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Abstract

The formation and maintenance of an electrostatic po-
tential well by injecting electrons into a quasi spherical
cusped magnetic confinement geometry is studied ex-
perimentally, as a function of plasma fill density and of
the energy and current of the injected electrons. A
model is developed to analyze the experiment. It is
found that the potential is comparable to the energy of
the injected electrons at low density, and decreases as an
increasing density of cold plasma fills the device because
of ionization or wall bombardment. Implications for
fusion based on electrostatic/magnetic confinement are
discussed.

|. Introduction

Present-day fusion research is based on two approaches.
Magnetic fusion confines a hot dense Maxwellian plasma
magnetically, with only the more energetic parts of the
ion velocity distribution participating in the fusion
process. Inertial confinement fusion deposits a large
amount of energy (in the form of laser light or ion
beams) on the surface of a small solid target, causing an
imploding compression wave that raises the density
enough to trigger a fusion reaction. However, a third
possibility has long been suggested,* though not much
studied, namely, fusion produced by a cloud of converg-
ing ions, dense only near the center of a sphere, confined
by electrostatic potentials produced by grids, and having
a velocity distribution far from thermal equilibrium,
being instead peaked near the energy at which the fu-
sion cross sections are maximum.

An approach to fusion has been proposed by Bussard+
which keeps the advantages of convergent jons and elec-
trostatic confinement without the disadvantages of
wires imbedded in the plasma. The idea is that in a
plasma with a slight excess of electrons, a quasi-spherical
cusped magnetic field, Figure 1, would confine the elec-
trons, while the electrostatic potential from the electron
excess would confine the ions, and accelerate them to a
dense focus at the center, where the probability of fu-
sion would be high.45 The magnetic field can be formed
by a set of high-order polyhedral windings that produce
a quasi-spherical array of point cusps¢ in a magnetic
geometry called a Polywell. The physics of this idea has
been discussed in detail elsewhere,+s5 but clearly a central
feature is the need to form and maintain an excess of
electrons sufficient to provide a substantial electrostatic
potential. Injection from high-energy electron guns
seems the only practical way to achieve this.

Recently an experiment was constructed to test some
elements of this approach to fusion. The research activi-
ties included detailed studies on the injection and trap-
ping of high-energy electrons in a Polywell magnetic
field, both with and without a background plasma. By
varying the parameters of the electron guns and the
background plasma, information was obtained on many
properties of the system, including plasma confinement,
recycling of plasma from the walls, and breakdown of a
neutral fill gas. Most important, however, was the in-
formation about the properties of the potential well
formed by electron injection, including its depth, radial
profile, time history, and dependence on system parame-
ters.

In this paper we describe these measurements, along
with theoretical models, which help understand them.
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In Section II we briefly describe only the aspects of the
experiment and diagnostics relevant to the present pa-
per. In Section III we describe the formation of a po-
tential well when electrons are injected into vacuum. In
Section IV we describe and analyze experiments in
which electrons were injected into a background prefill
gas, and the potential measured, for various. values of fill
density and electron gun properties. In Section V we
discuss the results, as well as the implications of these
experiments for the Polywell fusion scheme. In the Ap-
pendix we describe the formation and decay of a cool
dense plasma in the Polywell produced by radio fre-
quency (RF) ionization of a prefill neutral gas; this study
is directly relevant to the work discussed in Section IV,
because it develops and benchmarks a model that re-
produces experimental results on breakdown and con-
finement. This model can then be used with some confi-
dence in the electron injection experiment.

Il. The HEPS Experiment

The High-Energy Power Source (HEPS) experiment
constructed at Directed Technologies Incorporated
(DTD used a motor generator set designed to provide in
excess of 4000 Amp at 4 kV to six series-connected
field coils in approximately 225 ms, with 8 MJ of stored
energy, to produce the Polywell magnetic fieldS shown in
cross section in Figure 1. This magnetic field has the
same structure whether viewed in the x-y; y-z, or x-z
plane, with the plane passing through x=y=z=0.

Electrons were injected into three of the magnetic cusp
throats, from electron guns capable of operating in the
range 5-10 kV and 5-15 Amp. In these guns, electrons
were emitted from a cathode, accelerated through an
anode structure and allowed to pass through a drift tube
region into the tank. Particle simulations and particle-
in-cell (PIC) codes? showed that electrons must be in-
jected along field cusp lines in order to access the central
volume of the magnetic well.

The electron beam power supplies could produce 20
Amp at 20 kV for a maximum 2§ ms pulse with a mini-
mum current droop (<10%) for each of three electron
guns. The pulse width and charging voltage were vari-
able, the rise time for the system was less than 30 ps,
and the size of the extracted electron beam was 2 cm in
diameter.

The parameters of the experiment are given in Table 1.
In some experiments the electrons were injected into a
vacuum; in others the device was prefilled with a neutral
gas or a plasma. In the prefill case, the neutral gas back-
ground was introduced using a system of piezoelectric
puff valves prior to electron injection. A 10 kW, 2.45
GHz RF source was then used to break down the neu-
tral gas background.
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Figure 1 — Equatorial flux lines

The diagnostics relevant to the present paper included a
probe or set of probes inserted into the plasma to meas-
ure the potential relative to the wall. This diagnostic
consisted of a capacitive-divider potential probe8 which
sampled the potential at 54 radial positions. In the stan-
dard operating regime, the confining field was 1.5 kG at
the major point cusps, and the probe was inserted at the
midplane 10° off the cusp axis (Figure 1). The probe
measured true space potential to within 0.57.

Table 1 — Experimental Parameters

Plasma region 80 cm radius sphere
Magnetic field B3R5, Bo=1.5 kG
Pulse time B = constant for 10 ms
Electron gun 20 Amp at 20 kV each
Power supplies (3) | I/E = constant

A second diagnostic was a 94 GHz microwave interfer-
ometer. This system is of the Mach-Zender design, in
which the probe beam is split, undergoes one pass
through the plasma, and is recombined on the other side
of the tank. Four chords were employed at o, 6, 13, and
28 cm from the tank center. With a path length of ~2 m,
the system resolution was ~§ x 109 cm’3.

A third diagnostic was a Langmuir probe (diameter 2
mm), used to estimate the electron density. This diag-
nostic was used because in many of the experiments, the
plasma density was below the resolution of the interfer-
ometer. The probe was mounted on a flexible bellows,
which made it possible to place the probe tip at any ra-
dius in the chamber; it was inserted at the midplane 10°
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off the cusp axis, as was the potential probe described
above. An adjustable bias (-100 to + 100 V) was applied
to the probe tip, and the current drawn by the probe
was measured as a voltage drop across an 18 Q) resistor
connected to ground.

Initial tests with the Langmuir probe were performed
with an electron cyclotron resonance (ECR) produced
plasma to verify its correct operation. The probe bias
was varied on each ECR shot to obtain a typical Lang-
muir probe I-V characteristic (T. = 12-15 €V) for the
ECR plasma. The electron saturation current was used
to determine the plasma density; the calibration of the
Langmuir probe was obtained by measuring the plasma
density with the microwave interferometer and the elec-
tron saturation current on the same shot. The calibra-
tion obtained was consistent (within §0%) with that
expected using simple Langmuir probe theory (neglect-
ing B fields).

In some data runs, we utilized the probe to determine
the plasma density existing in the vessel prior to the
firing of the e guns, especially in the cases where the
density was below the resolution of the interferometer.
Once the e guns are fired, the high-energy, non-
Maxwellian electrons prevent a simple interpretation of
the signals obtained to infer density or the temperature.
However, the probe signal can still be used in a semi-
quantitative fashion by subtracting the high-energy elec-
tron current flux to the probe, determined from the ob-
served electron gun current, to estimate the saturation
electron current from the background plasma.

Finally, an energy analyzer was used to obtain at least
grossly, the energy distribution of the higher-energy
electrons in the system. This diagnostic, placed at a cusp
at the bottom of the vacuum vessel, included a pair of
grounded grids, an electron repeller grid that can be bi-
ased from o to -15 kV, an ion repeller grid that can be
biased from o to + 15 kV, a secondary electron grid that
is biased at -30 V, and a collector plate.

The intent of the experiments described here was first
to demonstrate that an electrostatic potential well could
be formed and maintained, both in a vacuum and in a
system with background plasma, and second to see if the
characteristics of the potential in various ranges of gun
energy and current and various pre-fill densities were
understandable on the basis of straightforward classical
models. In other words, we asked whether there were
any obvious anomalies in this portion of the Polywell
fusion scenario. The results described in the next sec-
tion, along with the experiments described in the Ap-
pendix, lead us to conclude that potential well formation
in the Polywell follows a predictable and understandable
path.
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Figure 2 — Electron beam thermalization (e-guns at 5 kV)

lll. Electron Trapping and Potential
Well Formation-Electrons Only

One issue involving the cusp confinement aspect of the
HEPS experiment is whether electrons injected into a
point cusp will be confined at all; will injected electrons
simply find their way out of a point cusp on an opposite
face in a single transit.” This should not be a problem,
since on passing through the center of the device, where
B = 0, the electrons lose the invariance of their magnetic
moment and other adiabatic constants.? Nevertheless, it
was important to demonstrate trapping. The aim of this
section is to show that the electrons are, in fact,
trapped, and that their confinement time is consistent
with theoretical expectations.

1 e-guns @8 kV
3 Amps
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Figure 3 — Potential profile, electrons only
— one electron gun

The strongest evidence that trapping automatically oc-
curred came from the measured buildup of the potential
well to approximately the gun voltage, a value that is
inconsistent with the potential that would result from
the space charge of transiting electrons. A second bit of
evidence was the observation that the energy distribu-
tion of electrons leaving the device changed (broadened)
with time (Figure 2), at a rate of d(AE)/dt. ~ 500 €V/ms;
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this indicates an electron dwell time much longer than
the 107 s transit time of a 5§ keV electron.

To quantify the argument that the potential observed
shows electron trapping, consider a current I = 5 Amp
from an electron source of energy E = 5 kV injecting
electrons into a confinement region of volume TTR3 and
diameter 2R. The transit time of electrons is:

s 2R
transittime =t, ~ ———
" 2E/ms ©

and the density of a plasma of unconfined electrons
would be:

I,
¢ 3
TR ;)
from V2@ =4Tlen., a potential of order:
I SkV
(e¢)noconfinement = 600 S_A ?
€)

would develop due to these unconfined electrons.

Figure 3 shows the potentials measured at various radii
as a function of time by the probe described in Section
II. The well forms in about 60 ps, which is also the time
buildup of the cathode potential (= the electron energy)
from the gun. For the one-gun case in Figure 3, 3 would
give:

(e(b)noconﬁnemem - 03kv (4)
while the experiment shows:

(eq))actual - 8kv (5)

Similar results are obtained with three e -guns. This
shows that the electrons are trapped in the cusp field,
i.e., are not lost in a single transit, so that the electron
density is determined by electron (or plasma) confine-
ment in a cusp, which we address in the remainder of
this section.

The potential can be used to infer the electron density,
which gives an indication of the confinement time; the
density was too low to be detected directly by the inter-
ferometer. Using Poisson’s equation and assuming
spherical symmetry, we compute the electron density
profiles from the potential profiles with the result
shown in Figure 4. At 10 ps, with an average current of 1
A (total from three guns at this phase of the initial cur-
rent rise) entering the chamber, the total measured
stored electron inventory of 8 x 10" implies an effective
electron confinement time of about 130 ns if all the gun
electrons entered the chamber. However, since e =

Egun, a virtual cathode will form that will reject much of

the gun current. Measurements of cusp losses account
for less than 10% of the gun cathode current, implying
that a large amount of the gun current is lost in the gun
drift tube before entering the chamber. If the current
exiting the gun throat is, in fact, being 90% choked by
the presence of the virtual cathode in the chamber, then
the measurements imply an electron confinement time
of about 1-2 ps.

@10 us, N (total) = 8 x 10"
L, =1Amp
(5% to 100% into machine)
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Figure 4 — Electron density profile calculation

The theoretical estimate’® of hot electron confinement
in a mirror model (low 8) Polywell is in the range 0.5-2.5
ps, which overlaps the experimentally inferred range.
This estimate is produced by the following argument:
assume that at low density the cusp acts as a magnetic
mirror in confining plasma. The mirror ratio is Byux/Bumin.,
where By is the field in the cusp throat and B, is the
field at the interior point where B has gotten just large
enough so that the electrons are adiabatic. The effective
collision frequency that fills the mirror loss cone is T, =
2R/, the transit time across the device. This is because
in each transit through the low B interior the electrons
lose their adiabatic invariance, as if they have had a col-
lision. This argument gives:

_2R(B

max
confinement , mirrormode ~ B
min /()

4

where v is an average electron velocity during the tran-
sit. We explicitly note that:

1dB) _3_1

_ e B, rf
B dr

Ta

r, a ~vme R )

where we have taken B = B,73/R3, determines the radius
7. at which the electrons become adiabatic. Then Byin, =
B,r3/R3 determines the mirror ratio and the confine-
ment time in the low-density regime of the experiment.
Equation (6) is unchanged by the presence of a back-
ground plasma, since the effective collision frequency of
electrons (= 1/£.7) is many orders of magnitude greater
than that of Coulomb collisions, even in a dense plasma.
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The reason that 6 implies a range (0.5-2.5 ps) of con-
finement rather than a single confinement time is that
the average transit time R/v depends on both the elec-
tron energy and the depth and shape of the potential
well, which can only be bracketed.

IV. Electron Trapping and Potential
Well Formation, Dense
Background Plasma

In Section III we showed that electrons injected
through a cusp throat into a vacuum were trapped and
formed a potential comparable to the gun potential; in
this section we describe a set of experiments in which
the injection was done into an increasingly dense
plasma, formed by prepuffing a neutral gas, partially ion-
ized by RF which was resonant with electron gyro-
frequencies inside the chamber, prior to firing the elec-
tron guns. Figure 5 shows the time history of the central
potential for increasing levels of plasma prefill density,
on a short and long time scale. The most obvious feature
is that the potential forms when the guns are fired, and
drops sharply at 3 ms, which is the gun pulse length, £,
=3 ms.
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Figure 5a — The dependence of the plasma potential on
the initial background plasma density, on a short time scale

On a time scale comparable to the 30 ps rise time of the
gun, the rise of the potential is similar in size and profile
to the case of injection into a vacuum (compare Figure 3
and Figure 6). When the prefill is of very low density, the
potential persists until the gun turns off. However, as the
prefill density is increased, the potential quickly falls
below its peak value to an increasingly small level. These
trends are shown in Figure sa.
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Figure 5b —The dependence of the plasma potential on the
initial background plasma density, on a long time scale

Because the failure of the potential to persist when the
density of the neutral background far exceeds the un-
neutralized density that forms the potential (which will
also be the conditions on a reactor scenario’4) might be
interpreted as a flaw in the concept, it was important to
understand this behavior. To this end we carried out a
set of studies to understand the behavior of the back-
ground plasma itself (given in the Appendix), and then a
set of studies to understand the behavior of the poten-
tial as a function of background density, electron energy,
and electron current (described below).
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Figure 6 — Potential well behavior 10° off a cusp line during
plasma density buildup (no RF).

‘We conclude, following these studies, that the behavior
of the potential is a predictable property of the interac-
tion of the very weak current of hot electrons with the
much denser current of the cold electrons of the back-
ground gas, and has no unexpected implication for a
reactor scenario, where virtually all the electrons would
originate at high energy, from the high voltage guns.
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A. Experimental data relating to
maintenance of the potential

1. Potential versus prefill plasma density

The standard experimental conditions were that an elec-
tron current of 4 Amp was injected into the HEPS cusp
field with energy 5 kV. Figure 5a shows the behavior of
the central potential for various values of plasma prefill,
with the electron guns being fired at 2.01 ms. Figure sb
shows the same parameters on a longer time scale, for a
single value of prefill density. The trend is that the po-
tential rapidly rises to a peak value that is higher for
lower values of prefill density. This peak potential drops
on a time scale of <o0.1 ms to a more slowly varying po-
tential, which is also higher for lower values of prefill
density.
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Figure 7c — The time history of plasma density,
for nar =3 x 108 cm-3

2. Electron density versus time

There are at least two effects which can lead to a time
variation of the potential produced by the excess elec-
trons in the device. One is a transient effect of the
plasma, in which it changes its density profile as well as
its energy distribution (see Figure 11), while evolving
toward a quasi-steady state after the turn on of the elec-
tron guns.
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Figure 8a — The dependence of the potential on the hot
electron current

A second is the change in the magnitude of the back-
ground plasma density due to the production or loss of
plasma or hot electrons in the device. To help separate
these effects, Figures 7a-7c show the current to a Lang-
muir probe that measures the electron density, for three
different values of plasma fill density, with the e-guns
fired at 2 ms. The density rises to a value of about 100
times greater than the fill density (see Section IV.B.2 for
an explanation of this fact), over a time of order 2 ms for
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the higher prefill example, and over a time of order 4 ms
in the lower (by 10x) prefill example.
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Figure 8b — The dependence of density on the
hot electron current

3. Potential versus Injected
Electron Parameters

To study the change in potential and density with chang-
ing electron parameters, Figures 8a and 8b show the
time variation of the potential and of the signal on a
Langmuir probe, which we believe to be proportional to
the plasma density (after subtracting the signal due to
fast electrons). In the case shown, the injected electron
current was reduced from 4 Amps in one run to 2 Amps
in the next, by turning off one of the electron guns.

Potential (kV)
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Figure 9a— The dependence of the potential on the hot
electron energy

The trend is that a transient of about 0.5 ms, during
which the potentials in the two cases are roughly com-
parable, is followed by a period in which the larger cur-
rent produces a potential that is lower than that pro-
duced in the smaller current case, and continuing to de-

crease with time. In this case, at least, more does not
prove to be better in terms of producing a potential.

0.5

Langmuir Probe Signal (Volts)

Time (ms)

Figure 9b— The dependence of the density on the
hot electron energy

In Figures 9a and 9b, the potential and density are
measured in a case where the energy of the injected
electrons is increased from § kV in one run to 10 kV in
the next. The 10 kV case also injects 10 Amps of cur-
rent, compared with 4 Amps in the 5 kV case, because
of the characteristics of the electron guns. The trend is
that the high-energy, high-current case initially produces
a deeper potential well than does the lower-energy,
lower-current case. However, at later time, after ~2.5 ms,
the higher-current higher-energy case has a much weaker
potential than the other case. Correspondingly, the den-
sity in the high-current case increases dramatically at
~2.5 ms after the guns are fired, as is clear from Figure

9b.

4. Radial Variation of the Potential

Further information can be obtained from measuring
the radial dependence of the potential. This data is
shown in Figures 10a and 10b, for two different values of
prefill density. In this case, the trend is that the poten-
tial in the lower density case varies fairly smoothly with
radius, in contrast with the higher-density case, in which
the potential seems to be substantially flatter in the cen-
ter, with the electric field it produces being more local-
ized toward the edge. This statement is only true before
the complete collapse of the potential that as is the case
with the density peak, takes place much earlier in the
high prefill case than in the low prefill case.
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Figure 10b — Radial profile of the potential for a high prefiil
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To estimate the energy of trapped electrons, as a func-
tion of time, we examine electrons escaping through the
face cusp. Their energy distribution was found by first
measuring the loss current for a number of electron re-
peller biases (in the range 0-5.5 kV) and fitting the re-
sulting data with a third degree polynomial. This poly-
nomial was differentiated to obtain the electron distri-
bution, with the result shown in Figure 11.

The trend here is that at 0.1 ms after the guns are fired
to inject a mono-energetic current of electrons at § kV,
the electrons are observed to have an energy spread of
several k'V, peaked at 4 kV, while at later times the mean
energy decreases, with the distribution peaked at lower
energies, below 0.5 kV.

B. Interpretation of the observations

In this section, a model is developed for the interaction
of a hot unneutralized electron swarm with a plasma
background, including a description of the influence of
the background on the potential produced by the un-
neutralized hot electrons, as well as a model for the
formation and decay of the prefill plasma by ionization
of a background gas of neutral atoms by a radio fre-
quency wave source, and subsequent decay after the RF
was turned off. Some elements of the model are sup-
ported by the experiments described in the Appendix.
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Figure 11 — Time history of the electron energy distribution

1. Potential versus prefill
plasma density

Energy conservation will connect the potential pro-
duced by an electron cloud with the density of a back-
ground plasma. Because the background electrons tend
to acquire an energy comparable to the depth of the
potential well, and because the total kinetic energy of
the system cannot exceed the energy of the injected
electrons, there is a bound to the potential, given by:

Jd3rnhe¢gun > Jd3mbe¢
= jd3rﬁ(r,v)(lmv2)d3v
2 ®)

where 7.y is the density of the hot injected electrons, 7.
is the density of the cooler background plasma produced
by ionization of the background gas, and f; is the veloc-
ity distribution of the background plasma, emphasizing
that the mean energy of the background plasma must be
comparable to the actual plasma potential. Further, the
shape of the potential is given by a self-consistent solu-
tion to Poisson’s equation:
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where the 7.4’s are the densities the plasma produced by
ionizing the background gas would have if there was no
potential well, i.e., if =0, whereupon 7., = 1.4 = 1.5.
Equation 9 can be solved if we assume that the back-
ground temperature is larger than the potential, leading
at once to:

0 1nh(47r

nth)
3m\ 3 (10)

This overestimates the influence of the background
density on the potential, because, in fact, T < e ppmax. As-

suming that T' << e would give e ¢ ~ In 7.
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Figure 12 — Potential versus density at early and late time

Comparing with Figure 5 confirms the trend that higher
plasma density gives lower plasma potential, for the
same density of unneutralized hot electrons. In a more
quantitative manner, Figure 12 plots the potential de-
duced from Figure 5 as a function of background plasma
density. The behavior is clearly much weaker than 1/n..

The fact that the potential consistently decreases with
time is also consistent with the model, if the back-
ground density increases with time. Theory and experi-
ment for the time behavior of background density with
time are discussed below.

2. Electron density versus time
and prefill density

The results described above show clearly that the
plasma density controls the potential produced by a

given electron gun current. Therefore it is important to
understand the physics that control the electron density.

In the Appendix, we demonstrate that the time behavior
of the plasma density produced by ionizing a prefill gas
using a bath of radio frequency waves can be understood
by a model which includes the interaction of the plasma
with the wall of the experimental device. The wall pro-
vides a source of neutrals whose density depends on the
escape rate of plasma from the device, and that can be
ionized by collisions with the ambient electrons. The
fact that the peak density of electrons in the device is
observed to be much greater than the fill density, as
shown in Figure 7, is therefore not surprising.

Table 2 — Plasma Density at 4.5 ms
after the Guns are Fired

No Np, theory Np, exp
(cm3) (cm3) (cm3)
3 X 107 3.8 x 109 3.4 X 109
L.I1X 108 6 x 109 7 X 109
3x108 IX 10 1.8 x 10%°

The density reached by the plasma when the electron
guns are on is a strong function of the prefill plasma
density. To understand this, we use the model formu-
lated in the Appendix, including the effect of the hot
electron component, which both helps ionize the back-
ground neutrals, and by colliding with the wall increases
the inward flux of neutrals. Taking the hot electron den-
sity to be constant (the gun replenishes the losses), and
using the same neutral background density and ioniza-
tion cross sections as in the Appendix, we write:

dn, n,
" =——+n,n,0,v+n,n,o,v
T, (1)
dn
—L =—n,n,6,v—n,,n,0c,v+—=+—4
dt T, T

e eH (I 2)

Equation 12 assumes that each electron striking the wall
produces one wall neutral. In the Appendix, a study of
the density produced by RF ionization of a prefill gas
establishes that after a transient in which relatively
weakly bound surface material is bombarded from the
wall, a one-to-one ratio of electrons striking the wall and
neutrals coming off it is needed to explain the fact that
the electron density is observed to reach a steady-state
value. Taking specific values for the various parameters,
Te= 0.5 MS, 6,7 = 3.33 X 108 cm3/s, neH = § X 108 cm3, 6,V
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= 0.1 x 108 cm3/s (0,7 < 0,7V because the energy of the
hot electrons is so large compared with the ionization
threshold energy of H,),” Ty= § x 107 s, we can integrate
Equations 11-12 numerically, for several values of plasma
prefill. Table 2 gives the density at 4.5 ms after the elec-
tron guns are fired, both from the experiment and from
the theory. Figures 13 and 14 give the time variation of
density for two values of prefill. The results are in rea-
sonable agreement with experiment.

Clearly, better agreement could be obtained by adding
more physics to the model. For example, higher density
would give lower background plasma energy, and there-
fore longer confinement times. This would have the ef-
fect of increasing the electron production rate, which
would be in the direction of making theory and experi-
ment in Figure 13 come into closer agreement. Also,
changing the initial values of hot electron density, neu-
tral gas density, and hot electron ionization cross section
would allow fine tuning of the results. However, the fact
that even the simplest model that contains the essential
physics gives qualitative agreement between theory and
experiment encourages us to believe that we understand
the physics behind the experimental results on density
versus time, both as to the timing of the rapid rise and
as to the actual density increase.

Last, the results in this section coupled to the discussion
in Section I'V.B.1, which connects the decrease of plasma
potential with an increasing background plasma density
make the later time behavior shown in Figure § reason-
able, namely that the density increases and the potential
crashes.

0.06

0.05

0.04 |-
My =3 X 10’ cm?®

0.03 -

Experiment

0.02

0.01

Electron Density (10" cm™)

1 2 3 4 5
Time (ms)

Figure 13 — Calculated plasma density for
plasma pre-fill = 3 x 107 cm-2

3. Potential versus injected
electron parameters

When the current from the electron guns is increased,
the initial potential should not be expected to change,

I0

since when the potential reaches the value of the gun
energy, the virtual cathode formed by the already in-
jected electrons shuts off the gun current, maintaining
€ Omax = Egun.. Figure 8b shows that at 2.5 ms, the density

in the two-gun run begins to rapidly increase, greatly
exceeding the density in the one-gun run. The fact that
before 2.5 ms the probe signal indicates a difference in
density without a difference in potential is not particu-
larly surprising, since the radial profile of the potential
can be somewhat different in the two cases, where the
density is still primarily hot electrons. The drastic
change when 7.4 >> 750t etectron. 1S @ much stronger indica-
tor of the effect of the background.

0.08
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Figure 14 — Calculated plasma density for
plasma prefill = 1.1 x 108 cm-3

The runs shown in Figure 9 are complicated by the fact
that both the energy of the injected electrons and the
current change. Nonetheless, the results are still easy to
understand on the basis of the models described above.
First, the initial potential follows. the gun energy, as ex-
pected. Second, at about 3.5 ms, the higher current run
produces a much denser background plasma, as sug-
gested by Equations 11-12. At the same time, the poten-
tial produced by the higher-energy electron gun drops
below that of the lower-energy case. Based on the analy-
sis discussed in Section I'V.B.2, the higher current pro-
duces a higher background density than does the lower
current, and it does it faster. Thus, since we have also
determined that higher-density produces lower poten-
tial, the drop of the potential in the 10 kV gun case rela-
tive to the § kV gun case is expected.

4. Radial variation of the potential

‘With no background plasma, the potential builds up to
the gun energy; this potential prevents further buildup
of unneutralized electrons, thus clamping the unneutral-
ized electron density. After the background plasma has
forced the potential to drop below the gun energy (due
to energy conservation, as discussed above), the number
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of unneutralized electrons is instead determined by a
balance between the injected current and cusp losses.
Thereafter, the hot electron density depends on the
background plasma density, only to the extent that the
background might change the hot electron energy
somewhat, and therefore its cusp loss rate. The fact that
the number of hot electrons does not change much with
background plasma density, while the potential changes
a lot, creates an apparent problem with Poisson’s equa-
tion, since V2@ is proportional to the unneutralized den-
sity. The resolution to this apparent conundrum is that
as the density increases, the potential will be confined to
an increasingly small sheath near the periphery, with the
same excess charge producing a smaller potential.

The data shown in Figure 10a and 1ob confirms this
trend. The lower-density run, Figure 10a, has a potential
that increases fairly smoothly with radius. The higher-
density run, Figure 1ob, has a potential that is quite flat
until the sharp rise at about 65 cm. This trend is ex-
pected from the model.

5. Energy distributions

The model proposed in Section I'V.B.2 predicts that the
background plasma will force a decrease in the potential
to a value below the gun energy, and that the energy of
the background will be comparable to this potential.
The hot electron population will maintain an energy
somewhat less than its injection energy, because of en-
ergy conservation. Figure 11 clearly shows this trend,
starting at times well below a ms, but becoming most
apparent at the times that correspond to the rise in the
background plasma density, a few ms.

V. Discussion

After extensive comparison of experimental results and
theoretical analysis, we have developed a detailed de-
scription of the interaction between a hot electron gas
and a plasma or vacuum background; this description
has led us to an understanding of the properties of the
electrostatic potential that is formed and maintained by
the hot electron gas. We find that a model that describes
the observations must include ionization of the back-
ground neutral gas, energy transfer between the hot
electrons and cold plasma via the electrostatic potential,
and wall recycling from bombardment by plasma lost
through the magnetic cusps.

This model is detailed in the text of this paper, but in
summary describes the experiment as follows.

(@ Electrons are injected at high energy and
promptly (<1 ps) form a potential well compara-
ble to their energy, e ¢~Egin..

II

(i) This well also accelerates any background
plasma, which, by energy conservation, reduces
the depth of the well, € 9~Egun. (pot ctectron.!

Mobackground®, Where 0L is a constant somewhat
smaller than 1.

(ii) This inverse relation between e @ and 7 suckground
continues to hold as 7.4 increases; 7.5 increases
with time because of ionization of the initial
neutral background gas by impact with hot
electrons and the RF fields they produce, and
because of ionization of an increasingly dense
neutral background gas, which comes from the
walls of the device due to bombardment of the
wall by plasma escaping through the throats of
the magnetic cusps.

This model explains why the potential shows an imme-
diate decrease from e ¢=E, to e §<E, (the initial or
promptly formed not very dense plasma shares energy
with the injected electrons), why e ¢ then monotonically

decreases with time (plasma density buildup from ioniz-
ing the background) and why at later time e ¢ decreases
sharply to almost zero (very dense background plasma,
because wall material has reached the center and been
ionized). It also explains why higher current soon led to
lower potentials (the higher current produced a higher
background plasma density) and why higher energy e -
guns, while initially giving higher e ¢, later gave lower

e ¢ (the higher-energy gun had a correspondingly higher

current, which gave a faster buildup of background
plasma density, leading to lower e §).

One important result of this analysis is that the decrease
of the plasma potential with time does not arise from
some magical theorem that “nature abhors a non-neutral
system,” but rather plasma buildup from direct interac-
tion with the wall. The cure follows from the analyses:
wall conditioning must clearly be an important compo-
nent of future experimental planning, particularly if long
time operation is a consideration, where it will be neces-
sary to bum out the neutral background, removing this
energy sink from the device.

Future experiments on the Polywell fusion scheme
should insist on higher-current sources for energetic
electrons, and on isolating the wall from the plasma.
Nevertheless, it is encouraging that the production and
maintenance of a potential well in the present system
showed that classical processes guide the characteristics
of the system in the parameter ranges we have been able
to explore, and that potential well formation and main-
tenance is not likely to be an anomalous element of this
fusion approach.
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Appendix: Formation and
Confinement of a Background Plasma
from a Prefill Gas Puff

The model presented in Section I'V.B for the creation
and time history of the potential produced by injecting
electrons into a background gas included cold electrons,
hot electrons, prefill gas, and interaction with the wall
of the experimental chamber. To help validate some
elements of this model, especially the elements involv-
ing the wall and the loss rate of the cold plasma, we per-
formed a detailed study of the background plasma re-
sulting from a gas puff ionized by the RF wave source
described in Section III.

1. Experimental results

‘When the HEPS device is prefilled with a gas puff, the
RF is turned on, and the plasma density is measured as a
function of time, the results follow a very distinct and
reproducible pattern, as shown in Figures 15-17.
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Figure 15 — Typical experimental result for electron density
versus time with RF ionization of a prefill background, and
no hot electrons.
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The general behavior is that the plasma density, as
measured by microwave interferometry, is observed to
increase sharply with time to a peak density of order 7 x
10 cm3, as shown in Figure 15. Some features of this
behavior are as follows.

(® The peak plasma density is only weakly depend-
ent on the neutral prefill density.

(i) The time at which the peak plasma density is
reached is a very strong function of the neutral
prefill density; as shown in Figure 16.

(iii)After the microwaves are turned off, the plasma
decays with a profile 7.(z) that is not exponen-
tial, () # n.(0)e /™5, as shown in Figure 17.

(iv)The rise of density with time takes place on a
time scale Tg that is much shorter than the delay
time Tp at which the density rise is observed,
implying that this is not exponential growth
from a pre-fill breakdown, n # n_,(0)e t/Mereakdown.,

1000
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F
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Figure 16 — Time delay for the density rise shown
in Figure 19 versus fill density
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2. Model

Consider a system in which a cold, neutral gas fills a
chamber with density 7,, with a cusp magnetic field
penetrating the chamber. We imagine the system to be
controlled by the following behavior.

10
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Figure 17 — Decay of electron density after the RF is
turned off

(1  RF fields accelerate the free electrons in the
system to some mean energy E,, greater than
the neutral gas temperature.

(i)  Some of these electrons are lost through the
cusp field, at a rate 7. of order 107 s.

(iii)  Some of these electrons collide with, and ion-
ize, the background gas.

(iv)  Electrons that leave the system are relatively
localized at the cusp holes, where they strike
the wall of the chamber, producing wall neu-
trals that fill the system. The time scale for a
cold neutral to cross the chamber is short,
<0.1 X103 s, for 1 €V neutrals.

(v)  There is a finite amount of relatively weakly
bound surface wall material at the electron
loss sites, which is eventually exhausted by
plasma bombardment of the wall.

(vi) After the surface material is cleaned off, a
slower steady flux of wall neutrals is produced
by plasma bombardment of the wall.

(vii) When the loose wall debris is exhausted, an
increasingly large fraction of the neutrals in
the chamber become ionized, so that the neu-
tral density decreases until electron produc-
tion no longer exceeds electron loss, and the
growth of plasma density stops.

3

(viii) The electron density may then change only
slowly; if the slow rate of neutral influx bal-
ances the rate of electron loss.

(ix)  When the RF is turned off, warm electrons
continue to ionize the (constant density) neu-
tral background, but the electrons they pro-
duce stay cold, and do not avalanche.

(x)  Thereafter, plasma density decays at a rate
that changes in time as the energy of the
trapped plasma decreases, with the fast elec-
trons being lost first, followed by the cold
electrons, which cool to a fraction of an eV
due to the energy-selective loss process.

This description can be quantified, writing:

dn n
—+=——"+nn,0v
a7t %)
dn, dn,
—_— = —l’lpl’lo ov+—
dt dt wall material( AZ)
(4npt / T)nwall, max n_pt

n(), wall material =

wall, max + 4npt / T T

(A3)

Equation A1 describes the formation of plasma by colli-
sional ionization of the neutrals, 77,07, and the loss of
the plasma at a rate 1/t determined from cusp confine-
ment theory!e Equation A2 describes the depletion of
neutrals due to ionization, where at £. =0, 7, = 741 as
well as an increase in neutral density due to neutrals
streaming in from the wall of the chamber. Equation A3
describes the production of neutrals by collision of
warm plasma with the wall, first rapidly, until the bulk of
the loose wall debris, = R3%y max has been knocked off
by plasma bombardment, and then more slowly, giving
steady-state production. Equation A3 assumes that one
electron striking the wall produces five neutrals until the
surface has been “cleaned” by the bombardment, after
which one electron produces one neutral. The five-to-
one ratio at early time is not essential to the analysis
(three- or four-to-one would have been just as good).
However, the one-to-one ratio at later time is required
to explain the steady-state density observed at late time!
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Figure 18 — Theoretical results for ne(1), varying niir

We solve Equations A1-A3 numerically, using the model
described. We take T=1 ms, Ov=3.3 x 108 cm3 s and
Momwalimax = 7 X 10™° cm3. The value of #wamax is the pri-
mary free parameter in the problem; 0-v and 7 are rea-
sonable order of magnitude estimates (actually 0vt and
ny are the dominant parameters). Taking arbitrarily an
electron density at t=0 of 103 cm3, and a prefill density
varying between 3.3-7.9 X 10 cm3, we obtain the results
shown in Figure 18 for the density rise as a function of
time. Varying 7.4y gives a time of density rise shown by
the line in Figure 19, labeled T. =1 ms.
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Figure 19 — Theoretical results for the time delay, with two
electron confinement models. The experimental results are
shown for comparison.

When the RF is turned off, the electron population has
two components. First, there is a warm component, left
over from the RF phase. It decays according to Ar, but
with 0=0, since now that the RF is turned off, collisions
that ionize the background no longer produce warm
electrons (when the RF was on, ionization produced
warm electrons in a two-step process: the ionization
itself produced cool electrons, but the RF ramped them

14

up to a warm equilibrium temperature). The second
component of the electron population consists of cold
electrons produced when the warm electrons ionize the
background; these cold electrons are lost by the usual
escape mechanisms, i.e.,

dn

C

nC
=———+n,0vn,
dt T.(1) (As)
The loss rate T, increases with time because the energy
decreases with time, both because there is less energy
exchange with the warm component as 7., — o and be-
cause cusp loss loses energetic particles faster than slow
ones. Theoretically, the cusp loss time T, varies as 1/E%,
where d<1. We have taken 1. (t=0) = 1.4 ms, somewhat
larger than the decay time of the warm component, in-
creasing to ~4 x (1.4) ms as 7. >> n.y. This gives the re-
sults shown in Figure 20.
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Figure 20 — Theoretical results for electron decay after RF
shutoff. This compares well with experiment

To test the uniqueness of the model, we changed some
of the assumptions on which it is based. First, we as-
sumed that there is no wall material. The results are
shown in Table 3. The result without wall neutrals shows
a strong variation of 7. with 74y in contrast with both
the theory and the experiment, with the time behavior
not much changed. If we assume that the fill density is
depleted somewhat more slowly than #7.,6v due to con-
tinued influx of residual neutral fill gas, similar results
are obtained, with 7. strongly dependent on ns(0). If
we remove the wall saturation effect, setting #_fwaimax—+,
the electron density either increases or decreases mono-
tonically with time, depending on whether or not
Anowanldts > oo Ite. I dnoowanldt. = n.. /7., a steady state is
reached, with results shown in the last columns of Table
3. Again, the time behavior is not drastically changed,
but the various plasma density reached is a strong func-
tion of n.gz.

Physics of Plasma 2 (1), January 1995



Table 3 — nemax and (delay time)
versus nsy for variations on the theory

3.3 X 101° 7.2 X 10%° (106) I.4 x 108 (120) 3x 109 200)
4.0 X 101 7.8 x 10%° (41) 1.4 X 109 50) —

4.5 X 101© 8.3 x 101° 30) 2.8 x10934) 1.4 X 101 (40)
5.6 X 101° 9.3 x 101 (19) 7.2 X 109 21) 2.6 x 10%° (24)
6.7 X 101° 10 X 10%° 13.7) 1.3 X 10%° (15) 3.6 x 10%° 18)
7.0 X 10%© 11 X 10%° 12.7) 1.4 X 10% (14) —

7.9 X 101° 11 X 10%° 10.8) 2x 10%° 11.8) 4.8 x 101 (14)

In order to make di. /dt. = o after reaching 7.4, We
t00k dnowanldt. = n_y/T at late time. If this condition is
relaxed, the electron density behavior is much as before,
except that after reaching a peak, the plasma decays, as
shown in Figure 21. This emphasizes that the wall model
is the essential feature in reproducing the experimental
results.
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Figure 21 — Theory of ne(f) when the late influx of wall gas
is omitted from the model

‘We conclude that the general behavior found in the
HEPS experimental data for the density and time his-
tory of plasma produced by RF breakdown of a prefill
gas can be explained by a model which includes cusp
confinement of electrons and an influx of wall material
produced by plasma bombardment, assuming an initially
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dirty wall. We have found no other model that ade-
quately describes the experiment.
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