effective area rises

to 93 cm2. This condition is, of course, superfluous.

A rough estimate of Ae is therefore 20 cm2 . Where the thermal

flux to the extraction electrode is computed in the following, it will be

scaled down by the ratio of this effective area (20 cm2) to the effective

area of the filter quoted by Holmes (Holmes, 1982b), 200 cm2. This

much smaller estimate of the effective size of the extraction electrode

has an important implication for the analysis of Chapter I1. There it

was found that Holmes' experiment (Holmes, 1982b) required an en-

hancement to the flux by a factor of 9t 112 . The data of Leung and

Bacal's experiment (Leung, 1984b), however, necessitated an enhance-

ment by a factor of 350, assuming an effective extraction electrode area

of 200 cm2 . This enhancement is reduced to a factor of 35 if the

effective area is 20 cm2, bringing the two experiments to near agree-

ment.

Analysis of the Effect of Temperature Gradients on the Flux

The data of Table 4-1 put certain constraints upon the functional

form of the flux. In fact, they show that the functional form of the

flux given in Eq (3.78) matches the thermal flux to the plasma electrode

as a function of variations in the plasma electrode potential, with the

exception, of course, that the flux described by Eq (3.78) is much too

small.

Assume that

r v Td- 1 ndT end) (4.7)
-m02 ( 2 d-
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which is essentially Eq (3.78) with the subscripts "e" dropped and with

g equal to 1 (no ions trapped). Next, the data of Table 4-1 imply, rough-

ly, that

dO 3 3dT
3 =I(4.8)

Substituting this value for do/dx into Eq (4.7),

'm O Tt/2  dn 2n 2dT (49)
d - n- - -349

where d is given by Eq (2.6).

This differential equation can be solved with the result that

(2 (x)T ) 4 2 (x) ) 4 X Jxm 2 /c2  T (x) -4n()= 0  ., n- (A J) dx---rTI( (4.10

Since the integral term is negative, the flux through the filter is positive

only if

< (T 2
2  (4.11)

n1 tTI)

This condition is not met for Vb equal to 0.0 V in Table 4-1. Physically,

this means that, assuming Coulomb collisions drive the flux, and that

the ion drift eliminates none of the electric field effect on the flux, the

gradient in number density multiplied by the temperature must be higher

than twice the temperature gradient times the number density in order

for the flux to be positive.
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In general, the sign and size of the numerical coefficient of the

dT/dx term (assuming that the potential gradient has already been elim-

inated) must be such that, if a is the numerical coefficient of dT/dx in

an equation like Eq (4.9), then

n 2 (T 2  (4.12)

From the data of Table 4-1 it is clear that ax< 1.8 for these data.

It follows then that if g = 0 , so that the ion ExB drift eliminates

the electric field dependence of the flux in Eq (4.7), Eq (4.12) becomes

n2/n, < (T2/Ti) V 2 . This condition is met by all of the data of Table 4-1.

Holmes' (Holmes, 1982a) data also obeys the condition for positive

flux (Eq (4.12)). Holmes measured the variation of ln(nl/n2) with

(T1 - T2)/ T2 and found it to obey Eq (4:1). One data point (the one

closest to being in violation of Eq (4.12) with a = 1/2) validating Holmes'

expression had ln(ni/n2 ) at about 0.2 and (T1-T 2)/T 2 = 1/3 . This

corresponds to n2 /nI = 0.82 and T2/T1 = 0.75. If the electric field term

makes a contribution (if g is not zero and there is an electric field di-

rected from the source to the extraction chamber), then a becomes larger

than 1/2. With the given data point, the maximum value of a is 0.69.

Since the value of g depends upon the strength of the magnetic field,

this should not- be taken as an upper bound on a.

Strictly speaking, there are conditions where the flux may be neg-

ative, such as when the potential on the extraction electrode is very

negative and secondary electrons are generated by ion impact. Under

such conditions, incidentally, the extraction chamber temperature rises
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as Vb falls, probably due to the generation of secondary electrons

(Ehlers, 1981).

It will be seen in the next section that the flux form with a>O

has the feature of increasing flux with increasing T2 , as is measured

experimentally.

C0moarison of Various Models of the Diffusive Flux with the Thermal

Flux to the Extraction Electrode

In addition to remaining non-negative, the flux through the filter must

equal the thermal flux to the extraction electrode. This requirement can

yield insight into the physical mechanism driving the enhanced flux

through the filter. The expression for the flux through the filter must

thus be of the correct magnitude, and it must vary with changes in Vb

in the same way as the thermal flux to- the plasma electrode.

The flux through the filter, 1f , will be compared with the flux to

the plasma electrode, Fb , for the values of Vb given in Table 4-1, for

various values of a. In the first comparison, a Coulomb-like diffusion

coefficient will be assumed. The number density 1.0 will be taken to

be 1 x 1011 cm"3 , and all other densities will be scaled accordingly.

The expression for the flux through the filter Ff is a generalization for

arbitrary a of Eq (4.10):

ld 2 -2

(n n (4.13)

This equation has been derived assuming
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x 22 1 / 2 T " " -2 a . 1 / 2 cz,2 0 2 2
X2m 2 T T(x) 2mo (4.14)

f dx d T1 T f d
XT

This assumption is probably not very good since the electron temperature

at the point where the magnetic field strength is high is probably some-

what higher than T2, but the assumption allows the effect of the falling

electron temperature through the magnetic filter on the electron-ion col-

lision frequency to come through. Taking electron cooling into account

thus causes a change in the expression for the flux from that given

in Eq (2.32), for which the temperature was assumed to be equal to

the source chamber temperature. Numerically, with a maximum magnetic

induction of 35 G,

1n = 1.37 () c m -2 src 1  (4.15)

when the temperatures and densities are as given in Table 4-1. The

flux to the extraction electrode is, similarly,

rb = 1.67x1017n 2TY'2exp( 7 cm - 2 sec - 1  (4.16)

In Table 4-2, the values of 1F and Fb are given for various values

of Vb and a.

So, when -a = -2 , the flux at highest bias is high by at least

one order of magnitude, and decreases as Vb increases, whereas Fb

increases with Vb. This is due to the fact that, when a is negative,

the temperature gradient helps to drive the electrons across the filter.

As Vb rises, the temperature gradient is less, and this assistance di-
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minishes. On the other hand, F increases with Vb when a>0 As

Vb increases and the temperature gradient becomes smaller, the inhib-

iting effect of the gradient decreases, and electrons cross the filter with

increasing ease. Thus, positive values of a show the best agreement

with Fb , in that they increase with increasing Vb. They are, however,

too small.

rf
Vb I-b a=-2 a=-I oC=0 a=1 a=2

0 8 12,500 690 38 1.9 -0.1
1 15 5250 450 39 3.3 0.2

2 20 5720 490 43 3.7 0.27

3 25 2630 330 41 5.0 0.6

4 32 1420 240 41- 6.9 1.1
6 44 810 180 40 8.8 1.9

fluxes x 10-14 cm "3 sec -1

Table 4-2: Comparison of Extraction Electrode to Filter

Fluxes for Coulomb-Uke Diffusion Coefficients

The best agreement between the slope of Tb and that of Ff is found

for a - 1.1 . For that value of a, g = 0.4 or 60% of the ions are mag-

netized. There, the ratio rbFf is nearly constant at about 6. The

enhancement to the classical collision frequency required by this result

is somewhat lower than Holmes' factor of 9n1I2 . One might have ex-

pected a larger enhancement factor, since Holmes' flux equation ignored

temperature and potential gradients. These are precisely the effects
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which reduce the magnitude of the flux and give it the proper slope

with Vb variations. On the other hand, it should be recalled that Eq

(4.15) overestimates the positive influence of the temperature fall by as-

signing the value of the final chamber temperature to the temperature

at peak magnetic field strength. Lower temperatures increase the col-

lision frequency and result in a higher flux.

It was shown in Chapter III that the temperature gradient drag ef-

fect, so characteristic of Coulomb collisions, can occur for wave-particle

transport. If W(1/k) is a constant, independent of n, T, (o , etc., then

the wave particle transport scales exactly as Coulomb transport, but can

proceed at a substantially higher rate. Thus, a 1.1 is a reasonable

fit for electron transport due to ion acoustic turbulence, supposing

W(1/k) does not vary with extraction electrode bias voltage.

Negative values of a are included in Table 4-2 for comparison. For

Coulomb collisions it is incorrect to assume a< 1/2 An interaction

between electrons and excited states of molecular hydrogen could, per-

haps, cause F. to vary as n2 (as with Coulomb collisions) with ca<O.

This could occur only if the density of the excited states were a linear

function of the electron density. The variation of this flux with Vb cannot

be concluded from an examination of Table 4-2. This is due to the

fact that Eq (4.24) supposes a Coulombic dependence of the collision

frequency on the temperature, which results in a multiplicative factor of

T2"2  A different temperature dependence would necessarily change

this factor. Some indication of the range of temperature dependence

of the collision frequency consistent with a<O can be deduced in the

following way. The expression for the flux may be written as
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T~ 1n T V. aT 3 dT(Tf + nmI 2T (4.17)

This equation can be established upon examining the thermal force term

in the romentum equation (Golant, 1980: 300). Eq (4.17) assumes the

validity of Eq (4.8). Then

3 Tov
a (1+--) (4.18)

This gives the familiar results for Coulomb collisions. Thus a = 2 when

g = 1 (no magnetized ions) and a = 1/2 when g = 0 (all ions mag-

netized). Consider the inelastic collisions discussed above, and assume

g = 0 . Then a<0 when (oav)/(T) >-v/T. If the collision frequency

depends upon a positive power of the temperature, then a<O . The

diffusion coefficient will increase in magnitude with increasing final cham-

ber electron temperature. The support from the temperature gradient

term will, however, decrease with increasing final chamber temperature.

So, if the diffusion coefficient rise dominates, the flux will increase with

increasing Vb, and perhaps match the thermal flux to the plasma elec-

trode. But, even so, the flux due to ine!astic collisions should be in-

significant. As discussed in Chapter III, inelastic collisions are relatively

rare for the cold electrons in the filter region and the extraction chamber,

and should hale little effect on electron transport.

As a second trial, suppose that the diffusion coefficient depends

upon a constant collision frequency, as is the case for electron-neutral

collisions and Bohm collisions. First, considering electron-neutral colli-

sions and proceeding as before,
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2 vT2 
a-

a- ( (Tf (T (4.19)
0

In order to get close to the right order of magnitude, take v = 107 sec -1.

(It should be recalled that v =106 sec -1 for electron-neutral collisions.)

Numerically, Eq (4.19) becomes

F =9.2x 1 (T2  2lOT= 92X n T l2)~- (2CM_ sec- (4.20)

Table 4-3 gives a comparison of Ff and Fb for various values of

a. Because the collision frequency here is independent of temperature,

the columns of F. with a<0 do not decrease as rapidly with increasing

Vb as those in Table 4-2. The a=0 column in Table 4-3 continues to

rise with Vb, while the a=O column in Table 4-2 remains fairly constant.

rf

Vb Fb a=-2 a=-1 a=0 a=1 a=2

0 8 280 65 14 2.5 -0.3
1 15 240 70 20 5.1 0.8

2 20 250 73 21 5.7 1.2

3 25 213 75 26 8.7 2.6

4 32 190 78 32 12.6 4.7

6 44_ 170 80 37 17.1 7.8

fluxes x 10-14 cm "3 sec1

Table 4-3: Comparison of Extraction Electrode to Filter

Fluxes for Constant Collision Frequency Diffusion Coefficients
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The best fit to Tb is given by the a=1 column of Table 4-3. The

ratio of Tb to rf stays at a value close to 2.8 for all six data points.

It is difficult to understand, however, given Eq (4.18), how a constant

collision frequency diffusion process could have a larger than 1/2. But

this is possible for electron transport due to ion acoustic turbulence as

shown in Chapter II1. For ion acoustic turbulent diffusion, the value

of a varies from 1/2 to 2. And it appears to be possible, at least in

principle, for v to be constant - that is, if W(1/k) varies as the inverse

electron-ion collision frequency.

It is expected that the most rapid transport of electrons through

the filter would be due to Bohm diffusion. The Bohm expression cor-

responds to the a=O case when the electric field and temperature gra-

dient are ignored. Bohm diffusion, of course, does not scale with

temperature or magnetic induction in accordance with Holmes' measure-

ments (Figures 2-7 and 2-8). Numerically, with a magnetic filter of max-

imum magnetic induction equal to 35 G, Eq (4.20) becomes

Fsoh = 7x1015 (n -n2)T -2 1 (4.21)

To analyze the extent of the (n1 - n2)T 2 scaling agreement with Fb

the ratios of Tb to FTom are presented in Table 4-4.

This demonstrates that the a=0 scaling agrees well with the slope

of the current to the extraction electrode for Vb02 V . The Bohm

diffusion coefficient is too high, by a factor of about 7 at high Vb. It

would be expected that electric field fluctuations driving the electron dif-

fusion would be strongest at high Vb, when electrons in the source cham-
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ber experience the greatest difficulty getting to the anode wall. At low

Vb, the anode sheath is small and electrons in the source chamber arrive

at the anode with relative ease. There has been speculation that pos-

itive ions draw cool electrons acorss the filter (Leung, 1983). But the

positive ion flux across the filter decreases as the extraction electrode

potential rises, while the electron flux increases. The decrease in pos-

itive ion flux is due to the fact that AOP falls with increasing Vb . The

electric field between the two chambers is a major contributor to the

positive ion flux. An expression for the positive ion flux which incor-

porates this dependence is given in Chapter V.

Vb rb rBohm rb'IBohm

0 8 110 0.07
1 15 150 0.1
2 20 160 0.125
3 25 200 0.125
4 32 240 0.133
6 44 290 0.15

fluxes x 10.14 cm 3 sec 1

Table 4-4: Comparison of Extraction Electrode to Filter
I Fluxes for Bohm Diffusion

Inelastic collisions aside, it appears that a>0 is a necessary con-

dition for l" to rise as rapidly as rb with rising Vb. This condition

is met naturally for Coulomb collisions because of the temperature de-
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pendence of the electron-ion collision frequency, but may also be met

for ve.

Electron Coolina Equation

It is necessary in order to understand how to optimize H production

in the extraction chamber to develop an expression which relates the

final chamber temperature to the electron density. The point is that

the electron density must not be too low, nor the electron temperature

too high, to inhibit H- production, but at the same time the potential

difference between the extraction chamber and the extraction electrode

must not be so high as to diminish H- extraction t y forcing the negative

hydrogen ions away from the extraction electrode to the center of the

plasma.

The cooling of the electrons as they cross the magnetic filter is

due to the electric field between the source and extraction chambers,

elastic collisions with beth ions and neutrals, and inelastic collisions.

The conducting wall (the plasma electrode) in the extraction chamber

absorbs the hotter electrons from the extraction chamber plasma and

so also tends to decrease the electron temperature. Electrons are heat-

ed by primary electrons largely restricted to the source chamber.

An expression will now be derived which relates the ratio of source

to extraction chamber plasma densities to the source and extraction

chamber electron temperatures and the potential fall between the cham-

bers. The approach is a generalization of that employed by Ogasawara

(Ogasawara, 1990). Ogasawara's equation, however, does not predict
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the rise in extraction chamber temperature relative to the source chamber

temperature with increasing flux. The equation derived below does.

The flux may be written as

genE= dn l ndT (4.22)

r = -D(T+x

where D is given by

D v T (4.23)
m (c 2 + V1

2 )

Here, subscripts "e" have been dropped: all quantities refer to electrons,

and v, is the electron-ion Coulomb collision frequency.

The electron energy flux may similarly be written as

QX = -D (genE. + Td + 1.91 nd)(4.24)

dx nW(.24

or

QX = rXT- 2.41DndT (4.25)

This is Skharofsky's equation 8-107b (Skharofsky, 1966) generalized for

the case when h fraction (1-g) of the ions are magnetized, and assuming

that the ion directed velocity is determined by the FxF drift (see the

discussion on page 3-24).
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Solving Eq (4.22) and Eq (4.25) simultaneously results in

-n eE+ 1 d I4 x dT (4.26)
-lnn =- + -lnT+ 2.41Qx I'fd

dx T 2 dx Qx -F Tdx (.6

In the parameter space of interest to Ogasawara, the electric field term

is small in comparison to the density and temperature gradient terms.

Using the data of Table 4-1, it is plain that this term must be retained

here.

Ogasawara then proceeds to solve for ln(nl/n2) under the assump-

tion that the energy flux Qx is a constant in x. At very high values

of the particle flux and with small variations in the plasma potential,

this is a reasonable assumption. That constant Qx is linear in the par-

ticle flux, so that the dramatic rise in particle flux with increasing Vb

will not significantly influence the value of the final term in Eq (4.26).

But it is clear from Eq (4.21) that Qx-rT varies as -Dn , which,

for the data of Table 4-1, certainly does not increase in magnitude with

increasing Vb nearly as fast as r x. Thus, the final term in Eq (4.26)

should increase with r x as Vb rises, and this should lead to the increase

in nj/n2 with decreasing TilT2 observed experimentally at low pressures

and discharge currents.

In the parameter space of interest here, the energy flux is far from

constant. From the energy moment equation,

V.Q = -e8.9+ 8 (n<K>) (4.27)- 8t

with K being the electron kinetic energy. Assuming that the energy flux,

4-22



like the particle flux, is directed largely along the cylindrical axis, an

expression may be derived for Qx(x) . The last term on the right-hand
8ide <Kt is the rate of change in the energy density of the

electron gas upon collisions. For the thermal electrons in the source,

if the electron and ion thermal velocities are small compared with the

electron temperature and if electron energy losses upon inelastic collision

are comparable to the initial electron energy, this term is approximately

8t(n<K>) - 3 n vn (T- TI) - 3nv. T (4.28)

(Golant, 1980: 176-177), where vin is the total inelastic collision fre-

quency.

The term given by Eq (4.25) is easily of the same order of magnitude

as the eff J' term regardless of the bias .of the plasma electrode. For

instance, when the flux is 8 x 1014 cm'2 sec "1 at Vb = 0 V,

err6- 1.3x10 3 cm- 3 erg sec- 1 and -3-m!v n (T- T,) - 1.6x10 3 cm-3 erg sec-.

The electric field term becomes more important at higher Vb. Inelastic

scattering involving the excitation of rotational and vibrational levels of

H2 should be an order of magnitude larger than these terms for particle

fluxes in the range 8 to 44 x 1014 cm "3 sec "1. For instance, one in-

elastic process which should have a relatively high probability of oc-

currence is the-vibrational excitation of molecular hydrogen from v=0 to

v.i, due to the relatively high density of H2(v=0) and a high reaction

rate. The reaction rate for e + H2 (v=0) -+ H2(v=1) + e is about <au>

= 10,9 cm3 sec "1 (Mordin, 1983: 138). At a pressure of 1.5 mTorr,

the collision frequency for this process is about v = N2<o> = 3 x 104

4-23



sec 1 . The rate of change in the energy density is then about 1.5nvT

= 5 x 104 cm 3 erg sec1 at Vb = 0 V, roughly one order of magnitude

larger than the elastic term given by Eq (4.28) or the electric field term

from Eq (4.27). This order of magnitude difference continues to higher

values of Vb.

As an order of magnitude estimate on the maximum flux for which

the inelastic energy loss term is stronger than the loss associated with

work against the electric field, set e A4,5 3 -nvTAx at Vb = 0.0 V. The

maximum r is then about 1016 cm2 sec-'. The fluxes estimated in

this chapter are below this value.

One physical effect omitted in Eq (4.28) is electron heating due

to ion sound and related turbulence (Sagdeev, 1979; Dum, 1978b; Dum,

1974). The effect of turbulent heating may be estimated from

8(n (K)) m 2 8f M 2a lf

bffly)wj c f j - ;-j (4.29)

Assuming that the directed velocity of the turbulent spectrum is zero

and the turbulence is isotropic, it is straightforward to show that

=_ mnv 2 (4.30)
St

where v is the electron-wave collision frequency and u is the electron

directed velocity. In order for this heating rate to balance the energy

loss rate due to electron-ion collisions,

S> 3 (4.31)
V! mlu2
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where -e is the electron thermal velocity. For values of the flux typical

here, ue/uM 103 , so Eq (4.31) becomes vW> 103v . A additional order

of magnitude in the ratio of collision frequencies is needed for turbulent

heating to match cooling through electron-neutral collisions. From the

data of Table 4-2, it is plain that, for this experiment (Leung, 1983),

v,/v-6 , so turbulent heating is insignificant.

Hence, the inelastic collision term is dominant and

3

Q (x) = Q 2- fdx 3nvT (4.32)
x2

The final chamber value of Q. may be found by direct computation.

It is, assuming no secondary electron emission,

n2  J dux-,-i(x) = 2F T2 +l AO. (4.33)
2eA0, W) i
(-- -

(Emmert, 1980) where the lower cut-off in the integral comes from the

consideration that, in order to strike the wall, the electron velocity must
V/2exceed (2e((A0,)/m)) , where Aow is the potential drop across the

sheath at the plasma electrode.

Incidentally, Ogasawara takes the final chamber value of the energy

flux to be equal to 13fT 2, and he finds that 13 = 7 gives a good fit

for his data. The discrepancy between this value of 3 and the theoretical

value of P - 2 may lie in the contribution of the sheath term eF(Aow).

Supposing that the inelastic loss term is the dominant term in

Qx-F 1 T , it is plain that FX/(Qx-rFT) will rise with Fx. The equation

relating number densities, temperatures and potential gradients is then
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found by integrating Eq (4.26):

n2 -geT +In T241 f'dxd  'x (4.34)in2 = T a~.

2X2  J x 2nv

This equation will be used to compute the ratios of source to ex-

traction chamber densities for given values of A, , source chamber

densities, and temperatures in both chambers. In order to do that, ap-

proximate

-geJl Exg.9 AOX2

and assume g=1. Also, take

X3

f dx3nvinT - hn1 T1
X2

That is, it is assumed that the value of the integral is dominated by

the peak value of the integrand. Then choose h as 3.5 x 103 cm/sec.

This is a not unreasonable value, and gives a decent fit to the data

of Table 4-1. The final equation relating densities, temperatures and

plasma potential variations is

Inl 1 -n -OP+In T 21 T-2
T1  2(T 2) 3.5x10 3cr/sec nT 1

A comparison of density ratios computed from Eq (4.35) to measured

values appears in Table 4-5.
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As can be seen, Eq (4.35), though it suffers greatly from some

rather crude approximations, correctly predicts the rise in nj/n2 with fall-

ing T1/T2 as observed in low power discharges.

Physically, what is occurring is this: the incoming energy flux Q,,

is on the order of F T. The outgoing energy flux is

QX2 = 2r T2 +-rXAW." Since the inelastic energy loss across the filter is

very large in comparison to the incoming energy flux Q,, QX >>Qx ,

and T, * T2 . As the particle flux rises with rising Vb, the inelastic energy

loss across the filter decreases relative to the both the incoming and

outgoing energy flux terms. Thus, the incoming energy flux and the

outgoing energy flux approach the same value, and T2 -->  . The fact

that A~w falls as the particle flux rises only serves to enhance this effect.

At higher values of the particle flux, one should expect to see very little

variation in the extraction chamber temperature as a function of in-

creasing particle flux.

Vb nl/n 2 (Measured) nl/n2 (Calculated)

0 13 19

1 21 17

2 31 40

3 - 40 37

4 45 45

6 64 65

Table 4-5: Comparison of Density Ratios Calculated from Eq (4.35) to
Measured Values

4-27



Returning to the realm of high relative inelastic energy loss, if the

particle flux were to be decreased, say by increasing the peak magnetic

induction in the filter, while nl/n 2 were to rise (the decrease in flux

leads to an increase in source chamber plasma density because the

plasma is more efficiently confined), then Eq (4.34) predicts that

(dT)/(dx) must rise in magnitude. If T, does not rise with increasing

magnetic induction, then T2 must fall. This variation in T2 has, in fact,

been observed (Holmes, 1982a). The same behavior should also be

observed in the high power discharges where "he inelastic loss term

is small, as is apparent from Ogasawara's equation (4) (Ogasawara,

1990).

Discussion

The burden of this chapter has been 1) to show that the electron

flux through the filter varies as predicted by Eq (4.1) - that is, it is

Coulombic to the extent that the temperature gradient acts as a drag

term - and 2) to derive an equation describing the decrease in electron

temperature from the source to the extraction chamber.

The inferred experimental fluxes to the extraction electrode seem

to vary in agreement with Eq (4.1). Nothing definite could be concluded

about the functional form of the collision frequency itself, since both con-

stant and Coulomb collision frequencies provided fluxes which increased

in a way similar to the extraction electrode thermal flux. The flux rises

with increasing Vb with a slope that suggests that temperature gradient

acts as a drag on the flux. As the plasma electrode bias voltage in-

creases, the magnitude of this temperature gradient drag falls. The tem-
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perature gradient will effect the flux in this way only if the electron

collision frequency varies as 7- P , where p is a positive number, or for

electron-wave scattering as de -ribed in Chapter IV.

In order to employ realistic values of plasma densities in these cal-

culations, an estimate was made of the effective area of the plasma

electrode. The effective area of the plasma electrode was calculated

to be lower by an order of magnitude than the actual area. Since the

flux was estimated from the extraction chamber plasma density multiplied

by the effective area of the plasma electrode, the fluxes estimated were

one order of magnitude lower than they otherwise would have been.

The values of particle flux so calculated were employed to test an

equation which describes the cooling of the electron gas as it passes

from the source chamber to the extraction chamber. That behavior of

the extraction chamber electron temperature as a function of plasma

electrode bias voltage itself indirectly served to confirm those estimates

of particle flux: had the particle flux been an order of magnitude larger,

it is doubtful whether any rise in extraction chamber electron temperature

would have been observed as the plasma electrode bias voltage was

raised.

The estimated particle flux to the extraction electrode was only one

order of magnitude higher than the flux which can be supported by an

electron gas obeying Eq (4.1). Thus, this brings the required enhance-

ment to near agreement with Holmes' (Holmes, 1982b) calculation.

The electron cooling equation (Eq 4.31) derived in this chapter was

not directly integrable. But it was clear that the last term on the right

side rose with increasing particle flux, even when the difference in tem-
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peratures fell. This term allows the ratio (source chamber/extraction

chamber) of plasma densities to rise while the ratio of temperatures falls.

Cruue estimates of integrals in the equation were used to attempt to

mimic the observed variation in n1 /n 2 as a function of measured vari-

ations in temperatures, fluxes, and plasma potentials. Good agreement

was found, shown in Table 4-5.
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Chapter V - Primary Electron and Ion Motion

Introduction

In this chapter primary electron and positive ion transport through

the magnetic filter will be investigated. Direct evidence indicating the

mechanism of positive ion transport is not available. It is possible, how-

ever, to formulate a model of the source which predicts extracted ion

species percentages. These have been measured (Ehlers, 1982b). This

model incorporates a particular view of positive ion transport, so the

model itself will constitute an indirect test of the ion transport theory.

For positive ions it will be assumed that motion is a ballistic flow

across the filter. That is, ions with the greatest energy and highest

mass (the largest gyro-radii) traverse the filter with the greatest ease.

Under the conditions of the Ehlers experiment, it was often the case

that almost all the ions which entered the magnetic filter crossed into

the extraction chamber. This was due to a large (1.5 V for a magnetic

flux of 104 G cm) potential fall accelerating the ions which arose be-

tween chambers. For purposes of predicting ion transport at higher ex-

traction plate bias voltages and lower potential falls, the theory of ion

motion will be developed in some detail. Predictions will be made re-

garding the final chamber ion species percentages for smaller electric

potential differences between the two chambers.

The chapter is thus organized as follows. The equation for the

ballistic flow of ions across a filter will be derived. Following Hopkins

it is assumed that the electron energy distribution function is, to a good

approximation, bi-Maxwellian (Hopkins, 1986). The higher temperature
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electrons described by the bi-Maxwellian distribution will be termed "pri-

mary" electrons with density and temperature np, Tp; the lower temper-

ature electrons are called "thermal" electrons with density and

temperature ne, T. For primary electrons it will be shown that motion

across the filter must be diffusive in nature, but that the classical ex-

pression for the flux by diffusion underestimates the primary electron flux

by at least one order of magnitude. The density of primary electrons

in the source chamber will be inferred from Eq (1.1). This will enable

a calculation of positive ion species percentages in the source chamber.

The density of primary electrons in the extraction chamber will be as-

certained from the extraction electrode floating potentials measured by

Ehlers (Ehlers, 1982b). The ion transport equation will be generalized

to account for an electric field between the two chambers. Finally, the

source chamber positive ion species percentages together with the ex-

traction chamber primary electron percentages will allow calculation of

extracted beam percentages. These can be compared with experiment.

In the final section of this chapter, the model will be employed to

predict positive ion species densities for a source operated with the ex-

traction electrode at plasma potential.

Ion Flow Eouation

Near the and of Chapter I, it was stated that the temperatures of

positive ions in tandem multicusp H- sources are not well known. An

argument was presented to show that the temperature of H+ is between

0.04 eV and 0.35 eV. The smaller value is roughly the energy of mo-

lecular hydrogen in the source. The upper value is the energy H+ gains
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upon formation in the process e + H2 - H+ + H + e . The energy

of formation of H2
+ is around the energy of molecular hydrogen. The

temperature of H2
+ is doubtless between 0.04 eV and the energy gained

in the electric field between collisions, on the order of 0.1 eV. The

energy of formation of H3
+ is about 0.11 eV (Mordin, 1983: 125). The

temperature of H3
+ is thus between 0.04 eV and 0.11 eV. As a result

of the development described below, it will become apparent that ac-

curate knowledge of ion energies is critical for an understanding of their

motion across the magnetic filter.

Collisions between different ion species are generally more frequent

than collisions between ions and neutrals. So, if one were to propose

a theory of ion diffusion across the filter, as has been done by other

authors for diffusion along the radial dimension of the source chamber

across the wall-shielding magnetic fields (Kock, 1983), collisions with ions

of different species would drive the diffusion process for a given ion

species. For the filter, however, the theory of diffusion is not mature.

The gyro-radius of a typical ion in a typical filter filter field is about

1 cm; yet over a distance of 1 cm the intensity of the filter magnetic

field can vary by a factor of 10. Generally, theoretical approaches to

diffusion rely upon the relative constancy of the magnetic field throughout

the particle orbit. In addition, as has already been remarked in Chapter

III, the positive-ions in the filter field region do not meet at least one

condition for applicability of the classical transport theory based upon

moments of the Boltzmann equation: the ion radii of gyration are long

with respect to gradients in the plasma dens*ty. So it is questionable

whether a momentum balance equation of the form of Eq (3.59) de-
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veloped from the Boltzmann equation for each ion species would be log-

ically defensible.

More important, in the case of the magnetic filter, such a procedure

is not warranted, since the experimental evidence supports the view that

the positive ions move through the filter along kinematically allowed

paths. This is true for the case of low discharge pressures (pressures

on the order of 1 mTorr) where the filter field strength is not very high.

Where the magnetic flux is so high that the direct flux is significantly

diminished, collisions must begin to play an important role in ion trans-

port, especially in high power discharges (see Table 1-2). But how to

formulate the secondary flux due to collisions is problematic due to the

apparent inapplicability of the momentum moment of the Boltzmann equa-

tion.

Before proceeding to a discussion of-the experimental evidence for

the ballistic motion (rather than diffusion) of ions through the filter, a

model of that motion, originated by Jones and Bailey (Jones, 1987), will

be reviewed. The equations of motion for the ions across the magnetic

filter were written under the assumption that there were no collisions

to significantly alter the ion paths. This assumption can be justified

for Coulomb collisions on the basis that Coulomb collisions result in small

scattering angles. For ion-neutral collisions, the mean free path is 10

to 20 cm for low pressure sources (see Table 1-1); since the filter is

4 cm wide, these can be neglected. An additional assumption was that

the ions have a Maxwellian velocity distribution function.

The coordinate system employed is displayed in Figure 5-1. The

magnetic field is along the z direction. The x axis is from source to
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extraction chamber, with x = 0 here assigned to the edge of the filter

field in the source chamber. The width of the filter field is called A.

Its cross section in the x-z plane is assumed triangular, as shown in

Figure 5-1.

Y

Source Filter Extraction
Chamber Chamber

X=0 x=A

B
Z

Figure 5-1: Coordinate System for Ion Flux Calculations

The y comp,,nent of the Lorentz force equation, under the assump-

tion that no electric field is present, is

X

O,(X)= u 0- fdx'o(x') (5.1)
0

where o (x) is the ion cyclotron frequency. Substituting this expression

into the x-component equation and integrating,
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X X X I

u (x) = i~x,2 + 21) Ofdx' o (Y') - 2Jdx' c (Y') fJdx" W (x") (5.2)
0 0 0

When the magnetic field is modelled as a triangle of width A, the

cyclotron frequency is

r~o) X 0:x 5A/2
CO(x) A[2o(1 ) A/2<xj (5.3)

where o is the maximum value of o0(x) Substituting these values

into Eq (5.2) and carrying out the integrations,

02A2

1)2(A) = (uOXo) 2 +CDA"y 4A (5.4)
X Y 4

In order for the ions to cross the filter, u2(A) >0 . So the flux throughX

the filter for a particular positive ion species is given by

rX = nJdvu _f(yO) (5.5)

where the subscripts and superscripts "o" indicate source chamber val-

ues, and f is the (supposed Maxwellian) ion velocity distribution function.

No attempt will be made to justify the use of a Maxwellian distribution.

But, inasmuch as the potential profile of the source chamber is an un-

known quantity,- the preferable method of generating an ion distribution

function, that of Langmuir (Langmuir, 1929; Forrester, 1987), cannot be

used. Performing the integration subject to the condition

2A2

1) o2 + wAu ° 0 - 0 (5.6)X y 4
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results in the following expression for the flux:

IF -n( (5.7)

Discussion of Measurements

Implications for Ion Diffusion. Leung and Ehlers (Ehlers, 1982b)

measured the positive ions species current densities extracted through

the plasma electrode of a tandem multicusp source as percentages of

the total positive ion current density. The measurements were conducted

to optimize the filter for H+ extraction; the source was being investigated

at that time for H+ production characteristics. To analyze the variation

in H+ percentage with magnetic filter induction and magnetic flux, four

different filters were inserted consecutively at the same position in the

source. The results of Leung and Ehlers' ion species percentage mea-

surements are displayed in Table 5-1. The discharge current was 10

A for all filters.

Leung and Ehlers define the effective transparency as "the ratio

of the ion saturation current density measured by a probe in front of

the extraction grids with and without the filter for the same discharge

conditions" (Ehlers, 1982b).

A striking feature is the rise in H+ percentage with increasing filter mag-

netic field strength and magnetic flux. This rise is partially due to the

diminishing production of H2+ in the extraction chamber. As the filter

becomes stronger, fewer primary electrons penetrate to the extraction

chamber and fewer H2 molecules are ionized. The diminishing presence

of primary electrons is indicated by the rise in the floating potential of
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the extraction electrode (that is, in the "Plasma Grid Floating Potential"

of Table 5-1).

The fact that the H3
+ percentage falls with decreasing transparency

may be partially due to the decrease in the density of H2
+ in the ex-

traction chamber. The primary production mechanism for H3
+ requires

the generation of H2
+. It appears, however, that the H3

+ percentage

is falling more rapidly than the H2
+ percentage. It is a possibility, there-

fore, that the decrease in H3
+ in the extraction chamber is due to the

relative diminishment in H3
+ flux into the extraction chamber as com-

pared with the H+ flux. From Eq (5.7) it is apparent that a relatively

high H+ temperature could keep the H+ flux high at large values of the

magnetic flux.

Effective " Plasma Grid
Filter B Max Magnetic Flux Transparency Floating Potential H*:H2*:H3*

(G) (G am) (%) (V)

None - 100 -56 24 35:41

1 40 89 68 -15 30:17:53

2 76 166 43 -2 41 :15:44

3 35 104 70 -10 35:19 46

4 20 89 80 -25 26: 25: 49

Table 5-1 -Effect of Filter Configuration on Ion Species Percentages

Leung and Ehlers stated that the difference in plasma potential be-

tween the source and extraction chamber was 1.5 V for Filter 3, which

they chose as the optimum filter. Such a large (relative to the ion tem-
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perature) potential fall cannot be ignored. It is expected that the po-

tential fall would vary from filter to filter to govern the thermal electron

diffusion into the extraction chamber. Equation (5.7) must be generalized

to include the effect of the electric field. The generalization will be

presented in the section of this chapter entitled "Ion Density Model."

There, the relevant chemistry of source will be modelled in an attempt

to reproduce the results of Table 5-1. But first, because of the im-

portance of primary electrons in reactions involving ions, primary electron

motion into the extraction chamber must be investigated.

In order to account for the variation in ion species percentages with

changing magnetic filter strength, primary electron motion across the filter

must be understood. As noted above, that primary electrons exist in

the extraction chamber is clear from the large negative floating potentials

at the lower filter magnetic inductions. At 4he highest filter field strength,

the electrode floats at a relatively high value (-2 V). The filter effectively

prohibits most primary electrons from entering the extraction chamber.

As the filter magnetic induction or magnetic flux is decreased, electrons

cross the filter with increasing ease, and the floating potential decreases.

In the following section, primary electron motion will be examined. Due

to the scarcity of data, conclusions to be drawn should be considered

tentative.

It is worthwhile to note that Filter 1 and Filter 4 had the same

magnetic flux, 89 G cm. If the primary electron motion were controlled

by an equation of the form of Eq (5.7), the floating potential for the

two filters would be identical. The difference in floating potential for

two filters with different peak magnetic induction but with the same mag-
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netic flux indicates that the primary electrons are diffusing across the

filter.

If primary electron motion is governed by a diffusion equation like

Eq (2.32), Filter 1 is less easily penetrated that Filter 4. This is due

to the fact that the flux varies inversely as the product of the peak

magnetic field and the magnetic flux. Thus, the floating potential should

be lower for Filter 4 than for Filter 1 as, in fact, it is. (For Holmes'

magnetic filter, discussed at length in Chapter II, the characteristic width

of the magnetic filter was relatively constant, so that variations in peak

magnetic field strength translated directly to variations in the magnetic

flux. Here, the characteristic width varies.)

In the following section, it will be shown that the primary electron

flow across the magnetic filter (in accordance with Eq (5.7)) is insig-

nificant. The density of primary electrons-in the extraction chamber will

be estimated under the assumption that primary electrons diffuse into

the extraction chamber. For each filter a comparison will be made be-

tween the estimated extr Hlon chamber primary electron density and the

density required to es, n the extraction electrode floating potential.

From the fact that the classical theory of diffusion is unable to account

for the high concentrations of primary electrons in the extraction chamber

it will be concluded that the primary electron collision frequency is en-

hanced by at least one order of magnitude.

Primary Electrons

Ballistic Flow. Equation (5.7) may be employed to determine the

number density of primary electrons in the extraction chamber under the
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assumption that these electrons are capable of ballistic flow across the

filter. Since the primary electron temperature is high in comparison to

the potential difference between chambers, Eq (5.7) is valid and the flux

through the filter may be written as

=nn (1) ( TP /2(2 Coe (5.8)

where (1) is the density of primary electrons in the source chamber

and Tp is the primary electron temperature. The flux to the extraction

electrode is

r = 2) (T P) L/ expyp)(5.9)

where 7, is the secondary electron emission coefficient for primary elec-

trons. The two fluxes may be equated to give

n(2) _ (1) l- exp ( ) (5.10)np = ____ ___,t

Unfortunately, the temperature and density of the primary electrons were

not measured in the experiment under discussion (Ehlers, 1982b). Holm-

es' probe curves (Holmes, 1982b) indicate that the primary electron tem-

perature in his experiment was 35 eV at an unknown discharge current.

In a later experiment, Holmes (Holmes, 1987) measured the primary elec-

tron temperature of 40 eV at a discharge current equal to 100 A and

a discharge voltage of 100 V. The primary electron temperature for

the Ehlers experiment (Ehlers, 1982b) will be assumed equal to 30 eV.
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For the weakest of the filters given in Table 5-1, the magnetic flux

is 89 G cm. Using this value in Eq (5.10), it is found that the argument

of the error function is 4.8. Therefore,

( 2)  (1-D (4.8)) (_ Vb- 2 " _ 1x10 10

(1)- n-7P) -xp T- (1 - p)

The secondary electron emission coefficient for stainless steel is not

available, but the secondary electron emission coefficient for iron is near

and below 0.5 at these comparatively low energies (Bruining, 1954: 32).

It is apparent, therefore, that ballistic motion of primary electrons across

the filter is nonexistent. The primary electrons cannot cross the filter

except by diffusion.

Primary Electron Density from the Floating Potential. The floating

potential column of Table 5-1 indicates that primary electrons exist in

the extraction chamber in high numbers. When the floating potential

has a large negative value, thermal electron effects may be ignored (this

assumption will be defended shortly). The current balance at the plasma

electrode may be written as

~. 1/2 b(2) b ~ V-0 2  A (2) (5.12
PJ I2xm) CX )l P) b = O.5ni Mi'1+ )

P A1  / ) ! + (5.12)

where Vb is the floating potential, *2 is the plasma potential, n (2) is

the total positive ion charge density in the extraction chamber, Te is

the thermal electron temperature and m, is an average positive ion mass.

Since ions may also release secondary electrons from the plasma elec-

trode, the secondary electron emission coefficient y7 is included. Its val-
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ue at low ion energies is extremely small, about 10-2 (Ray, 1979: 6517).

The areas A b and Ab are introduced under the assumption that the ef-

fective loss area to the extraction electrode may be different (larger)

for ions than for primary electrons. The right-hand side of Eq (5.12)

contains the generalized Bohm expression for the ion flux (Strangeby,

1986: 43).

The case with no filter will yield a rough estimate of n(l). it is
p

found from Eq (5.12) that

(1) Ab
n - 2x10-2 A (5.13)Ab(1 -YP)

Assuming no secondary emission and equivalent effective loss areas,

()11 (1) 9 -3with n 1 = lxlO ,n = 2x10 cm-. This is not implausible. This

value for the source chamber primary eleGtron density will be of interest

in the test of the ability of the classical diffusion rate to cause the ex-

traction electrode to float at the measured value.

Calculations similar to Eq (5.13) may be performed for the Filters

1 through 4. The required value of n(2) (2) for each case is shown

in Table 5-2 (second column). In each case it is assumed that the

extraction chamber plasma potential is at 1.5 V and that the thermal

electron temperature is 0.4 eV.

Also shown in Table 5-2 are estimates of _(2) assuming that the

positive ion density is 5 x 1010 cm3 for all filters. This is an rough

selection motivated by the fact that at low plasma electrode bias voltages

the extraction chamber plasma density approaches the source chamber

density (assumed equal to 1 x 1011 cm3 ) (see Figure 2-2). The values
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of n( 2) calculated from the floating potential can be compared with those
required by classical diffusion theory. Hence, Table 5-2 also displays

estimates of (2 ) based upon a calculation (to be presented shortly) of

the diffusive flux.

The contribution of thermal electrons to the floating potential has

been ignored in the above calculations. The assumption is that they

are too cold to effect the floating potential. That is perhaps not true

in the case where Vb = -2 V, depending on the extraction chamber

thermal electron temperature.

Primary Electron Density from the Diffusion Equation. The final

chamber primary electron density can be calculated using a flux equation

similar to Eq (2.32). The primary electron temperature is sufficiently

high to make electric field and temperature gradient effects inconse-

quential. The flux may then be written-as

vpT~p dnp (5.14)

A critical question is whether the collisions that drive primary elec-

tron diffusion are due to Coulomb collisions or the elastic and various

inelastic collisions with neutrals. The Coulomb collision frequency given

by Eq (2.2) for 30 eV electrons on a target populatic- ,ith number

density 1011 crft"3 is vC = 2.6x104 sec 1 . The elastic scattering cross
p

section with neutrals may be extrapolated from Figure 1-;4. At 30 eV

it is approximately 5 x 10-16 cm 2. Since the pressure is 1.5 mTorr

(Ehlers, 1982b), the elastic collision frequency is about vel = 5x10 6

p

sec1 . Inelastic collisions contribute little to the diffusion. The total in-
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elastic collision frequency may be estimated from Eq (1.1) and the data

presented in Holmes' 1987 paper (Holmes, 1987: 225). The total in-

elastic cross section is about 7 x 10-17 sec 1 , so the total inelastic col-

lision frequency is vin = 7Xl0o sec 1 . Plainly, then, elastic collisionsp

should drive the primary electron diffusion across the filter.

Assuming a Gaussian magnetic field profile, Eq (5.14) can be in-

tegrated to yield T AW
(2) VP T(me' Pl( b 2 \r , m (5.15)

m e oa  Tp 0 p) At,

(2) (1)under the assumption that nr vni
With accurate data for TP , and 2 a more definite eval-

uation of Eq (5.15) could be performed. As it stands, a rough estimate

of the increase in 1() due to the presence of the f'iter is possible.

When a filter is present, primary electrons escape from the source cham-

ber at a slower rate, resulting in a higher equilibrium value. Conse-

quently, there will be larger primary electron flux through the filter than

would otherwise have been anticipated. From Eq (1.1) it is plain that,

without a filter,

1 bdle  (5.16)P ~ b Nup ( (I --fp) AP + 4'in '2Vp)

with cyin about 7x10 1 7 cm2 , and Vp is the discharge volume accessible

to primary electrons. Physically, the ratio of volume to area should be

approximately equal to the length of the device, so VP/A should be

about 20 cm. Using this value for VP/Ab , at ld = 10 A , and with
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= 30 eV, the result is () = 5.8 x 1011 cm-l/Ab. The earlier result
Tp=3 Vptersl psn

for the primary electron density for a source without a filter (2 x 109

cm-3 from Eq (5.13)) is obtained if Ab = 290 cm 2 .

When a filter is present, the inelastic collision term in Eq (5.16)

could dominate. That is, the relative difficulty in crossing the filter can

be described mathematically by introducing a small eifective cross-sec-

tional area of the filter field. Assuming that this effective area is in-

consequentially small, the source chamber density could then rise as

high as 1 x 1010 cm"3 , a value determined solely by the inelastic collision

term. This value of the primary electron density, then, will be used

in Eq (5.15) in order to calculate the extraction chamber primary electron

densities.

In addition, the final chamber plasma potential will be taken to be

02 = 1.5 V, as before. The area ratio iR Eq (5.15) is assumed equal
(2)to 1 for purposes of comparison. The resulting values of n( are com-

pared in Table 5-2 with the estimates generated earlier. The extraction

chamber primary electron density computed from current balance to the

plasma electrode under the assumption that n( 2) is 5 x 1010 cm-3 is

given in the third column of Table 5-2. The same density computed

on the basis of classical diffusion through the filter and on the as-

sumption that the source chamber primary electron density is 1 x 1010

cm 3 is presented in the fifth column.

It appears from Table 5-2 that the primary electron diffusion driven

by elastic collisions with molecular hydrogen is one order of magnitude

too low to account for the measured extraction electrode floating po-

tential. The classical expression for primary electron diffusion provides
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an underestimate of the true diffusion rate. Confirmation of this con-

clusion will be based on the ion density model to be presented in the

next section.

n p(2) np(2)

Filter nD(2)l(2) (x 108 cm-3) n'(2)lnD(1 )  (x 107 cm- 3 )

N o ne 2 .0 x 10-2 2 0 .0 ......................

1 5.0 x 10-3  2.5 3.4 x 10-3  3.4

2 3.2 x 10-3  1.6 6.6 x 10-4  0.66

3 4.2 x 10-3  2.1 2.8 x 10-3  2.8

4 6.9 x 10-3  3.5 9.6 x 10-3  9.6

Table 5-2: Extraction Chamber Primary Electron Densities:
Left Columns from Floating Potentials, Right Columns from Diffusion Equation

Ion Density Model

Ion Flow Including Electric Field. In order to show that the ballistic

flow of ions results in agreement with the data of Table 5-1, it is nec-

essary to model positive ion production and loss in the extraction cham-

ber. To do so requires a more general version of Eq (5.7), one which

accounts for the electric field between the two chambers.

Fortunately, Eq (5.7) can be readily generalized to include electric

field effects. It is necessary merely to include the electric field in the

Lorentz force equation, Eq (5.1). More generally, then,

r2 (1) Ti 112 (5.17)
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where

=/ !r1 rfAi 2eO~JJ exp(e (5.18)

WA 2eO

and where * is the difference in electric potential between the extraction

chamber edge of the filter field and the source chamber edge (0 is

negative) and n ') is the source chamber density for a given ion species.

The upper (-) sign is taken when the argument of the absolute value

is positive, and the lower (+) sign is taken when it is negative.

Figures 5-2 through 5-5 show the variation in T("i)/n(l) for four dif-

ferent values of 0 for the three positive ion species in the source. Tem-

peratures were T1=0.4 eV, T2=0.04 eV and T3=0.04 eV. The assistance

of the electric field is felt first by H3
+, then by H2

+, and finally by H+.

Large potential falls tend to draw the fluxes up to their thermal values.

Extraction Chamber Balance Equations. Equation (5.17) can be

used in the calculation of final chamber species percentages for com-

parison with the experimental results displayed in Table 1-1. The ex-

traction chamber density for ion species i is given by the balance

equation between the flux of species i into the extraction chamber as

calculated from-Eq (5.17) plus the production rate per unit area in the

extraction region on the one hand, and the loss rate per unit area in

the extraction region plus the flux to the extraction electrode calculated

from
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r(i" = o.5n 2 (Te +TiJ2 (5.19)X 9 ( mi i)

on the other. Here, n(2) is the final chamber number density for spe-
i

cies i , mi is the ion mass, and Te is the electron temperature.

For H', the balance equation is simply

(2)~ 1/ b *1 ( 1/2 f1+)>V2
0.5n 2 , (T . + Ab / (1) (2 -l 1 ) nAf 2+ nT < (2 )( (5.20)

N2) V2  (2)n (2) (2)
+fl NI <c) + n 2 <au(1+,H)>V

2 DIp p2p

Ab is the H+ e .action chamber wall loss area, Af is the effective area
of the filter for H+ transport, and V(2) is the accessible extraction cham-

p

ber volume for primary electrons.

As stated in Chapter I, the most important production process for

H+ is dissociative ionization of H2 by primary electron impact. The re-

action rate for this process is <olu>DI = 3.5 x 10-9 cm 3 sec-1 (Tawara,

1990: 626). H+ is also produced by a process wherein primary elec-

trons destroy H3
+ . The reaction rate for this process is <oo(l+)> =

4.2 x 10-7 cm 3 sec "1 (Tawara, 1990: 629). At high discharge currents

dissociative excitation of H2
+ can become an important source of H+.

The reaction rate for dissociative excitation is <au(1+,H)> = 1.0 x 10-7

cm 3 sec "1 (Tawara, 1990: 628).
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For H2
+ the balance equation can be written as

0.5n ( 2) Te+T2 /2 A b + n2(2) N 2<a(3 +,H) > V(2) + (5.21)

(2) (2) (2) () (2) + (2)n2 n(2) (1 +, H)>V;2 n~l 2m2J n ( 2A+ <u2)V
ppn =~ 2 L72 ~ 2 4np N2 <o1u(2 )>Vp

H2
+ is lost through the process H2 + H2+ -- H3+ + H , for which the

reaction rate is <au(3+,H)> = 1.2 x 10-9 cm3 sec "1 (Mordin, 1982: 177).

It is formed through direct ionization of H2 by electron impact. The

reaction rate for ionization is written as <au(2+)> = 3 x 10-8 cm 3 sec °1

(Tawara, 1990: 620). This is an order of magnitude larger than the

dissociative ionization process which generates H+ (Mordin, 1982).

For H3
+, the balance equation is -

(2) bA (2) (2) (2) n(2) (2) (2) = 5 2 2'
0.5n32  +n M3n+ n <;U <0>D3

() T3 3 n(2RV(2)

n3 ,2,m 3 J )' 3 3 2 2<2''(3+,H> p

H3
+ enters the extraction chamber through the filter, is produced from

collisions between H2
+ and H2 , and is lost to the wall and through col-

lisions with primary electrons resulting in the formation of H+. At high

plasma densities, the dissociative recombination process becomes an im-

portant H3
+ loss mechanism. The symbol n( 2) indicates the density of£

thermal electrons in the extraction chamber, while V(2) is the extraction

chamber volume accessible to both thermal electrons and H3
+ . The ap-
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proximate reaction rate for dissociative recombination is <OU>DR= 1 x

10- 7 cm3/sec (Tawara, 1990: 629) for cold (-0.1 eV) electrons.

Although the electron temperature Te is shown in the ion-acoustic

velocity terms of Eqs (5.20) through (5.22), its value is not well known.

Since ions aie accelerated by an electric field from the source to the

extraction chamber, they should gain kinetic energy in moving through

the filter equivalent to the potential fall. It appears appropriate, therefore,

to replace T. in these equations by -e(0 2 -0 1)

Source Chamber Balance Equations and Primary Electron Diffusion.

The above equations allow calculation of the extraction chamber species

densities under the assumption that certain other information is available.
S(2) (2)an

The extraction chamber density of H+ depends upon the n2 ,(2) and

(1). Similarly, the extraction chamber density of H3
+ depends upon

(2) (2) and n31) And the extraction cbamber density of H2

upon n( and n2 ) . In order to have a useful model, therefore, it is

necessary to be able to compute the source chamber ion number den-

sities and to calculate the extraction chamber primary electron density

from its source chamber value.

The following method will be employed. The source chamber pri-

mary electron density is provided by the following generalization of Eq

(1.1):

1 1)(1) .
U 1YAa + 1Af +f N cy- i = Id/e (5.23)5 P Yp p fP P 2 inp d

where (Fi, is the total inelastic cross section for primary electrons and

F is the flux of primary electrons across the filter given byf
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v T dn% v T 2 L/ 1
_ = -a_ V _d x --2a (Z 1) (5.24)

Mec e £e m e 0

where a is an enhancement factor inserted to raise the predicted final

chamber primary electron density to its measured value. Without a large

a (a about 10 or more), the extraction electrode cannot float at the

measured high values. Also, a is, as in previous chapters, the char-

acteristic width of the filter magnetic field and wo is the maximum filter

electron cyclotron frequency.

Given the source chamber primary electron density, source chamber

ion densities may be calculated. The H+ source chamber density is

given by the equation

l)(Te+Tl ' A +n (1 ) T 1  . (1)n ( )< a'u(l+)>V (l) (5.25)05 , Ml A I I ' t2n,. pA 3 .

+ npfAI n2 <au(1,H)>V

where Aa is the anode loss area for H+ . H+ is lost to the anode and

through the filter, but is created through destruction of H3
+ by primary

electrons, dissociative ionization of H2 , and dissociative excitation of H2
+.

The H2  source chamber balance equation is

5  , () 2 Aa + n(l 2Tm2 L/2 A2 (5.26)

+n 2 N<avU(3+,H)>V( +n, n2 <=u(I ,H)>V

H2
+ , like H+, is lost to the anode and through the filter. It is also
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lost through collisions with H2 producing H3+ and by dissociative exci-

tation producing H+. H2+ is produced by direct ionization of H2.

For H3+ the source chamber particle balance is

O.5n~1 ) Te+T 3 ) Aa+nM T L (5.27)

+ n (1) n3(1) <Ou (1 +)>V = n2 1) N 2<o au(3+,H)>V (2)

H3+ is also lost to the anode and through the filter. In addition, it is

lost by dissociative recombination and through interactions with primary

electrons which produce H+. H3+ is produced in the destruction of H2+

upon collisions with H2.

These source chamber values of ion densities allow computation

of the ion fluxes into the extraction chamber. Several of the ion pro-

duction processes in the extraction chamber depend upon the density

of primary electrons in the extraction chamber. This density is calculated

by equating the primary electron flux into the extraction chamber, as

given by Eq (5.24), to the primary electron flux to the extraction elec-

trode. (This will be an accurate scheme as long as the dominant loss

mechanism for the primary electrons in the extraction chamber is to the

walls.) The result is

1/2
(2 a (M2a(Tpm) nP)exp(Vb-TJ 0 1 Ab (5.28)

Since the floating potential is unknown in general, an initial guess is

made. The extraction chamber ion densities n2) ,n(2) and n3 are cal-
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culated from Eqs (5.20) to (5.22). Then the floating potential is cal-

culated again from the balance of current to the extraction electrode:

(2) ( V~___ b -0T 12  (V- 2 b
n _L2_) L/ exp 2)(1- yp)Ap+ n (2 ) exp Te )Ae =

(5.29)

0.5{n(2) (Te T +12(2) (Te+, "- 1/22 + ,2) (Te+T 3 /2 A(1+)

The extraction chamber primary electron density n(2) is then recalculated

from Eq (5.28) given the revised Vb (02 is assumed to be comparatively

small, about 1.5 V), the extraction chamber positive ion densities are

computed again from Eqs (5.20) to (5.22) given the revised nP(2), and

the floating potential Vb is calculated again from Eq (5.29) etc., until

consistency is achieved.

Results and Predictions

Comparison with Table 5-1. Figure 5-6 shows the extracted species

percentages predicted by the model described in the previous section

for a particular selection of the relevant parameters: ion temperatures,

wall loss areas, difference in potential between the chambers as a func-

tion of the magnetic flux, and primary electron diffusion enhancement

factor a. The 4on temperatures were assumed roughly equal to the ion

energy upon formation: 0.40 eV for H+, 0.04 eV for H2
+ and 0.10 eV

for H3
+ . The wall loss area for primary electrons to the anode is taken

to be 10 cm2 based upon the estimated leak width of 4(rer,) 112 (where

re/ is the electron/ion Lamor radius) given by Cho (Cho, 1990), while
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the loss area to the plasma electrode is assumed to be 250 cm2. The

positive ion loss areas are taken equal to the primary electron loss areas

for all species, as are the accessible volumes. The ratio V/A appearing

in the figures to follow is the ratio of the accessible volume to the filter

or extraction electrode area, the two being assumed equal. V/A is 20

cm in the source chamber and 6 cm in the extraction chamber. These

values for V/A are used since Leung and Ehlers state the source cham-

ber together with the filter region in their device is 24 cm long, while

the extraction chamber is 6 cm long (Ehlers, 1982b). Since primary

electrons and ions are inhibited from entering the end-wall confinement

magnetic field in the source chamber, 20 cm seems a reasonable source

chamber V/A.

100
Potential fall at 80 G cm

90 V/A(1)20 cm V-YO.O T1 =0.40 eV is 2.0 V.

, 80 V/A(2)= 6 cm Te-0.4 eV T2=0.04 eV Potential fall at 170 G cm

T3-0.10 eV is 0.5 V.
o 70 10.070

' 60

50
CL

V) 40

30 a- - H+ percentage

*-. H2+ percentage
" 20 " H3+ percentage

80 90 100 110 120 130 140 150 160 170

Magnetic Flux (G cm)

Figure 5-6: Extracted Positive Ion Species versus Magnetic Flux
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The potential difference between the two chambers is assumed to

be 0.5 V at a magnetic flux of 170 G cm and 2.0 V at 80 G cm (varying

linearly with magnetic flux between these values) during the comparison

of the model with the data of Table 5-1. This choice of potential fall

dependence is motivated by the observation that the potential difference

between the chambers increases as the potential applied to the extrac-

tion electrode is lowered (see Fig 1-5). Also, it was known that the

potential difference between the two chambers had been measured at

1.5 V at 104 G cm (Ehlers, 1982b).

Later, the extracted ion species percentages will be compared with

measurements for a single filter (Figure 5-10). In that instance, the

potential difference between the chambers is taken to be 1.6 V. In

the next subsection, the source is assumed operated with Vb at the

plasma potential, and the plasma potential difference is taken to be zero.

The primary electron diffusion enhancement factor a used in the

calculations to follow is 10. The only non-zero secondary electron emis-

sion coefficient y used in any of these calculations is that for primary

electrons: this is the y appearing in the figures.

The discharge current is 10 A, as in Table 5-1.

Ions are assumed to exit the plasma with a velocity determined

largely by the energy gained in passing from the source to the extraction

chambers. The ion velocity is assumed to be equal to

= 0.5(:i1) (5.30)
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for ion species j, as long as the difference in potential is larger than

the extraction chamber electron temperaturc.

Figure 5-7 gives the calculated extraction electrode floating potential

for the primary electron diffusion enhancement factor a equal to 10. The

floating potential here assumes a value of -2 V at about 95 G cm. The

data of Table 5-1 show the floating potential at -10 V when the magnetic

flux was 104 G cm. This indicates that the primary electron diffusion

enhancement factor is somewhat higher than 10. At 89 G cm, the float-

ing potential is -15 V for the narrow. higher-peaked filter (Filter 1) and

-25 V for the lower, broader filter (Filter 4). The result shown in Figure

5-7 (-15 V) is consistent with these measurements. (In the calculation

of primary electron diffusion, the width factor a was assumed equal to

4 cm. This width agrees reasonably well with the geometry of Filter 1.)

50 I ' ' Potential foil at 80 G cm

is 2.0 V.
45 V/A(1)-20 cm 7-0.0 T1 =0.40 eV Potential fall at 170 G cm

40 V/A(2)- 6 cm Te-0.4 eV T2-0.04 eV is 0.5 V.

*3= c 30- -oo

5 25
0'

C
20

0
L 15

10

5
0 I I ,I * I . I

80 90 100 110 120 130 140 150 160 170

Magnetic Flux (G cm)

Figure 5-7: Plasma Electrode Floating Potential versus Magnetic Flux
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The fair agreement between the measured values of the floating

potential and t.use calculated here reinforce the argument made in an

earlier section of this chapter that the rate of diffusion of primary elec-

trons must be enhanced over the classical value by a factor of about 10.

The rapid fall in floating potential at low values of the magnetic

flux, caused by the decrease in primary electrons in the extraction cham-

ber, results in rapid variations in the extracted species percentages. At

values of the magnetic flux higher than 95 G cm, the floating potential

is fairly constant, as are the extracted ion species percentages. Since

the potential difference between the chambers is assumed to vary linearly

from 2.0 V at 80 G cm to 0.5 V at 170 G cm, at about 150 G cm,

the magnetic flux has become strong enough, and the potential fall weak

enough, to begin to effect the ion motion. The high H+ temperature

and low mass hold the H+ flux through-the filter high, while first the

H2
+ flux and then later, at higher magnetic fluxes, the H3

+ flux, fall more

rapidly. It is plausible that accurate knowledge of the variation in po-

tential gradient with magnetic flux and filter field width would give better

results.

The general features of Figure 5-6 correspond to those of Table

5-1. The H3
+ percentage falls over a range of the magnetic flux, as

the measurements show. The H+ percentage is an increasing function

of magnetic flux, as shown in Table 5-1, and the H2
+ percentage is a

decreasing function of magnetic flux, in agreement with measurements.

The percentages themselves are in good agreement with measured val-

ues. Table 5-3 compares the measured percentages of Table 5-1 with

those predicted by this model.
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Filter Measured Predicted
H+:H 2+:H3

+  H+:H 2+:H3
+

1 30:17:53 33:20:47
2 41:15:44 44:12:44
3 35:19:46 35:18:47
4 26:25:49 33:20:47

Table 5-3: Measures vs Predicted Species Percentages

Figure 5-8 shows the species percentages resident in the extraction

chamber for the extracted percentages shown in Figure 5-6. This dem-

onstrates that H3+ is still the dominant ion in the plasma even when

H+ is most abundant in the extracted beam.

Several other relevant results: the extraction chamber ion density

remains near 4 x 1010 cm"3 for all values of the magnetic flux, while

the source chamber ion density rises gently from 1.9 x 1011 cm3 at

80 G cm to 2.3 x 1011 cm"3 at 170 G cm. (Holmes has measured

an increase in source chamber plasma density with increasing magnetic

JLux.) The extraction chamber primary electron density falls from 2.6

x 108 cm 3 at 80 G cm to 6.2 x 107 cm"3 at 170 G cm. The source

chamber primary electron density is nearly constant, rising gradually from

1.8 x 109 cm "3 at 80 G cm to 1.9 x 109 cm 3 at 170 G cm.

Figure 5-9 is included here to show the effect of a lower H+ tem-

perature on extracted species densities. With the three ion temperatures

equal to the gas temperature (0.04 eV), the species percentage profiles

are radically altered. The H+ percentage falls at high magnetic flux

due to the severe diminishment of H+ flux through the filter. The clear
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Figure 5-8: Resident Species Percentages versus Magnetic Flux
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Figure 5-9: Extracted Species Percentages versus Magnetic Flux (Tr=O.04 eV)
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implication is that the H+ temperature must be high relative to that of

other positive ion species to account for the observed extracted species

percentages: the fall in H+ percentage at high magnetic flux is not

observed experimentally (Figure 1-15).

In Figure 5-10, the extracted species percentages are shown for

Filter 3 as a function of the discharge current for the same choice of

ion and electron temperatures as above, and for a potential difference

between the chambers of 1.6 V (in accordance with the linear variation

described above, and nearly equal to the quoted value of 1.5 V (Ehlers,

1982b)), all assumed to be independent of the discharge current. This

figure closely resembles the measured ion extraction percentage curves,

which were presented earlier in Figure 1-15, and are reproduced here

for comparison. The most significant discrepancy between the model

and measurement is in the relatively low- predicted H+ percentage and

the relatively high H3
+ percentage a1 high discharge currents. This dis-

crepancy also resulted in Chan's positive ion model (Chan, 1983).

Chan's model is more comprehensive than the model presented here,

but was developed for positive ion sources without filters, and so does

not include transport between chambers. Chan attributed the discrepancy

at high discharge currents to an underestimate of the probability that

positive ions form H2 at the walls. This possibility was discounted com-

pletely in the present model since the primary interest here is low dis-

charge current sources.

The agreement with experiment shown here may be taken as in-

direct verification of the ion and primary electron transport models de-

veloped in thiz, chapter. The ion density model may now be applied
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Figure 5-10: Comparison of Calculated and Measured Species Percentages
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to a more interesting case, that of a source configured for extraction

of negative hydrogen ions.

Predictions and Implications for Negative Hvdroaen Ion Sources.

The discussion above was an attempt to validate the ion transport model

by direct comparison with experimental data. Here, the model is as-

sumed to be valid, and it will be applied to a source whose extraction

electrode is at or near the extraction chamber plasma potential. As

discussed in earlier chapters, this is the normal configuration used when

negative hydrogen ions are extracted. When the extraction electrode

potential is raised so that it approaches the extraction chamber plasma

potential, the potential profile is flattened and the negative hydrogen ions

can approach the extraction electrode.

When the extraction electrode is held at a fixed value, it is no

longer necessary to calculate the extraction chamber primary electron

density, floating potential and positive ion density together in an iterative

manner. Instead, the primary electron density is calculated directly from

Eq (5.28) given the known difference between the plasma potential and

extraction electrode potential.

Figure 5-11 shows the predicted variation in extracted ion species

percentages as a function of magnetic flux for the case where the ex-

traction electrode is at plasma potential and the plasma potential profile

between the two chambers is flat. This figure may be compared with

Figure 5-9 (the difference in the secondary electron emission coefficient

is negligible, and all other parameters are identical). The model indi-

cates that H+ will be the dominant extracted species at rather low values
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of the magnetic flux when the source is operated with a flat potential

profile.

100

90 V/A(!)=20 cm Y,-0.1 T1=0.40 eV
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Figure 5-11: Extracted Species Percentages versus Magnetic Flux

Of more relevance to the stoichiometry of the source is the pre-

dicted resident species percentages in each chamber. Figure 5-12 shows

the resident source chamber ion species percentages as a function of

magnetic flux while Figure 5-13 does the same for the extraction cham-

ber. From Figure 5-12 it is clear that H 3
+ is the dominant positive

ion in the source chamber for all values of the magnetic flux at this

discharge current (10 A).

Figure 5-14 indicates total positive ion densities for each chamber.

The source chamber density should be a nearly constant function of

magnetic flux, while the extraction chamber density decreases by a factor
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Figure 5-12: Percentages versus Magnetic Flux (Source Chiamber)
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Figure 5-13: Percentages versus Magnetic Flux (Extraction Chamber)
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of 3 to 4. This is certainly different from the measurements made by

Holmes (Holmes, 1982a) shown earlier in Figure 1-9. There it was found

that the source chamber density was an increasing function of the mag-

netic flux while the extraction chamber density was constant. The dif-

ference may be attributed to the fact that, under Holmes' experimental

conditions, the plasma potential profile was not flat.

T' =0.40 eV

T2=0.04 eV
T3-0.10 eV

Te-0.40 eV

V/A(1)-20 cm

E loll V/A(2)- 6 cm a=10.0o

CI)

E &- Source Chamber Density

o-. Extraction Chamber Density

80 90 100 110 120 130 140 150 160 170

Magnetic Flux (G cm)

Figure 5-14: Source and Extraction Chamber Ion Densities vs Magnetic Flux

Figure 5-15 indicates the source and extraction chamber values of

the primary electron density, given the enhancement factor a = 10

The source chamber density is nearly constant, indicating that, even with

the enhancement, filter diffusion is not the dominant primary electron

loss mechanism. The decline in extraction chamber primary electron
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density with increasing magnetic flux is due to the falling primary electron

flux across the filter.
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Figure 5-15: Primary Electron Densities vs Magnetic Flux (Two Chambers)

Experimentally, it is doubtless easier to vary the discharge current

than the magnetic induction. Figure 5-16 shows the dependence of ex-

tracted positive ion species densities upon the discharge current (for a

magnetic induction of 100 G cm). As compared to Figure 5-10, the

H2
+ percentage here is considerably lower.

Figures 5-17 and 5-18 display the resident species percentages in

the source and extraction chambers respectively. Figures 5-19 and 5-20

show the source and extraction chamber densities of positive ions and

primary electrons.
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Figure 5-16: Extracted Ion Species Percentages versus Discharge Current

In the positive ion density model, the effect of negative hydrogen

ions on the positive ion species' densities has been ignored. For the

experiment used to test the model (Ehlers, 1982b), this is probably not

a poor simplification. There, primary electrons existed in abundance in

both chambers, and consequently the H density was probably quite low.

When the model is used to predict positive ion densities at high magnetic

inductions where the primary electron density in the extraction chamber

is low and the H density can carry a sizeable fraction of the negative

charge in the plasma, the effect of negative hydrogen ions should be

included. This cannot be done rigorously, since the H-H 3
+ neutralization

rate has not been measured (Hiskes, 1984). It is possible, however,

to draw certain general conclusions about both the effect of large pro-
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Figure 5-18: Extraction Chamber Percentages versus Discharge Current
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Figure 5-20: Primary Electron Densities vs Discharge Current (Two Chambers)
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portions of H- on the resident positive ion species percentages and the

effect of the particular distribution of positive ions on the H density.

First, the effect of ion-ion neutralization on the positive ion distri-

bution is slight to nonexistent. The ion-ion neutralization loss rate must

be comparable to the positive ion wall loss rate in the extraction chamber

for the presence of H to be important. For H+, the ion acoustic velocity

is 4.4 x 105 cm/sec. The reaction rate for H+-H neutralization for an

interaction energy of 0.3 eV is 3 x 10-8 cm3/sec (Mordin, 1983), so,

with an extraction chamber ratio of volume to area of 6 cm, the density

of H must exceed 1012 cm3 for neutralization to be the dominant loss

mechanism. Since the H density is usually closer to 1010 cm "3, this

neutralization process may be ignored.

For H2
+, the ion acoustic velocity is 2.3 x 105 cm/sec. With an

interaction energy of 0.1 eV, the reaction rate for H2+-H" neutralization

is about 10-7 cm3/sec. The neutralization loss is smaller than the wall

loss as long as the density of negative hydrogen ions is beneath 4 x

1011 cm3 , so in this case also the presence of H- may be ignored.

The same is probably true for H3
+. The H3+ ion acoustic velocity

is 2 x 105 cm/sec. The reaction rate for H3 +-H neutralization is un-

known, but is probably about 10"7 cm3/sec (Hiskes, 1984). Thus, the

neutralization loss is smaller than wall loss if the H- density is below

about 1011 cm '3 . In this case the presence of H may be ignored.

It should be noted that the positive ion density model includes the effect

of H3+ neutralization due to dissociative recombination with thermal elec-

trons. The reaction rate for dissociative recombination is also about
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10-7 cm3/sec, so the correction for neutralization by H- will be extremely

small.

Second, the H- density is diminished most severely by neutralization

with H3
+ . This statement is based on the (speculative) supposition that

the H3+-H neutralization rate is somewhat higher than the neutralization

rate for either of the two positive ion types. Plainly, to minimize the

loss of H- through neutralization, it is advantageous to operate the source

with a high concentration of H+. From Figures 5-17 and 5-18 it is plain

that higher discharge currents will provide higher relative concentrations

of H+.

To determine properly the optimum discharge parameters, however,

requires that the ion density model developed above be expanded to

treat the vibrationally excited states of H2 and the electron distribution

function in order to account for other H production and loss mechanisms.

Such an effort is beyond the scope of this project, whose primary con-

cery is the transport of plasma constituents across the filter magnetic

field.

5-44



Chapter VI - Summary

Overview of Results

This has been an analysis of charged particle transport in magnetic

multicusp negative hydrogen ion sources. The primary interest has been

in low power discharges - with H2 densities of 1013 cm3 , plasma den-

sities about 1011 cm-3 , and discharge currents of 10 A or less - because

of the relative copious data in that regime.

The transport of low temperature (- 1 eV) electrons across the mag-

netic filter has been of primary interest, since the evidence suggests

that classical diffusion theory underestimates the actual electron flux by

one to three orders of magnitude. In Chapter II, data from an exper-

iment performed by Leung and Bacal (Leung, 1984b) were analyzed to

show that the electron flux through the magnetic filter exceeded the clas-

sical electron flux by a factor as large as 350. Measurements by Holmes

(Holmes, 1982b) were brought forward to show that the classical elec-

tron-ion diffusion rate through the magnetic filter was exceeded by a

ratio of about 17. Both of these experiments were performed in hy-

drogen plasmas confined by multicusp magnetic fields.

Because of limitations in the reported measurements, however, it

is difficult to determine the extent of the enhancement to electron dif-

fusion. In the Leung experiment, source and extraction chamber den-

sities were reported, but no axial variations in density were presented.

In order to determine the theoretical electron flux through the magnetic

filter, it is necessary to measure the plasma density in the source cham-

ber at a point near the filter plane or to compute the flux directly from
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a knowledge of the density gradient and density at each point. To de-

termine the thermal electron flux from the extraction chamber electron

density, it is necessary to measure the electron density one mean free

path (or electron gyroradius) from the extraction electrode. The reported

measurement of the source chamber electron density was, in all like-

lihood, too high (being measured deep in the source chamber), resulting

in an overestimate of the classical electron flux across the filter. But

the measured extraction chamber electron density was probably also

high, resulting in an excessive electron thermal flux to the extraction

electrode. The two effects thus offset one another to some extent.

In Holmes' experiment, the difficulty encountered in attempting to

compute the thermal electron flux to the extraction electrode from the

extraction chamber electron density was surmounted by measuring, in-

stead, the electron current to the extractien electrode. Here again, how-

ever, the density profile from source to extraction chamber was not

provided. Instead, the reader is assured that Holmes' theoretical flux

through the filter is in agreement with the electron current to the ex-

traction electrode. It seems likely that the electron density used to test

Holmes' transport theory was measured deep in the source chamber,

indicating that Holmes' theory actually underestimates the collision fre-

quency required to drive electron diffusion across the filter.

Also in Chapter II, evidence was presented from Ferriara's exper-

iment (Ferriara, 1989) of electron diffusion across a magnetic filter in

an argon plasma. The Ferriara evidence indicates that, in the argon

plasma, electron diffusion is being driven by ion acoustic turbulence.

The measured electron diffusion rate exceeded the classical diffusion rate
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by three orders of magnitude. The experiment was performed at very

low plasma and neutral densities and at high peak filter magnetic in-

ductance, so it is difficult to extrapolate these results to a hydrogen

plasma.

Holmes had claimed (Holmes, 1982b) that his diffusion coefficient

was, in fact, the classical electron Coulomb diffusion coefficient for a

fully ionized gas. It was suspected that Holmes' diffusion coefficient

exceeded the classical diffusion coefficient by a factor of 9iC1 2 , and this

suspicion was shown to be true in Chapter III. There, the development

of the Fokker-Planck equation was rehearsed in order to determine the

meaning of the terms appearing in Holmes' collision frequency derivation.

It was concluded that Holmes' approach is not standard, and that it ex-

ceeds both the diffusion coefficient obtained from examining the mean

square displacement of charged particles, upon collision in a magnetic

field and that obtained from the momentum moment of the Boltzmann

equation. This momentum balance equation was examined in consid-

erable detail to determine whether typically small terms might not be

large in the relevant parameter space and so produce an enhancement

to the electron flux. No such terms were identified.

Next, the geometry of the source in the filter region was scrutinized

to identify electron drifts which could increase the electron current

through the filter. The net effect of drifts in the source chamber was

shown to inhibit the motion of charged particles toward the extraction

chamber.

Anomalous diffusion exhibiting Bohm (11B) scaling has been ob-

served in negative hydrogen ion sources (Jimbo, 1984). The conditions
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under which this Bohm scaling was observed appear not to exist in typ-

ical tandem magnetic multicusp H sources. In general, the theoretical

considerations of Okuda (Okuda, 1973) suggest that the Bohm diffusion

coefficient arises under conditions of low plasma density and high mag-

netic induction, or (w oe)- I or less. Additionally, observations by

Holmes (Holmes, 1982b) and Lea (Lea, 1990) support the view that the

electron diffusion coefficient in tandem devices has a classical 11B 2 scal-

ing with magnetic induction.

The puzzle, then, is how the electron diffusion can retain its clas-

sical scaling and yet be one to three orders of magnitude higher than

the classical Coulomb diffusion coefficients would predict. A plausible

explanation was discovered: that the electron diffusion is driven by ion

acoustic or related turbulence. As long ago as 1978 C. T. Dum had

shown that, under conditions of weak turbulence characterized by small

phase velocities and short wavelengths, the electron diffusion coefficient

can retain its classical functional form and yet display considerable en-

chancement. In fact, provided that the electron distribution function stays

close to Maxwellian and the turbulence is isotropic, the effect of tur-

bulence on electron transport is obtained by substituting enhanced values

of Z, ion charge, and T1, ion temperature, in the classical transport equa-

tions (Dum, 1978b). An extremely important implication of this result,

in anticipation of the analysis of Chapter IV, is that the temperature gra-

dient term in the expression for the charged particle flux (Eq (3.78))

will act as a drag term, just as it does for Coulomb collisions. The

scaling of the collision frequency with magnetic induction and temper-

ature, and the value of the enhancement to the collision frequency, de-

6-4



pend upon the energy density of the turbulent spectrum, which in turn

is a function of the source of the instability and the damping mechanism.

An example was given of Gary's theoretical electron-wave diffusion co-

efficient (Gary, 1980), which retains the classical 1/B2 behavior and is

two orders of magnitude higher than the classical diffusion coefficient.

The goal of Chapter IV was twofold: 1) to determine whether the

classical functional form of the flux (Eq (3.78)) properly describes elec-

tron transport through the filter given electron temperature gradient vari-

ations, and 2) to relate the electron temperature fall across the filter

to the plasma density decrease. Although, as stated earlier, the fact

that the electron flux varies as 11B 2 in tandem H sources has been

well established, the flux variation with electric potential and temperature

gradients had not, so far as is known, been examined. Data from an

experiment by Leung (Leung, 1983) were-analyzed which show that the

temperature gradient and electric field between the two chambers de-

creases with increasing extraction electrode bias voltage. The data were

used to compute the flux through the magnetic filter as a function of

these parameters and to compare that flux with the thermal flux to the

extraction electrode. Both an enhanced Coulomb collision frequency and

an enhanced constant collision frequency provided sufficient electron flux

to the extraction chamber, and the variation of flux with Vb was in good

agreement with-the thermal flux for both collision frequencies as long

as the temperature gradient term in the flux equation acted as a drag

term. This occurs naturally for both Coulomb collisions and for elec-

tron-wave collisions under the restrictions stated in Chapter III.
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An electron cooling equation was written based on the work of

Ogasawara (Ogasawara, 1990) whose work was, in turn, based on that

of Holmes (Holmes, 1982a). it had been noted that Holmes' electron

cooling equation predicted that the ratio of source to extraction chamber

electron temperatures (T1/T2) must increase if the ratio of densities nj/n 2

also increases. Leung's data (Leung, 1983) showed instead that n1 /n2

rises as TI/T 2 falls when the extraction electrode bias voltage Vb is in-

creased. Holmes had neglected temperature gradients and the electric

field in his expression for the flux, so this failure could, perhaps, have

been anticipated.

Ogasawara generalized Holmes' expressions for the electron particle

flux and energy flux across the filter, and produced a general expression

relating electron temperatures and temperature gradients to densities and

density gradients (Eq (4.26)). In order to solve this equation, however,

Ogasawara assumed that the electric field term was negligible and that

the energy flux, like the particle flux, was constant from the source

chamber to the extraction chamber. As neither assumption is very good

in the parameter space of interest in Chapter IV, the electric field term

was retained and an expression written for the variation in energy flux

as a function of position. This expression was introduced into Eq (4.26)

and the resulting equation was shown to reproduce the observed T11T2

decrease as naft 2 increases, as measured by Leung. The observed tem-

perature-density dependence was seen to be caused by the spatial vari-

ation in energy flux, which is due primarily to electron-neutral inelastic

collisions.
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Having examined thermal electron diffusion for three chapters, at-

tention was drawn to primary electron and positive ion motion in Chapter

V. For primary electrons it was shown that motion across the filter must

be diffusive in nature, but that the classical expression for the flux due

to diffusion underestimates the primary electron flux by at least one order

of magnitude. Ion transport was assumed to be due to a ballistic flow,

rather than diffusion; that is, ions were assumed to move through the

filter along kinematically allowed paths according to the Lorentz force

equation. This approach was taken rather than use the Boltzmann mo-

mentum moment equation. The momentum moment equation is inap-

plicable for ions due to the fact that ion gyroradii and mean free paths

are large in comparison with the density gradient across the filter.

To test these views of ion and primary electron transport, a source

model was developed to predict extracted-ion species percentages. The

predicted species percentages were found to be in good agreement with

measurements (Ehlers, 1982b), thus providing indirect validation of the

charged particle transport models. The model was then employed to

make predictions about source constituent species densities when the

source is operated at the optimum configuration for H extraction.

Potential Research

The analysis of Chapter II points clearly to the need for several

types of data. In order to determine the electron flux through the filter,

it is necessary to measure the current to the extraction electrode. To

test whether classical diffusion can provide that flux, the electron density

profile from its peak value in the source chamber through the filter mag-
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netic field should also be measured. In addition to the density profile

measurement, of course, the electron temperature and plasma potential

profiles should also be measured. Simultaneous measurement of these

three quantities, along with knowledge of the filter magnetic field profile,

allows for the testing of Eq (3.78), the classical electron flux expression.

The electron density and temperature profiles in the extraction

chamber for a known flux to the extraction electrode would also be of

value. Tne electron density should be measured up to a point one

mean free path from the extraction electrode in order to compare the

thermal flux to the extraction electrode with the measured current. This

will test whether balancing diffusive flux to thermal flux can provide a

simple calculation of the extraction chamber electron density, or whether

a complex, spatially dependent simulation is in order.

All of the above measurements should be performed for a variety

of filter magnetic inductions and plasma electrode bias voltages. High

bias voltage provides the most interesting case, since the electron cur-

rent is highest there.

The hypothesis that ion acoustic or related turbulence is driving the

electron diffusion across the filter can be tested by detecting waves with

probes and analyzing the output through use of a spectrum analyzer

(Kawai, 1978). These waves could well be localized to the filter region

since the soure of free energy for the instability is likely to be drifts

and gradients in that region, while damping may occur throughout the

plasma. If it is found that weak turbulence is the driving mechanism

for thermal electron diffusion, the question become-, "What instability or

instabilities generate the turbulence?" That question must be answered
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before the electron-wave collision frequency can be calculated, and

hence before electron transport in the source can be properly modelled.

The same is true for primary electron transport.

Assuming the question of electron transport has been resolved, it

appears possible to davelop a simple, eclectic model of an H- source.

The model would comprise the positive ion/primary electron model of

Chapter V, a generalization of Cho's calculation of the plasma potential

in a source (Cho, 1990), a moments computation of thermal and primary

electron temperatures in the source chamber after Bailey (Bailey, 1987),

the electron cooling equation of Chapter IV, and Green's calculation (Eq

(1:24)) of the negative ion density in the extraction chamber (Green,

undated).

The positive ion model of Chapter V assumes that electron tem-

peratures and electric potential differences between the two chambers

of the device are known. The potential difference between the chambers

regulates both ion and electron flux to the extraction electrode and thus

serves to enforce charge neutrality within the H device. Cho's model

of particle and power balance in a multicusp device may be generalized

to include the effect of charged particle transport across the filter. Then

both sourue and extraction chamber plasma potentials can be computed

on the basis of particle arid power bkances in the discharge. The so-

luticii envisioned is necessarily iterative: electron loss through the filter

acts to increase the source chamber plasma potential, but at the same

time this loss is a function of the potential gradient between the two

chambers (Eq (3.78)).
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Although the source chamber plasma density will be given by the

positive ion model of Chapter V, information about electron temperatures

in the source chamber must be obtained from another source. The

source chamber electron temperatures (thermal and primary) can be com-

puted employing a moments approach. This computation, in turn, de-

pends upon the difference in potential between the source chamber

plasma and the chamber walls. But, since Cho's calculation of the plas-

ma potential requires knowledge of the electron temperatures, the so-

lution to this part of the problem is iterative also. Once temperatures

Te and Tp are computed, the calculation of the plasma potential must be

revised.

Given, then, the source chamber plasma density and electron tem-

peratures, and the difference in potential between the two chambers,

the extraction chamber electron density and temperature may be cal-

culated. The ion model of Chapter V gives positive ion density in the

extraction chamber. If the model is generalized to allow for the com-

putation of the H density in the extraction chamber by employing

Green's equation (Eq (1.24)), the extraction chamber electron density fol-

lows from charge neutrality. The extraction chamber electron temperature

may be computed from Eq (4.26), the electron cooling equation. But,

since assumed values for the extraction chamber density and temper-

ature were employed in the generalization of Cno's particle and energy

balance equations, here again an iterative approach is mandated.

It is possible that, even if the above converges to a solution for

the H density in the extraction chamber, the information so gained may

not prove useful. Edgley and von Engel (Edgley, 1980) modelled a pos-

6-10



itive column with negative ions present and discovered that the density

of negative ions was not even approximately constant. Devynck's mea-

surements (Devynck, 1987) and those of Johnson (Johnson, 1987) sug-

gest that the same is true in magnetic multicusp H sources: the H

extraction chamber density is strongly dependent upon position. Yet,

it may turn out that the extractable H current density will scale in a

simple way with the extraction chamber H' density computed from the

eclectic model outlined above.

Care must also be taken with the calculation of the positive ion

flux to the extraction electrode under conditions of high negative ion den-

sity. Amemiya (Amemiya, 1988) has shown that, if Te >> T, or the neg-

ative ion temperature 7_, the Bohm form for the positive ion saturation

current is not much altered even if n~ne = 0.9. But if n.>>ne, then the

positive ion saturation current is governed not by Te, but by TI. For

flat potential profiles between the two chambers, this modification to the

positive ion model may be significant. (It will be recalled that in the

Chapter V model, the ion current to the extraction electrode was gov-

erned by the difference in potentials between the chambers except when

that difference in potential was smaller than the extraction chamber elec-

tron temperature, in which case the Bohm form for the positive ion sat-

uration current was employed.)
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Appendix: Index of Symbols

A cross sectional area of the source

Ap effective wall loss area for primary electronsp

Aa effective anode loss area for primary electronsp

A b effective plasma electrode loss area for primaryelectrons

,4a effective anode loss area for thermal electrons
b effective plasma electrode loss area for thermal

electrons

Aa effective anode loss area for positive ions
b b effective plasma electrode loss area for
AI positive ions

Af effective filter area for positive ion transport

Af effective filter area for primary electron transport

A ijj 5,! 1) 2  -

a characteristic width of filter, about 2 cm

a parameter relating energy flux to wall, 2.5

b unit vector in the direction of B

. magnetic induction
B j 3"il - a iiU2

Crandom electron velocity, C = p - u

c speed of light in a vacuum

D- negative ionic deuterium

d 6 x 10-23 cm 3 erg312 sec1

D Holmes' diffusion coefficient prior to averaging,
or a general symbol for the diffusion coefficient
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<D> Holmes' D averaged over a Maxwellian electron

velocity distribution function

dx dxdydz = d3x
d au d-uxd- Y d-u z = d 3,U

da pdpdo

do differential polar angle

Del  Ferriera's cross-field electron diffusion coefficient

Dik i, k th component of velocity space diffusion
tensor for particles of species a

Di 13  i, k th component of velocity space diffusiontensor for particles of species a due to
collisions with particles of species 13

_E electric field

e electron

e magnitude of electric charge

fat one-particle distribution function for particles
of species a

(e) external force acting on a particle

F a i th component of force of dynamic frictionacting on particles of species a

F1  i th component of force of dynamic friction
acting on particles of species a due to
collisions with particles of species 13

f (Y°)  source chamber particle velocity distribution
function

(XPI) exp (-XP)

g number between 0 and 1. g=0 indicates all
ions are trapped in the filter, g=1 indicates that
no ions are trapped in the filter

G(X) defined by Eq (2.18)

h 3.5 x 103 cm/sec

H atomic hydrogen
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H- negative ionic hydrogen

H+  singly ionized atomic hydrogen

H2+  singly ionized diatomic hydrogen

H3+  singly ionized triatomic hydrogen

H2(v) diatomic hydrogen with vibrational quantum
number v

H2+(v) singly ionized diatomic hydrogen with vibrational
quantum number v

H2  diatomic hydrogen

i index, vector component, or ionization (as in S1)

/,d discharge current

I designator to indicate ion quantity

le  total current to the plasma electrode

j extracted current density

j, total positive ion-current

jo extracted H- current density with scale length Ro

lb extracted H- current density with scale length Rb
a i th component of velocity space flux forparticles of species a, defined by Eq (3.4)

jQ/0 i th component of velocity space flux forparticles of species a, due to collisions
with particles of species 0

j index, or vector component

k index, or vector component

k wave vector

(I/k) average wavelength of turbulence

L total cusp length

Llo mean free path for H+ - H2 collisions

L20 mean free path for H2
+  H2 collisions
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L30 mean free path for H3
+ - H2 collisions

Li  mean free path for H2 ionization by electrons

In (k) Coulomb logarithm

I index

L /  defined by Eq (3.28)

ma mass of particle of species a

MA mass of particle of species J3

m particle mass, or index

me electron mass

MI ion mass

mt mass of test particle

Map (mamP) / (ma + mO)

N2  number density of H2

nP number density of primary electrons

n() number density of primary electrons in
source chamber

n2) number density of primary electrons in
extraction chamber

n charged particle number density

no  source chamber ion density (Chapter V)

ne .thermal electron number density

nj positive ion number density

n. H- number density

n, Chapter V, H+ density
elsewhere, electron density in source chamber

n2  Chapter V, H2
+ density

elsewhere, electron density in extraction
chamber

n3  H3
+ density
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(1) source chamber H+ density
n,

(2) extraction chamber H+ density
n,

(1) source chamber H2
+ density

n(2) extraction chamber H2
+ density

(1) source chamber H3
+ density

n3 3
n2) extraction chamber H3

+ density

n(2) extraction chamber thermal electron density

n() source chamber positive ion density

n(2) extraction chamber positive ion density

n, number density of test particles

N* number density of H2(v)

NH number density of H

np number density of particles of species 1

nCAv (nt +n 2)/2 , average electron number density

n. source chamber particle number density

p pressure

PC electron pressure, neTe

Q probability that, in time At , the velocity changes
by an amount Ap

Q energy flux vector

qe heat flux vector

R system scale length; Rb and Ro are two values

r position vector of Lamor center

electron Lamor radius

ion Lamor radius

Sd rate coefficient for the process e + H2 --

e + 2H
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Si (au (2+)) + (au),, 1

re thermal electron temperature

Ta temperature of species a

Tt  temperature of test particle distribution

t time

TeAV electron temperature, average of source and
extraction chamber temperatures

TIO effective ion temperature, given turbulence

T temperature

TI Chapter V, temperature of H+

elsewhere, electron temperature in source
chamber

1TO)  temperature of H+ in source chamber

TI )  temperature of H+ in extraction chamber

T2  Chapter V, temperature of H2
+

elsewhere, electron temperature in
extraction chamber

TO( 1)  temperature of H2
+ in source chamber

T (2)  temperature of H2
+ in extraction chamber

TO1)  temperature of H3
+ in source chamber

T(2) temperature of H3
+ in extraction chamber

TP primary electron temperature

TO) primary electron temperature in source chamber

T (2) primary electron temperature in extractionchamber

Y directed velocity, especially electron
directed velocity

u1 positive ion directed velocity

Yd positive ion drift velocity

Va anode voltage
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Vb extraction electrode voltage

VP plasma potential

v vibrational quantum number

1p mean velocity of primary electrons

average thermal electron velocity

((8T,) / (me)) 1/2

V volume of plasma

Y electron velocity or velocity of test or
a particle

P velocity of field or J0 particles
OY 0y component of velocity at the source chamber

edge of the filter field

Ux 0 x component of velocity at the source chamber
edge of the filter field

We  leak width for electron losses at cusps

w wave index

Wi defined by Eq (3.18)

Wij defined by Eq (3.19)

Wij defined by Eq (3.62)

W W)energy density of turbulence in dAc about k

W JdkW (k)

x the distance along the axis of a cylindrical
source

y distance I to x axis and

z distance along axis paralled to B

Z extraction chamber length

Z Ze is the species charge
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Z°  Zoe is the effective ion charge, given
turbulence

Chapter I, the ratio n (2)/n(1 )

Chapter II, (meT)/(mTe) , or 1

Chapter III, particle species index

Chapter IV, 3g_ (1+ -)

Chapter II, defined by Eq (2.9)

Chapters I and Ill, particle species index

Chapter IV, a factor governing the energy
flux to a boundary, theoretically equal to
2/(1 -y)

T particle flux vector

T" x component of particle flux

P1. x component of positive ion flux

T"=  electron flux to the anode

T"b electron flux to the plasma electrode

positive ion flux to the anode

positive ion flux to the plasma electrode

aprimary electron flux to the anode

& primary electron flux to the plasma electrode

1f thermal electron flux through the filter

r b  thermal electron flux to the extraction
electrode

FDohm flux calculated using Bohm diffusion
coefficient

primary electron flux through the filter
f

FPb primary electron flux to the extraction
electrode

YP primary electron secondary electron emission
coefficient
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positive ion secondary electron emission

coefficient

An n2 -n 1

AX width of filter field, or
x component of change in Lamor center

position upon collisions

AV change in plasma potential from source to
extraction chamber

A width of filter field

A0. 02 - V2

A *change in p upon collisions

(Aui) defined in Eq (3.11)

(AiAuj) defined in Eq (3.12)

(Ani)flo defined in Eq (3.16)
(AU.A.)a/ 13  defined in Eq (3.17)

Ar change in Lamor center position upon
collisions

Ao) change in (o over a change Ax in x

Srate of change in fa due to collisions

(fn.uk)
defined by Eq (3.64)St

8 (ne u) (0)8 (ndefined by Eq (3.90)

8t(ne) (1)
defined by Eq (3.90)

8t
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8.j Kronecker delta, 8. = 1 if i = j, 0 otherwise

8(x) Dirac delta function of x

8n (K) rate of change in electron energy density

upon collisions

£defined by Eq (2.13)

defined by Eq (5.18), filter transparency factor

v el electron-ion Coulomb collision frequency
(see Eq (2.24))

vc defined by Eq (2.17)

(Vc) Holmes' collision frequency (Eq (2.23))

v elastic electron-neutral collision frequency

ve electron-wave collision frequency (Eq (3.95))

vSv ew+Ve (see Eq (3.97))

V I  V el

v. ninelastic collision frequency

vc  primary electron Coulomb collision frequencyP

v el primary electron total elastic collision frequency
p

v I nprimary electron total inelastic collision frequency
p

x iielectron viscous stress tensor

p impact parameter

P.± (eaep) / (ma1PV 2

Pi 2p-.

Pb x O/w

oY cross section

gin, electron -H 2 inelastic collision cross section

cono total e -H 2 ionization cross section
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(Ou (3+,H)) rate coefficient for H2 + H2+ -4 H3' + H

(av (2+)) rate coefficient for e + H2 - H2+ + 2e

(aU)+_ rate coefficient for H, positive ion neutralization

(a'U)DA rate coefficient for e + H2 (v) --+ H + H + e

(a). rate coefficient for H + H -- 2H + e

(a')M defined by Eq (1.12)

(au) rate coefficient for e + H2 -> H2 (v) + e

(GU)D rate coefficient for destruction of H2(v)

(aOu)eD rate coefficient for e + H -, H + 2e

(au (1+)) rate coefficient for production of H+ through
destruction of H3

+ by energetic electrons

(OaU)D t  rate coefficient for e + H2 -+ H+ + H + e

(au (1+, H)) dissociative excitation of H2
+ b energetic

electron impact forming H + H
(01)DR rate coefficient for dissociative recombination

of H 3
+

TI characteristic positive ion destruction timc

TH characteristic atomic hydrogen wall loss time

,r* H2(v) wall loss time

T- H- wall loss time

Te electron temperature in electron volts

ITC mean time between collisions

* Chapter III, polar angle
elsewhere, 02-€1 = -A P

01 plasma potential in source chamber

02 plasma potential in extraction chamber

D(x) error function of X

lp Trubnikov potential, defined in Eq (3.31)
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XA (mpj/ (2T ) ) tL'1

X ((mI) 2) / (2T))

WO] Trubnikov potential, defined in Eq (3.30)

O () defined by Eq (3.37)

(0 cyclotron frequency

Coe  electron cyclotron frequency

O maximum value of co in filter field

O)P electron plasma frequency

(00 (W't- (t. . y) ) / (kc)

) k  frequency of plane wave with wave vector k

relative velocity, _-y' (Chapter III)
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