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Technical Progress Report

A. Introduction

In our proposal of 1976, we had indicated three areas
of work on this contract.

1. A low energy (1-10 kV) experiment to demonstrate

focussing and to clarify the physics of bunching.

2. An experiment at high energy (100-500 kV) to

scale our prior results.

3. A theoretical effort to formulate a self-consistent

transient analysis of the virtual cathode - plasma

interaction.
At the time of the writing of that proposal, the Nereus electron
beam accelerator had just arrived. As we suspected, the high
energy experiment with the Nereus was a "new world" to us, and some
time was spent in becoming acquaintéd with that world. Although
we are now operating regularly in that environment, it did necessitate
emphasizing the high energy experiment at the expense of the low
energy one. Consequently, the following summarizes the progress

made on the last two items.

B. High Energy Experiment

Our initial experiments with the Nereus Accelerator were
designed to demonstrate a number of items. More to the point, the
experiments were designed to answer some pressing questions
as to whether this concept was adaptable to voltages and power levels

envisioned for pellet fusion.
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Recall that our proposed scheme calls for the efficient
transfer of energy from the injected electron beam to the plasma
ions, and these ions are to be focussed on to a small target
and "bunched'" in their arrival at the target. However, there are
some non-trivial questions to be answered; a partial listing is
given below.

(a) Will the high voltage diode tolerate the presence

of a pre-formed low density plasma?

(b) Does the injection of the electron beam into the

plasma generate a host of beam—plasma.instabilities?

(c) Can one form the target plasma in a convenient

manner?

(d) Can one extract ions from this pre-formed plasma?

A negative answer to any of these questions would place a considerable

damper on this scheme for ion-pellet fusion.

To answer these questions, we modified the front-end of
the Nereus in the manner shown in Fig. PR-1. The water-line is
charged positive so that a positive pulse drives the screen anode
above ground. This is an important difference between our experi-
ments and the usual e-beam operation with the cathode being pulsed
negative.

With the cathode being pulsed negative, everything else
becomes an anode and collects electrons - thereby reducing the
electronic space charge available to accelerate the ions. If the
anode is pulsed positive, only the screen collects electrons and

the lifetime of the electrons is enhanced.




\
‘ PR-3
e
i |
—] { ] ;
|
CURRENT KONITOR | |
-
Smil. M'CRO-ETCH
_—SCREEN 60%
| OPEN
PROBE
R s
PLASHA DENSITY i }.___
MNg=Ni=10'“cm."3
L fin e & s
+ PULSE FROM g* (ke 301)
NEREUS ' n*
A
3 1
— =— A-K GAP:O.2"
| t |
1 : e :
1 wont )
: | 5
3 20 i g‘n’“ MICROVAVE
; - = DIAGHOSTICS
‘ .

Fig. PR-1. Modification of the Nereus.




PR-4

The pre-formed plasma was formed by running a low pressure
discharge between the grounded aluminum shell and another electrode
located on top of the machine. Thus the interior of the aluminum
can was the negative glow region of a hollow cathode discharge.

One of the pleasant surprises of this research was the ease by
which we could produce a well-behaved target plasma for the electron

beamn.

This discharge could be run either D-C (for plasma

] cm_3) or pulsed with a high current

12

denBities in Pangetifi-10"
(100-400 amp) for the higher densities (1011—10 cm) for pressures
greater than 10 microns. In the latter case, one can always choose
a lower density by firing~the Nereus pulse at a selected time in the
afterglow.

2 This method of producing the target plasma is quite simple
and convenient and appears to be scalable to the larger volumes
envisioned for pellet fusion. Indeed everything seemed to be in
its favor to work even better there.

Since it is the negative glow region of a discharge, it is
an electron beam produced plasma with the low energy electron beam
coming from ground walls of the container and accelerated by the
cathode fall potential (1-3 kV). Thus the majority of the plasma is
field-free and not prone to the host of discharge instabilities.

Based upon present knowledge of the hollow cathode discharge, this

technique should be scalable to larger volumes at even lower pressures.
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Another pleasant surprise was that fact that not only did
the high voltage A-k gap tolerate the presence of the pre-formed
plasma, it seemed to prefer it. We were leary of the possibiiity
of the pre-formed plasma initiating diode closure. As shown in
Fig. PR-2, the cathode current in a typical pulse is slightly
higher (than with no plasma) but far from short-circuit value of
v 70 k Amp.

In retrospect, one can explain this preference for the
presence of the low density plasma in the following way. For opera-
tion in a vacuum, one depends upon the formation of a cathode plasma
to supply the electrons for the diode. Thus the presence of a prior
plasma tends to maké the cathode plasma form earlier and more
uniformly.

As shown in Fig. PR-1, we also had the capability of
measuring the microwave emission from the beam - plasma system
at the wavelengths indicates. Figure PR-3 shows a typical micro-
wave emission during the Nereus pulse. The significance to be
attributed to this figure is in the minute amount of power radiated
considering that nearly a 100 megawatts of power was being switched.
The conclusion to be drawn here is that the beam - plasma interaction
is not violently unstable.

Our greatest source of difficulty during the past year
lies with item (d) - could we extract ions from a pre-formed plasma
with energies comparable to the applied voltage. Even though dif-

ficulties have been encountered, there are problems with the diagnostics

rather than that of the physics.
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Figures PR-4 and PR-5 illustrate some of the successes
in answering item (d). Figure 4 shows the display of two probes
located 10 cm apart downstream from the anode. The initial pulse
is the marker pulse to indicate the time at which the anode is
pulsed, and the sharp breaks (positive) indicate the arrival of
the accelerated ions. By measuring the difference in time-of-
flight one can infer the energy of the ioms and extrapolate back-
wards to infer the time (or position) when they were accelerated.

However, it should be noted that these were detected

s ;
with a low density (= A= 109 cm ) background plasma, which necessarily

1imits the ion current to a small value of ~ 1-2 A/cm g

As we attempted to use a higher value of initial plasma
density (and thereby increase the ion current density), the pre-—
formed plasma tended to short-circuit our probes and render the
subsequent ion pulse meaningless.

It must be emphasized that this difficulty is one of
electronic circuitry - not of the physics of the ion acceleration.
It can and will be cured by the simple expedient of pulsing the
probes from a low impedance source.

To summarize the progress made so far this year, we
have allayed many of the nagging practical questions about this
scheme of ion pellet fusion, and at the same time we have become
acquainted with the techniques of high power pulsed technology.
Based upon these results, wé hope to address the more interesting

problems of focussing and bunching of the ions.
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C. Self-Consistent Transisent Analysis of the Beam-Plasma Interaction

In all of the analyses used to date to predict bunching,
the potential well was assumed to exist without regard to reaction
of the plasma to the injection of the electron beam. Clearly this
was a serious defect in the analysis and we have spent considerable
effort in correcting this deficiency.

The situation is depicted in Fig. PR-6 where we consider
an electron beam injected into a sector of a sphere filled with a
pre-formed plasma. It takes little imagination to consider two
limiting cases of a low plasma density and a high plasma density.
If the plasma density is low, a virtual cathode will form at some
radius - roughly that of the anode minus the exterior A-k gap dis-
tance. Since the initial ion density is low, little energy is
focussed onto the target. At the other extreme of the plasma
density high, the injected beam density would be a small perturba-
tion on the background plasma density. Hence, the injected beam
would propagate through the diameter of the sphere and the outward
motion of the plasma electrons would compensate for the injected
charge. Even though there are many ions, they would gain little
kinetic energy from the (almost) non-existent space charge well,
and little energy would be deposited on the target (located at the
center).

Somewhere in between these two extremes lies the optimum
case. Due to the natural convergent properties of the injected
electron beam, its density can exceed the background plasma

density at some point ro. At radii larger than ro, the beam density

is smaller and the motion of the plasma electrons would tend to
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shield the bulk of the plasma from any appreciable fields.
Consequently, one would form a virtual A-k gap on the interior as
shown in Fig. PR-7, where we have also allowed for the possibility
of a finite rise-time.

Once this virtual gap is formed, it sweeps out the ions
in the region ro to r, + D accelerating them towards the center.
In doing so, the virtual gap moves towards the real anode. Since
the virtual gap is moving, the ions crossing it do not gain the
full energy associated with the potential well - rather their

velocity after passing the virtual cathode is given by:
v, S~ v F Ve =i (1)

where ¥ = velocity of the A-k gap toward the real anode.

2e Va(t)

e ADIE IR
Obviously, if the plasma density is comparatively large, the virtual
gap barely moves; if the plasma density is small, the accelerating SQP
moves quickly towards the real anode. (This effect was seen in our
low energy experiment - indeed the experiment was the inspiration
for this theory). |

Let us now ask the question fundamental to bunching:
Can we choose the plasma density to control the motion of the virtual
A-k gap to insure that all of the accelerated ions reach the target
at r = o at the same time?

The answer is yes!
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Furthermore, one can make the system tolerant of a
finite rise-time.

Rather than give all of the mathematical details, let
us summarize the major results; the details will be contained in
a publication being prepared. If one assumes an infinitely fast-
rise anode pulse and neglects the time for the ion to cross the
virtual gap, then the equation for the motion of the gap to yield

perfect bunching is given by:

uT r
xlt) o S Vel B T (R R
: {6t = ) TE=y = e (1 ()
1f one does not neglect the transit time of the ion across the
virtual gap, then one must resort to the computer, but the answer
is nearly the same. The main difference is that "perfect bunching"

is no longer achieved. Furthermore, one can also tolerate a finite

rise-time of the injected beam current of the form:

Eyin 1t
I(t)=Ia(1—exp—T)-Ia(1 exp - = =) (3)
P
where a = f- : ratio of rise-time to the pump time.

Figure PR-8 shows that a pzactical finite rise-time could give a
greater power magnification ratio (Tp/At) than an infinitely fast
current pulse. Here we plot the power magnification ratio, Tp/At,
as a function of the ratio of the current rise-time to the pump
time, for the case where the initial virtual gap starts at 075

of the anode radius. The various curves are for different percent-

ages of the total energy carried by the ions. For instance, e
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the normalized rise-time were 0.1, then 707 of the total energy
carried by the ion arrives with 1/560 of the pump duration.

This theory has progressed to the point where it is in

the stage of being prepared for publication.
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Fig. PR-8. Power magnification as a function of the
ratio of rise-time to pump time.




