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THE TRIAX PINCH DEVICE
by

O. A, Anderson, W. R. Baker, J. Ise, Jr.,
W. B. Kunkel, R. V. Pyle, and J. M. Stone

Radiation Laboratory
University of California
Berkeley, California

The Triax device is a discharge tube in which a plasma
carrying a current is pinched into the form of a cylinder be-
tween two concentric copper cylinders, each ¢of which carries
part of the return current. Such a geometry has attractive
features from the standpoint of stability. An extensive
study of the Triax discharge has been carried out in which
obgervations with magnetic probes, spectrographs, and
efficient neutron detectors have been combined with meas-
urements of current and voltage to give much information
on the behavior of the plasma. It ia clearly established
that a well-pinched sheet plasma is formed. Neutrons,
which have been cbserved in numbers up to 2 X 105 per
pulse, emerge in a short burst that coincides in time with
the sudden appearance of strong light from impurities and
also coincides with a peculiar bump in a plot of the voltage
acrops the tube. The nature of the neutron production has
not yet been established, and although certain arguments
are presented that make it not inconceivable that it is ther-
monuclear, a search for a nonthermonuclear origin is con-
tinuing.! So far, no nonthermonuclear mechanism has been
found. The importance of a suitable auxiliary starting die-
charge in forming neutron-producing pinches with very high
currents is brought out. Advances in the art of switching
large currents are described.
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1. INTRODUCTION

Theoretical congiderations indicate that a flat plasma sheet of
infinite extent should be stable both with respect tc disturbances trans-
verse to the current (torcidal), and with respect to longitudinal digtor-
tions (breakup into filaments) (poloidal). Consequently, two types of
edgeless sheetlike discharges are being studied at Berkeley. The first
of these consists of a cylindrical plasma sleeve contained between two
coaxial conducting cylindere as shown in Fig. 1. The basic features
of this arrangement have already been described at an earlier confer-
ence, ! and the relative stability of the pinched discharge was amply
demonstrated at that timme. A theoretical analysis of the atability of
the cylindrical sheet plasma® proved the existence of a "sausage mode"
instability which is, however, expected to grow very slowly because
of the large circumference. The other pinch device employs a disk-
shaped discharge with radial current guided between flat metal platea
as indicated in Fig. 2. It will be noted that this configuration is iden-
tical with the one used in the homopolar machinel: 2 if the external
magnetic fleld is omitted from the latter. A significant feature of these
configurations is the absence of a plasma edge; i.e. there are no re-
glons of sharply curved magnetic field lines anywhere in these dis-
charges. The importance of this fact for the stability is not yet fully
‘investigated. A rectangular flat pinch tube has been constructed, how-
ever, -and the behavior of a flat plasma sheet of {inite extent will be
studied in the very near future. At present, the original Triax has
had considerably more attention than the disk without magnetic field,
so that this report deals almost exclusively with thiz cylindrical geom-
etry.

- An obviocus drawback of the sheetlike plasma is the poor compres-
sion ratio that is obtainable by pinching without excessive currents.
The benefit of strong compression is, however, also abandoned in all
work utilizing stabilized ordinary pinches. Besides, this disadvantage
is more than outweighed by the principal merit of the Triax pinch--
i.e., some stability without the use of a stabilizing magnetic field. It
has been theoretically shown? and experimentally verified (as mentioned
later on in this report) that the heat transfer to the electrodes in the
Triax pinch is negligible because the magnetic field ie everywhere par-
allel to the electrode eurfaces and quite strong except for a very narrow
region along 2 central surface in the plasma. This shews linear Triax
tubes with metal electrodes, which are very simple in construction, to
be exceedingly interesting as hot-plasma-producing devices, even if
their dimensions are very modest.

‘Lloyd 8Smith, UCRL, private communication.
1'A. N. Kaufman (UCRL Livermore), private communication.
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II. PRINCIPAL EQUIPMENT AND TECHNIQUES

Originally, the tubes used were more than 1 meter long. Since
it was found that shortening the distance between the electrodes had no
effect on the discharge except for the obvious decrease in load inductance
and reduction of the total volume to be heated, all the recent tests have
been performed with 50-cm tubes. Even shorter onee may be used in
the future. The diameter of the outer return conductor so far has always
been about 10 cm. This size is determined entirely by the available
quartz tubing, which is being used both as insulator and as vacuum
jacket. Plans for larger sizes are already in existence. The inner
return conductor usually has been about 5 cm in diameter, although
recently several very significant tests have been performed with 2, 5~
and even with 1. 25-cm-diameter inner cores. In the earlier work,
which was carried out at only modest power levels, Pyrex insulators
were used instead of quarte. For the future, tests with some other
materials, such as pure alumina, are being contemplated. One tube
has been constructed in which the metal walls rather than the insulator
serve as the vacuum shell and all seals are made at one end so that
the other end is completely freec from gaskets., This tube has not been
used yet, but it will serve for special diagnostic purposes because the
end that is devoid of gaskets is easily removable and interchangeable.
Finally, one tube with exposed metal walls is under construction. The
advantage of such a design (if it proves possible to establish a triaxial
discharge in it at all--for instance, by means of a rail discharge) will
be made clear later on. -

The power gources at present consiast exclusively of condensger
banks of various sizes made up of l-uf 25-kv capacitors which, as it
turned out, could be charged to 30 kv, thus yielding peak currente of
30,000 amperes per condenser almost indefinitely without failing. In
most of the so-called "low energy" work assemblies of 45 or 50 uf have
been used, whereas for high power levels a bank of 100 uf is available.
For other purposes, such as starting current and switch triggering,
smaller groups ranging from 4 to 24 capacitors have been prepared.

In the past the switching has been accomplished mostly by means
of gingle, large preionized spark gaps filled with air, which are fired
either simply by a sudden release of pressure or which, if programmed
multiple switching is desired, are triggered by a shock wave from an
auxiliary small opark gap incorporated in the switch assembly. Re-
cently 2 low-pressure high-level switch has been developed and the
use of multiple small-sized three-electrode gaps is under study. Be-
cause the switching problem is of considerable importance much time
is spent in Berkeley on the development of this auxiliary equipment.
8Since some of the desaign detaile and our general experience may be
of some interest to others, a more complete description and discussion
ie included in a separate appendix.

For all connections and leads from the power supplies to the
switches and to the discharge tubes RG 8U or RG 9U cables are being

-5 .
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used. When low inductance is important these are as short as possible
and large numbers, usually one or more for each capacitor, are placed
in parallel.

The gaa, which is usually 99.7% pure deuterium, is always kept
flowing through the systems to avoid accumulation of volatile impurities.
The mechanical pumps uaed (Kinney) are isolated from the tubes by
reirigerated baffles. The pressures, which are adjuoted by needle
valves in the inlet, are usually read on Alphatrons or Pirani-type gauges
(Autovac), which are calibrated against 2 Mcl.eod gage or a direct-
reading absolute manometer (filled with Octoil-8). When desired the
pressure is directly determined by a manometer reading. The pres-~
sures used so far have ranged from 50 to about 1000 microns.

III. DIAGNCOSTIC EQUIPMENT AND TECHNIQUES

A. 'General

Both the voltage across the tube aand the total current through the
tube are always recorded in a conventional way (12, 000:50-Q voltage
divider and a flux loop in one of the connecting cables, respectively).

The signals are displayed by Tektronix 517A oscilloscopes and photo-
graphed by means of L.and camera attachments. This information offers
a conotant check on the performance of the equipment and permits some
inferences concerning the behavior of the discharges. For more detailed
information special diagnostic instrumentation has been added.

B. Spectroscopy

Spectroecopic observations without time resolution were made
with a 3. 4-meter grating spectrograph having a dispersion of 5A/mm
and yielding primarily the identity of impurities in the discharge. Ob-
gservations with time resolution were made with a half-meter grating
monochromator having a dispersion of 15A/mm and equipped with a
type 6292 photomultiplier at the exit slit. The photomulitiplier signal
was fed directly to the input of a Tektronix 5i7A oscilloscope through
a 50-chm cable and gave 1 cm deflection per ma anode current. The
voltage on the photomultiplier was set to give a few per cent noise as
precaution against space-charge limitation. Awmplitude of 'scope trace
was adjusted by varying the amount of light entering the monochromator.
Observations included time of appearance of impurity and deuterium
lines, and profiles of deuterium lines broadened by Stark effect. The
profiles were obtained by firing successive shots at different eettings
of the monochromator. Under certain conditions of operation the re-
producibility from shot to shot was sufficiently good to yield very satis-
factory profiles.

The line of sight into the discharge was in all cases perpendicular

to the axis of the Triax tube through a hole of a few mm diameter in
the outer copper tube. The hole was located midway between the electrodes

-6 -
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except in a photographic study of impurities originating from the elec-
trodes themselves, in which case holes were provided near the elec-
trodes.

C. Magnetic Probes

In an attempt to verify the notions developed concerning the
structure of the pinch, the magnetic field distribution inside the dis-
charge tube was determined by means of the now conventional probe
technique. 3 The coil used for the measurements reported here con-
sisted of six turns of No. 42 formvar-insulated copper wire wound on
a rectangular core of epon 0. 13 mm wide and 2.5 mm high. Two such
coils were placed side by side inside a sealed 2-mm o0.d., l-mm i.4d.
quartz capillary tube, and their well-twisted leads were shielded by
hypodermic tubing. The purpose of the double coil arrangement was’
an attempt at a direct measurement of the fleld gradient in a single
observation. The attenuation of the field gradient inside the quartz
sleeve rendered this type of observation unsatisfactory, however, so
that actually only a single coil was used.

For convenience of assembly the probe was introduced through
the grounded electrode (rather than through the side wall). In order to
reach a region nearly half-way between the electrodes the quartz tubing
had to be about 25 cm long. This orientation of the probe stem, offer-
ing a maximum contact surface with the plasma (and actually represent-
ing also a maximum disturbance in the discharge) was naturally at first
a cause of considerable concern. Just as in the previous investigations
there was no evidence, however, that the discharge wae affected in a
detectable way even under these unfavorable conditions. For instance,
the change in probe signal produced when a dummy probe of identical
dimenaions was inserted and brought close to the sensing probe was
hardly noticeable. The all-over voltage and current signals remained
entirely unaffected. The radial positioning of the coil was accomplighed
by a micrometer control swinging the probe about a pivot embedded
inside the grounded electrode. The orzientation of the coil axis was
adjusted visually to point in the azimuthal direction. This procedure
wasp considered adequate because, as pointed out above, considerations
of symmetry alone show that only azimuthal fields can be significant
while the diascharge iz well-behaved.

D.” Neutron Detection

Two liguid scintlllator tanks were built such that the Triax tube
could be almost completely enclosed by the pair. However, the initial
neutron production was sufficiently large that we cperate with one of
the tanks several yards away so that neutron bursts that are large
encugh to eaturate the near detector can be monitored satisfactorily.

Each detector contains 8 gallons of liquid scintillator and is

viewed by two 5-inch photomultiplier tubes. Signals from the last
dynodes are fed directly to Tektronix 517 oscilloscopes and provide

-7 -
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timing and pulse-sghape information. In this case the neutron-proton
recoil pulses in the scintillator produce the signal. After thermaliza-
tion the neutrons are captured in the hydrogen of the scintillator, pro-
ducing a garmmma ray that can be detected with a reasonable efficiency.
The photomultiplier anode signals are amplified and the capture pulses
counted to obtain the number of neutrons emitted. Ten per cent of the
neutrons that enter the counter are detected.

A simple collimation experiment was performed to show that the
neutron production is not at an electrode.

E. Misgcellaneous Studies

Aslde from the above-mentioned systematic studies certain in-
dividual crucial teats were performed on occasion involving some aux-
{liary equipment.

At one time an electrostatic probe was used that consisted of
0.25-mm-diameter tungeten wire protruding 5 mmm from a 2-mm o.d.
quartz capillary and introduced through a seal in the grounded electrode.
This was done in an attempt to detect a postulated electrode gheath
(which could not be found) and to estimate, if possible, the resistive
voltage drop along the center of the plasma.

Anocther method of estimating the enhanced voltage drop near the
electrodes (if any) and, simultaneously, checking on the predicted low
heat transfer to the electrodes consisted of the addition of one or more
additional floating (dummy) electrodes in the path of the discharge.
But the primary importance of this subdivieion of the discharge into
shorter sections served the purpose of demonstrating that the neutron
yield is unaffected by this interference. Quite in general it was found
that such subdivisions had surprisingly little effect on the entire be-
havior of the Triax pinch.

Finally, as a more direct test of the heat delivered per discharge
to one of the elactrodea, a fast-responding thermocouple was used
ballistically. It was conetructed by pressing a sharply pointed Con-
otantan wire against the backside of a thinned-down region of the
grounded copper electrode., The thin electrode region consisted of a
circular copper diaphragm 6 mm in diameter and 0,15 mm in thickness
mounted flush with the inslde surface of the electrode and having good
electrical and thermal contact with the rest of the structure. If the
heat input is conaidered uniformly distributed over the area of this
diaphragm and if it is short enough in duration to be considered im-
pulsive, then the resulting temperature of the backside is readily pre-
dicted as a function of time and of total energy input. Conversely,
when the temperature, e.g., at the center of this circular dlaphragm,
is measured, the amount of heat delivered to the surface is readily
calculated. The experimental difficulties resulted entirely from mask-
ing of the thermocouple readings by extraneous electrical signals.
Refinements avoiding the background signals have been considered,

-8 -
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but a crude elimination of the nonthermal (purely electrical) contribution
by simple reversal of the discharge polarity and comparison of signal
amplitudes has already shown that the electrodes do not receive (within
the limits of accuracy of these tests--perhaps a factor of 2) more than
their average share of energy if the latter is distributed uniformly over
the entire surface of the tube.

IV. THE TRIAX PINCH AT LOW TEMPERATURE

A, Introduction

When the Triax pinch tubes deacribed in Section Il were operated
with deuteriurmn without preionication, well-behaved performance was
obgerved only as long as the starting pressure was above 200 pu to 400 y,
depending on the amount of energy applied. A fairly careful study of
the discharge under these conditions was undertaken using condenser
bankse of 45 or 50 uf which ordinarily were not charged to more than
20 kv. In this work, therefore, the maximum energy available was
about 104 joules per discharge, i.e. in the gshort (50-cm) tube about
1 kev per deuteron. Of course, only a small fraction of this energy
is ever converted into thermal motion of the deutercns, so that the
energy available per particle i3 perhaps not a significant parameter.
The maximum magnetic pressure (as determined by the peak current)
divided by the initial gas pressure is probably a more important figure
of merit because it is this ratio which esgentially limits the maximum
temperature that may be contained by the pinch--or, conversely, which
determines the degree of compression of the gas at a given temperature.
In the typical cases that are being described in this section this ratio,
which we may denote bg B, was always less than 5 X 104, On the
other hand, f{or ﬂe > 109, ? e., when the initial prenssure was relatively
low and particularly when higher currents were being used, it appeared
that satisfactory results required the use of a starting current, and
some additional considerations had to be taken into account. These
cases are being deferred to the section on high-temperature work, Of
course, the rate of rise of current also affects the nature of the dis-
charge and the simple subdivision into low and high B cases is so
euitable perhape mainly because the current reaches its peak value
always in about the sarne time (2.5 pusec) independent of the size of the
storage bank. (The reason for this constant time to peak current is
the fact that the major portion of the circuit inductance is in the con-
denser itself and in the cables. Thus as long as the number of cables
is kept proportional to the number of capacitors the ''ringing' period
remains unchanged.)

B, General Observations and Their Interpretation

The general behavior and the basic explanations of the Triax pinch
have already been given in the previous report.l In order to aid the dis-
cussion a brief review is given here. In Fig. 3 typical oscillograms
of various signale obtained with a 100-cm Triax are shown. This tube
had Pyrex walls, a 2-inch-diameter inner conductor, a simple self-
firing high-pressure spark gap connecting to 45 1-uf condensers charged

-9 -
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to -20 kv, and an initial pressure of 475 u of D,. It should be pointed
out that each of these pictures consists of three superimposed traces
from three conasecutive discharges shot under identical circumstances
at about 2-minute intervals. The almost perfect reproducibility of
some of these signals is apparent. All traces were taken consecutively
ocn the same oscilloscope, the sweep of which was triggered in an
identical manner for each shot. The relative timing of the different
traces should therefore be very accurate and a direct comparison of
the various features should be possible.

The first trace (Fig. 3a) shows the signal from the voltage divider
fed directly into the oscilloscope amplifier. Ag in all pinch phenomena
the voltage fluctuations following the initial breakdown are caused by
variations in the plasma thicknesa. The small-amplitude oscillations
are due to extraneous circuit ringing and should be ignored. Ia other
words, because of the rather large and constant external inductance
in the circuit, the total current cannot change very rapidly. Hence
rapid voltage variations must be due to variations in inductance:

AV = {dL/dt). Moreover, it is clear that the time of a "pinch," i, e.,
the instant of maximum compreseion, coincides with the instant of
maximum fnductance. Or_in other words, at the time of a pinch we
have dL/dt = 0 and d2L/dt® < 0 and the voltage is decreasing (not a
maximum!). If the rebounds from the pinch are due to excess pressure
inside the plasma, the points of highest compression are also the points
of most rapid voltage drop, i.e., the points of inflection on the negative-
voltage slopes. In Fig. 3a eight such bounces are discernible. The
oscillations are smoothly damped and there is no sign of any instability.
The time to reach the first pinch agrees well with predictions based

on M-theory-type calculations. Of course such times are rather in-
sensitive to small errors in mass. But for large changes in mass the
fourth-root law can be shown to be in agreement with observations.

The value of the observed inductance and the amplitude of the voltage
fluctuations lead to the conclusion that the plasma is fairly thick.

The second signal (Fig. 3b), picked up by the flux-measuring
loop (Rogowski belt) inserted in one of the cables, does not really give
much new information. It measured dB/dt near a stationary conductor,
hence the signal is proportional to dI/dt. It will be noticed that as far
as the rapid fluctuations or bounces are concerned they seem to be
almost the exact negative or mirror image of the voltage oscillations.
And indeed a little thought shows that this actually always has to be
the case, since Ly(dl/dt) = V. « V, where Ly ie the external (fixed)
inductance and V. is the condenser voltage, which must be a smoothly
varying function of time,

The time integral of this signal (i.e., when passed through an
R-C integration) is proportional to the total discharge current. This
i# shown in Fig. 3¢, The current shows very little structure, indicat-
ing that the total inductance of the circuit {s not affected very much by
the oscillations inside the pinch tube.

-1l -
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Comparing Fig. 3b or 3c with Fig. 3a, one notes that the voltage
at the time with d1/dt = 0 is small but finite. This voltage must be
ascribed to a pure IR potential, since dL/dt is distinctly also very
small at this point. On the asgsumption that the current flows in a
channe} about 5 mm wide, a temperature can be calculated with the
help of the relationship between conductivity and temperature in a
fully ionized gas across a magnetic field as given by L. Spitzer.4 In
this particular case the temperature thus derived turned cut to be about
15 ev,

The oscillogram of Fig. 3d was obtained from a small, flat loop
wedged between the outer conductor and the outer Pyrex insulator. It
measured the rate of change of azimuthal flux immediately adjacent to
the outer return conductor; that is, this signal is proporticonal to the
rate of change of current flowing along the outer conductor provided
cylindrical symmetry is maintained. The reproducibility is probably
a good indication that symmetry exists. Comparison of signals from
different azimuthal positions confirmed the assumptions of cylindrical
symmetry. Comparison of Fig. 3d with Fig. 3b shows a considerable
difference, indicating that the current is not distributed evenly or in a
constant ratio over the two return conductors. Close inspection reveals
a second oscillation superimposed on the fluctuations discussed before,
which were due to changes in plasma thickness. These osacillations
in this instance have a smaller frequency and are interpreted as being
caused by radial oscillations of the plasma as a whole. Such oscilla-~
tion is expected because the first compression is not formed exactly
at the equilibrium position that the plasma has to assume under the
condition of both flux and pressure balance. The momentum carried
by the two plasma masses moving rapidly toward each other to form
the first pinch ie not exactly balanced, sc that some overshoot ia ex-
pected. Since the discharge is completely enclosed by a continuous
conducting copper wall there can be no net flux inside. This rigorously
enforced flux balance results in a restoring force that pushes the plasma
towards a well-defined equilibrium position. It should, moreover,
be noted that as long as these radial oscillations are not very large in
amplitude they do not affect the total rate of changs of inductance very
much and therefore do not affect the signals in Figs. 3a and 3b. (In
the first order the total inductance of a balanced Triax system is in-
dependent of variations in radial position of the intermediate conductor,
of course, because inductance balance implies a minimum in total in-
ductance.)

A very significant observation to be made on Fig. 3d concerns
the reproducibility of this signal. It is seen that the three superimposed
traces begin to deviate from one another after about 2.5 psec. These
nonreproducible, more or less random fluctuations are never observed
on the voltage signal. Therefore they must be caused either by random
variations in radial position of the plasma that do not affect the voltage
very much or, if irregular fluctuations in plasma thickness are involved,
these must be of a relatively fine-grain structure such that their effect
on the total voltage across the entire tube always averages out. The
large amplitude of the deviations occasionally found points to the former
rather than the latter.
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Observations with slow oscilloscope sweepe indicate that these
discharges at low energy and high gas density hang together for almost
one entire current cycle, i.e., they survive one current revereal with-
out too much difficulty. It is clear, of course, that some of the hot
plasma muest be hitting the glasa envelope when the current has low
values, and impurities must be boiling out of the insulator.

The interpretations given here have been checked, in part at least,
- by some fairly detailed magnetic-probe studies. These were, however,
always confined to the early portion of the discharge. As is discussed
later, there is further coafirmation from spectroscopic studies.

C. Magnetic Probe Study

The unge of a single probe in a determination of the transient mag-
netic-field distribution ae a function of position presupposes completely
reproducible discharges. The extent of the local reproducibility of the
Triax pinch is shown in Fig. 4, in which typical probe signals of three
successive shots are again superimposed on each other. It is seen
that in this case the reproducibility is adequate for about 2.5 usec,
which here happens to coincide with the time at which the total current
reaches its peak value. At higher gas densitics or lower applied volt-
ages (lower peak currents) the duration of the reliable behavior in-
creases, whereas at lower pressures or higher power levels the re-
verse ig true. The reproducibility of the early stages of the discharges
is of course affected by the starting conditione, so that the performance
of the switching device as well as the surface conditions inside the
pinch tube itself are very important for this type of probe work,

In view of the foregoing considerations, the probe studies in the
Triax to date have been restricted tb fairly low-power-level high-density
discharges. The probe signale in Fig, 4, for instance, were obtained
simultaneously with those shown in Fig. 3. The current rose to a peak
of about 6 X 102 amperes in 2.5 psec. Under such conditions the diecharge
wae sufficiently well-behaved to render possible a fairly detailed aurvey
of the magnetic field inoide the tube. Figure 5 shows several magnetic-
field distributions as a function of radial position at different times,
derived from the observed probe signals. In the case shown here, the
initial pressure was 1000 x and the tube was only 50 cm long. Other
conditions were identical to those of Figs. 3 and 4. In Fig. 6 a three-
dimensional view of the current density as a function of both radial
position and time is displayed extending over the first 1.5 usec of the
discharge. The nature of the pinch and the existence of a rather large
okin depth in the plasma are apparent from these figures.

The width of the current channel at the time of the first pinch ie
apparently 1/4 of the original thickness before breakdown. Since cur-
rent is seen to be flowing throughout the plasma rather than on thin
surface layers the particle pressure in the middle (where the magnetic
field is low) will be considerably higher than near the edges. It is ex-
pected, therefore, that the particle density in the central regicn may
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be higher, perhaps by a factor of two, than the average calculated from
the thickness of the current channel.

The oscillations in thickness are more easily seen in Fig. 7,
where the current-channel '"width" (determined by the positions of half-
maximum current-density values) is plotted against tirne. This width,
which may be considered as relatively independent of the absolute value
of the current, is closely correlated with the effective inductance in
the diecharge Comparison with the observed voltage, which is also
drawn in Fig. 7, shows good qualitative agreement with the relation
V=V;+ I(dL/dt). where dL/dt c- dW/dt. An actual numerical evalu-
ation of the inductance as a function of time is of course poesible by
integration of the observed magnetic field, but uncertainties stemming
from the finite size of the probe and from some statistical scatter of
the data make this effort hardly worth while.

It is geen that in general the evidence from the magnetic-probe

studies beautifully substantiates the notions concerning the nature of

e discharge described in the preceding section. If the estimated mean
compreesion (a factor of 6) in the center of the discharge is used for
an estimate of temperature, one finds about 4 ev at the time of the first
pinch and 15 ev at the current peak. Considering the uncertainties
and guesswork involved, the agreement with the estimate based on the
resistance may be fortuitous.

D. Spectroscopic Study

Spectroacopic observations of a low-energy Triax discharge were
made with a tube of the following dimensions: ocuter copper tube, 10.5
cm i, d,; outer insulator (Pyrex), 9.5 c¢cm i.d.; inner insulator (quartz)
5.5 cm o0.d.; inner copper tube, 4.9 cm o.d.; distance between electrodes,
109 em. The gas was deuterium at 500 + 100 microns (difficulty with
the pressure gage occasioned the large uncertainty). The condenger
bank had 50 uf and was charged to 20 kv. There was no preionization.
The voltage and current characteristics of this tube were the same
. except for minute detzils as those of the shorter tube used for probe
studies. No neutrons were detected.

S8pectrograms (without time resolution) showed a line spectrum
with no continuum. The principal impurities were silicon and oxygen
from the insulators, carbon from O rings, and copper from electrodes.
In one electrode stainless asteel screw heads were exposed and in the
other there were small brass plugs silver-soldered in place. All the
components of the steel, braszs, and solder were present in the discharge
throughout the entire length of the tube and were present to a total of about
1% in the varnishlike deposits formed on both electrodes. The remainder
of the deposits consisted of 1 or 2% silicon and the rest carbon.

A time-resolved profile of the deuterium line, Dg, \ 4860, was

obtained with a monochromator and photoelectric detector having an
instrumental width of 0.4 angstrom. Light passed through a small
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hole in the outer copper tube midway between the electrodes. At each
shot three oscilloscopes recorded tube voltage and current and light
intensity, and the monochromator was set at a new wave length after
each shot. Figure 8 shows at the top a trace of voltage against time.
This curve reproduced exactly from shot to shot. Two traces of light
intensity are shown, one taken at the center of the line, X 4860.0, and
one 50 A away from the center toward longer wave lengths, \ 4910,
Many other tracesz, not shown here, were taken over a wave-length
range extending 70 A in both directions from the center.

The voltage curve has already been discussed in Bection IV B.
In particular, the initial sharp peak in the first 0.1 psec resuits from
the breakdown of the spark gap followed by the breakdown of the gas;
the first pinch reaches a quasi-stationary conditiocn at the point of in-
flection at 0.8 psec; the second pinch at 1.5 psec, etc. The very-high-
frequency oscillations visible in the first microsecond are due to ring-
ing in the main current circuit.

‘ The general behavior of the Dg line ia as follows. Referring to
the trace of intensity at the center of the line, A 4860.0, Fig. 8, one
sees that the initial rise of intensity occurs at breakdown; at 0.25 usec;
when the trace reaches its first maximum, the profile of the line ia
about 0.5 A wide at half-maximum intensity. Thereafter the profile
broadens and the intensity at the center decreases, as shown by the
trace, but the total intensity of the line (area under the profile) increases
alightly up to 0. 6 usec, the time of the first minimum in the trace.
This behavior can be interpreted as due to shock waves converging
from the two ingulating walls. After 0.6 psec a pinch forms, and the
total light intensity and width of profile increase rapidly until both reach
maximum values at 0.8 psec, the timme of the first pinch as read from
the voltage curve. At this time of maximum broadening the wing of
the line is visible as the first maximun in the trace at A 4910, After
the first pinch the intensity and width of the line decrease and then in-
crease to maxima at the time of the second pinch, resulting in the second
peak at A 4910, The reduction of intensity between pinches does not
appear on the trace at : 4860, but begins to show at about 5 A from the
center, The data did not yield a good profile at the time of the second
pinch, but a rough estimate gives about the same broadening and about
half the total intensity attained in the first pinch. There was no evi-
dence of a broad line at the time of the third and following pinches.

The trace at A 4860 shows a long tail of low intensity extending
to more than 4 psec., In the absence of further evidence the authors
believe that this tail is due to residual neutral atoms in the uncompressed
regions outgide the pinched plasina, or to some recombination at the
wallg, The decrease in intensity at the second pinch compared with
that ai the first, and the absence of light from the third pinch, are
believed to be due to the reduction to zero of the density of neutral
atoms in the compressed region of the pinch by the time of the third
pinch. '
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Figure 9 shows the profile obtained at 0.8 psec, the time of the
first pinch and maximum intensity and broadening. Since the profile
should be symmetrical about the center, the observed pointe on the
two wings, distinguished by circles and crosses, are plotted super=- -
posed as though oue wind were folded over about the center onto the
other. The dotted curve gives an averaged profile. The solid curve
is a theoretical profile according to the theory of Holtsmark” for 2 value
of Fg = 714 (sec Reference 5 for significance of Fg). The fit of the
solid and dotted curves is good from 30 A on out irom the center. The
departure of the curves near the ceater is interpreted to mean that the
light is coming from a layered plasma, some partas of which have lower
ion densities than others and contribute mainly to the center part of the
profile. The agreement of the two curves far out in the wings indicates
that a substantial part of the light comea from the region of highest
compression in the plasma, and to the extent that the simple Holtamark
theory can be relied upon, the solid curve {n the figure corresponds to
an lon density of 4.3 X 1017 per cmi3. The number of neutral D atoms
per cm3 before the discharge was 3,3 x 1016 (x 20% owing to uncertalnty
in the pressure), indicating a maximum compressiou of some 13:1,
Thie result is not inconsistent with magnetic-probe measurements after
allowance has been made for the fact that the latter were obtained at
1000 u whereas the profile was obtained at about 500 .

The above discussion covers events through the first ¢ psec.
Figure 10 shows at slower aweep speed the current and voltage and
light from deuterium at \ 4860 and Sit* at \ 4552, A trace of silicon
appears at the first and second pinches and is probably due to presence
of a small amount of silicon in the discharge from the very beginning
as a result of a generally dirty condition, (The outer insulator was
Pyrex, which has always been a troublesome source of contamination.)
At 5 usec, as the current nears its firet zero, the plasma appears to
strike the walls, giving rise to a substantial amount of silicon and some
recombination of deuterium., As the current builds up in the opposite
direction the pinch re-forms, and finally at 10 psec the current again
becomes small and remains so thereafter; the plasma strikes the walls,
giving a strong silicon emission, and the deuterium recombines and
gives prolonged emission from a low-current discharge.

V. THE TRIAX PINCH AT HIGH TEMPERATURE

The Triax tube that is 109 cm between electrodes and whose
performance at 20 kv has been described in Section IV in connection
with spectroscopic observations was operated with a condenser bank
of 100 puf charged to 30 kv and at a variety of pressures, in a search
for neutron production. None was found, and two reasons were im-
mediately apparent. First the voltage signals indicated that at initial
pressures below 400 microns pinches were not well formed; second,
the outer insulator, being Pyrex, gave rise to excessive impurities.

It was desired to work at pressures of about 100 microns in order that
the emaller amount of gas could reach higher termperatures. Previous
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experience with a dynamic pinch operated from a fast water condenser
showed that under certain conditions a low-energy starter discharge
which would ionize the gas and begin the formation of a pinch before
the main current was switched on resulted in good pinching, whereas
no pinch would form without the starter discharge. This idea was car-
ried over to the Triax work.

The requirements on a starter device are that just before the
firing of the main discharge a plasma will have been created having a
temperature of about 20 volts and conducting a current of such magni-
tude that the magnetic pressure approximately balances the mechanical
pressure, so that there is little or no mechanical pressure against the
walls, However, pinching should not have progressed to any extent.
Some discussion of these conditions has been given by Colgate.” To
achieve the desired conditions requires the design of 2 power supply
80 mafched to the discharge tube as te give an appropriate magnitude
and rate of change of current. Work remains to be done in finding the
ideal eolution for the Triax device, but rather satisfactory results have
been obtained by the means described in the following paragraphs.

In view of the two difficulties mentioned earlier, a new tube was
built having an outer copper tube of 10 cm i.d., an inner copper tube
of 5 cm o.d., and 50 cm between electrodes (dimensiong are approxi-
mate). PBoth insulating tubes were quartz. Switching apparatue, which
will be described in an appendix, was developed which allowed firing
a starter current for a predetermined length of time and then firing the
main current. The power supply for the starter consisted of a small
~ condenser bank in series with an inductance. The size of the bank,
the charging voltage, the inductance, and the time of firing the main
discharge were all varied, and optimum conditions were established
from studies of electrical wave forms and production of neutrons. The
best resuits were obtalned with a bank of 16 'puf charged to 20 kv and
discharged through an inductance giving a peak current of 40, 000 amp.
The main bank is fired at 13 psec, the time of the first maximum of
the current. Figure 11 shows traces of voltage across and current
through the tube, and intensity of the spectrum line D3 of deuterium at
A 4360, The traces were taken without firing the main bank and with
an initial pressure of 75 microns., The light intensity shows breakdown
at the beginning followed by a series of peaks and valleys. The peaks
occur at the tirmes of zero current and voltage. It is believed that this
light is primarily the result of recombination at the walls and that in
the sequence of events following the initial breakdown the gas becomes
highly tonized each time the current is large, and simultaneously the
magnetic pressure largely relieves the pressure of the plasma against
the walls, thus reducing the rate of recombination. Each time the
current passes through zero the magnetic pressure does likewise, and
the plasnia exerta high pressure on the wall with consgequent high rate
of recombination.
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When the tube is operating normally (with main bank firing) no
impurities are introduced by the starter current. However, the inter-
esting phenomenon has been observed that firing many shote of starter
current only, i.e.,, with no main current, resulte in a gradual build-
up of silicon in the spectrum, but that one or two shots with the main
current completely removes the silicon lines from the spectrum of the
starter discharge.

The effect of the starter current on the formation of pinches when
the deuterium pressure was 140 microns and the main bank of 100 pf
was charged to 22,5 kv is gshown in Fig. 12, in which the upper trace
wae taken,with starter and shows good pinches, wheress pinching is
not evident in the lower trace, taken under identical conditions except
for omission of starter. (The high-frequency damped oacillatione are
due to ringing in cables, as mentionad in a previocus section.)

With the optimum timing of about 13 psec duration for the starter
and an initial prescure of 75 microns the tube produced 2 X 104 neutrons
per pulse with the main bank charged to 25 kv, In Fig. 13 the upper
two traces show voltage and current with a proton-recoil signal from
the neutron detector anperpzsed on the current. The peak current for
this discharge was 1.3 X 10° amperes. It will be noted that after a
series of pinch oscillations of decreasing amplitude and increasing
frequency (the very-high-frequency ringing should be ignored) there
is a pronounced bump ?n the voltage beginning at 1.2 and ending at 1.7
paec. The timing and duration of the neutron emission coincide very
closely with those of the bump in the voltage. A series of experiments
was carried out in an effort to learn the significance of the voltage bump
and its correlation with neutron production. These experiments, now
to be described, have resulted in good arguments against any presently
known instability's being the origin of the bump. Furthermore, it hae
not been ruled out that the neutrons may be of thermonuclear origin.

(a) If the neutrons from the Triax are assumed to be of thermo-
nuclear origin, their number is reasonably consistent with the temper-
atures to be expected on the basis of the known heating mechaniams
taking place in the tube, whereas such consistency was lacking in the
much larger ylelds from the linear pinch. In the Triax tube a combina-~
tion of resistive heating, shock heating, and adiabatic compression
could have produced a temperature of 300 volts.

(b) Location of the neutron production has been determined only
to the extent of roughty establishing that it is uniform throughout the
length of the tube. This simple check rules out some of the proposed
nonthermonuclear processes of neutron production,

Although it is most desirable to measure the neutron energy dis-
tribution, as was formerly done with ghe simple dynamic pinch, the
nuclear-emulsion technique used then® is impracticable at the present
neutron level. At the suggestion of Stirling A. Colgate a cloud chamber
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is being set up which should sclve this problem through its greatly im-
proved aolid angle.

(c) On the question of the bump on the voltage it may be remarked
that in the linear pinch, in which it is believed that the neutrons are
the result of instability, the disturbance on the voltage at the time neu-
trons appear consists not of a mere bump but of a series of sudden and
wild transients of more than 100 kilovolts amplitude, 8 and even show-
ing marked reversal of polarity. The behavior in the Triax is not of
that character at all,

(d) The possibility that runaway deuterons were traveling longi-
tudinally through the central portion of the plasma where the magnetic
field is zero or very small was ruled out by effectively shortening the
length of path available for runaway without shortening the length of
the region available to the discharge. This regult was achleved by in-
serting two annular bulkheads of sheet copper, held between the insulat-
ing tubes by friction, and dividing the tube into three sections ¢f equal
length., The presence of these annuli, which floated electrically, had
no effect on voltage, current, and neutron production. Since the annuli
effectively add cathodes and anodes, the unchanged voltage behavior
seems to rule out the formation of sheaths at the electrodes. Electro-
static probes have also failed to show the presence of any sheath.

{e) A magnetic loop was inserted between the cuter copper tube
and the outer insulating tube with an orientation to pick up the 8 com-
ponent of the magnetic field between the plasma sheet and the outer
conductor. The signal is shown in Fig. 14. The oscillations on the
curve are due to a mode of oscillation of the plasma in which the mean
diameter of the plasma cylinder alternately increases and decreases.
These oscillations continue without interruption to times later than
that of the bump in voltage. '

(f) A longitudinal magnetic field of 200 gauss was added to the
Triax tube, with the result shown in the lower two traces of Fig. 13.
The bump in the voltage and the burst of neutrons have been moved to
a later time, but the number of neutrone remains as before.

(g) One of the essential ideas of the Triax design is the stability
to be expected with a sheet plasma confined between conducting walls,
and this stability, at least with respect to certain modes, should be
greater the clogser the walls are to the plasma. If, on the other hand,
the separation between the conducting walls were increased it might
be found that instabilities, if present, would be enhanced. For follow-
ing up this idea a tube wasg built with increased separation between con-
ducting walls, but it did not show any such enhancement, and this fact
in turn was taken to imply that no instability of a type requiring the
proximity of conducting walls for its suppression was present. In ad-
dition, the study of the behavior of the tube led to important discoveries
bearing on the general nature of the Triax diacharge, which will now
be described at length.
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The new tube had the same dimensions as the one last described
except that the diameter of the inner conductor was reduced from 5 cm
te 2.5 cm and the inner insulator was also reduced in diameter, so that
the width of the channel available to the plasma was substantially in-
creased. The behavior of the voltage across the tube was considerably
altered, as shown by the top trace of Fig. 15, taken at 75 microns
initial pressure and with the main bank charged to 20 kv. Starter cur-
rent was used as before. The details of this new voltage curve have
not yet been fully interpreted, but seem consistent with the idea of a
superposition of two modes of oscillation of the plasma: one in which
the inner and outer boundaries of the plasma approach and recede from
each other {pinching), and another in which the two boundaries move
always in the same direction and cause the mean radiue of the plasma
cylinder to oscillate about a mean value. It appears that a bump ie still
present but is not significantly iarger than in the original tube, whereas
it was expected that it would be much larger if the bump were due to
instability. The second trace of Fig. 15 shows the current through the
tube with a superposed signal from recoil protons indicating the time
and duration of neutron production. Neutron yields of 2 X 105 per pulse
were observed, which is an order of magnitude larger than the earlier
figure, and as indicated by the figure the production begins near the
end of the bump on the voltage curve. However, it must be remarked
that although the relative timing of the neutron signal and the light curves
(the latter to be discussed immediately) was carefully checked, a check
of the timing of the voltage signal relative to the neutrons was overlocked,
and the final bumps on the voltage may actually overlap the neutron
signal to a greater extent thanthe figure indicates.

The last three traces of Fig. 15 show the interesting behavior of
the spectrum of the light emitted from the tube. The intensity of the
 light of doubly ionized silicon at \ 4552 is particularly significant, be-
cause it shows that a flood of contar:icant enters the plasma just at
the end of the neutron production. The light of deuterium, as repre-
sented by the line Dg at \ 4860, comes up later than that of silicon and
is the result of recombination. There is a general continuum, as shown
by the last trace of Fig., 15 taken at \ 4547, near the silicon line. The
intensgity scales of the silicon and continuum traces are the same, but
their relation to the intensity scale for deuterium was not determined.
The interpretation of this behavior of the spectrum is discussed later.

It has already been mentioned that the possibility that the observed
neutrons are of thermonuclear origin has not been ruled out by experi-
mental evidence. To pursue this pleasant thought a littie further, it
seerms clear that if the temperature does actually reach aome 300 volts
and neutroné begin to appear, then at this same temperature another
strongly temperature-dependent process must be causing a flood of
impurities from the walls, which cools the plasma and stops the neutron
production just after it starta. Calculations now in progress indicate
that sputtering by energetic particles (perhaps: neutrals resulting from
charge exchange) could be the agent starting the release of impurities.
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Once some impurity entered a hot plasma it would give rise to strong
radiation in the far ultraviolet, which would heat the surface of the
insulator to the point of rapid evaporation, Arguments have been pro-
posed whereby the bump in the voltage is accounted for as an increase
in both the resistance and the inductance in the tube as the wave of im-
purity leaves the wall and progresses into the plasma.

The serinus poasibility remains that the neutrons are of some
nonthermonuclear origin thus far undiscovered, and a series of further
experiments is planned to shed light on the question. Cbservations
with a streaking camera are about to be made, and some study of the
radiation in the vacuum ultraviolet will be undertaken., Various modi-
fications in size and geometry of tubes will be made. Various wall
materials, possibly including a system in which the insulating tubes
are omitted, will be tried. And it is hoped that the magnetic-probe
technique, which has been successfully applied to low-energy discharges,
can be uged at high energy.
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APPENDIX

THE SWITCHING DEVICES

The subject of ewitches for handling the high currents encountered
" in our pinch devices has received a very large part of the total effort.

It seems appropriate, therefore, to present some of the highlights of
this work. Several approaches have been tried, but only the successful
ones will be described.

Pigure 16 is a sectional view of a high-pressure spark gap that
has seen several montha of service and thousands of operations in the
range of 1 to 2 magamperes peak current. If the gap is enclosed with
8 metal housing, as shown, the pressurization permits more compact,
lower-~inductance design. The gap currently operates with air at 30 to
60 ib, with an automatic purging cycle after each usage. Connections
to and from the switch are made by identical sets of 100 RG-8-U cables,
Bpecial coaxial connector fittings were developed with pressure seals
of small diameter to permit a low-inductance assembly and ability to
handle the high pulse currents. (These are now made on automatic
machines in large lots at a cost of approximately 40 cents each and
are a standard UCRL {tem.)

- 33 -



UCRIL-3815%

-— /00 502 CABLES
70 LOAD

24" 0/A.

%

%\

w ~—NVLON /NSULATORS COPPER \
\ 4 Y, % Vo
ALUMIN UM
B PLATES
/ A MHEAYYMET
4 N & INSERTS
TRIGGER ELECTRODE /
«— /OO SOn CABLES
FROM CAPACITOR BANK
| ~TR/GGER
- | | W~ “Aeor
Fig. 16

- 34 -




UCRL.-8153

Triggering is accomplished by a spark initiated at the gap shown
just back of the central hole in one of the main electrodes. When this
spark is mmade energetic enough a shock propagates from it at sound
velocity that is eufﬁcigntly hot to render the main gap conducting in
approximately 5 X 10~° gec and with very little jitter. Trigger energy
is supplied by a 2-uf 30-kv condenser assembly.

Several problemas peculiar to the megampere region had to be
solved before a really successful gap was realized. The forces where
the main apark occurs are too great for copper clectrodes, therefore
the central regions are made of replaceable "heavimet" pieces. Thie
is a high-density tungeten-copper metal that stands up very well.

Experiments with amaller gaps disclosed that insulation surfaces
(cable terminations) quickly became coated with debris from the spark
and shorted out. Such shorte at these currents are disastrous, and
much time is required to repair the damage. Pressurizing with nitro-
gen instead of air made the situation much worse, therefore it is prob-
able that oxygen helpe by converting the metal vapor to oxides of better
insulation character. Bulilding a very-large-diameter system, so that
the ingulation can be placed at a greater distance fzom the spark, has
apparently solved this problem. 8o far it has not had an insulation
failure of this sort at all. Actually, such a large gap can have a lower
inductance than a small one if the same insulation space is used; at
larger diameter the cable sections have lower impedance and more
than offset the increased inductance around the spark channel. Creep
paths and spacings used here are much greater than really needed,
and simply reflect our desire to be free of the earlier troubles.

} An annoying tendency for the spark to occur far off center was a
real headache. On a "hunch" it was solved by boring holes in the elec-
trode centers. Recently, a suggestion by Brower of General Atomics
seems to be the anewer. In such a large-diameter system the return-
current path is very far from the spark channel and the centering forces
are very weak. Locally, at the spark, however, the sloping electrode
surfaces give a strong magnetic-field dissymmetry that tends to force
the gpark down the slope away from the center. The holes provide an
inward slope that pute thia same effect to work keeping the spark cen-
tered.

Ao a result of a recent contribution from Los Alamos, interest
has again turned to the low-pressure switch. As originally conceived,
this system performed well up to 5 x 104 amperes but failed at higher
levels owing to condensation of evaporated electrode material on the
insulator surfaces. Attempts to solve the insulator problem with baffles
met with such poor success that attention soon turned to the gshock-
triggered (high-pressure) gap instead.

L.os Alamos found, in effect, that teflon insulator surfaces remain
clean when subjected to very-high-level conditions. The process by
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which this occurs is apparently connected with the evaporation of a
thin layer of the teflon surface that prevents the accumulation of con-
ducting metallic depoeits. Operation is accompanied by a pressure
burst of 20 to 40 rnicrons, and apparently all the material from the
teflon is gaseous and can be removed by the pump. For best results
the switch must bo operated at high levels or the self-cleaning process
is not at ite best. A KC-15 Kinney pump is apparently sufficient.

A similar effect with polyethylene has been obgerved and used
effectively in the high-level pressurized spark gap.

Having spent a great deal of time and effort trying to solve this
problem, we were very enthusiastic about the new idea. A switch was
immediately designed that used the evaporative insulator principle com-
bined with ideas that had long ago been worked out and were awaxting
such a development.

Figure 17 ia a cross section of the first switch that was tested.
After gn'mor modifications it was operated for a total of 2000 shots at
5 X 10”7 peak amperes. It is designed for 30-kv operation and especially
for dc vecltages such as are encountered with a slowly charged capac-
itor bank. It operates well between 0 and 10 microns pressure and can
be triggered easily by the vacuum-spark initiator. A Bostick source
is unnecessary as apparently the main requirement is a copious supply
of electrons and the simple vacuum spark is adequate.

There is a delay of approximately 0.1 X 10-6 gec as usually op-~
erated. The trigger pulse is obtained from a 5C22 thyratron source
operating at 15 kv applied through an RG 8 U cable.

The switch is sensitive to polarity and operates with far less
delay when the initiator is on the negative electrode. The delay is aleo
pressure-sensgitive, with high vacuum ‘raising it to as much as 0.5 X 10-6
sec. A few microns of gas, preferably hellum or hydrogen, lowers
this tirme markedly and reduces jitter,

Success in:holding high dc voltage.is achieved by offsetting the
holes in the stacked metal discs so that ions cannot be accelerated by
more than the disc-to-disc voltage (approximately 5 kv in this case).

The inductance ig difficult to measure but has been done with a
special arrangement using 50 very-low-inductance capacitors and a
minimum of connecting-lead inductance, It is sensitive to the current
level and varies by a factor of approximately ten; the lower values are
associated with higher current. The limiting value of minimum inductance
{s approximately what one calculates from the switch geometry, assum-
ing that the conducting path is just inside the teflon insulators,

Figure 18 shows a later model of the same sort of awitch that is
designed for approximately the megamp level. It has an improved in-
sulation system and is easier to assemble and service.
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Some attention has also been given to a medium-current-range
spark-gap switch. By using a large number of gaps--in our case one
per l-uf 30-kv capacitor--it is possible to hold the net inductance of
the switch system to a very low value and do this without having to
pressurize the gaps. In fact, normal atmospheric conditions are fine
for this voltage,

When, as in our case, there are a hundred or more of these gaps
to actuate in parallel to a common load, it ia necessary to fire them
simultaneously to within a very few millimicrosecoands or the reflected
voltage from the load will drop the gap voltage, and late gaps might
not go at sll. ‘

At Harwell, Fitch has used a system of this nature in which very
fast trigger pulses provide initial gap ionization and superimpose an
overvoltage on the gap, using the impedance of the several feet of cable
hetween each gap and the load. By supplying initial ionization and very
fast (millimicrosecond range) overvoltage a gap can be made to break
down in a sufficiently short time to permit the paralleling action. A
similar aystem, using permalloy to increase the overvoltage circuit
impedance, has been operated here but did not meet with favor because
of the high-level transients produced. Oscilloscope measurements
were badly upset for several microseconds after the gap firing.

. We have found that a very simple three-electrode gap system: can
be used effectively to accomplish a similar switching operation and with
much less of the transient problem. A two-ball gap is located at each
capacitor and triggered by a fast pulae applied to a pointed rod electrode
located at the mid-point of the gap and biased to half gap voltage. A
500-pupuf ceramic capacitor across the balls then insures that the gap
voltage remaing at full value for a brief time after the third electrode
breake down to one or the other of the balls. The rasulting combination
of higher gap electric field and ionization from the trigger spark ap-
parently iz very effective in giving the necessary fast breakdown.

APPENDIX 11
RESISTANCE AND TEMPERATURE OF THE DISCHARGE

In Section 1V it was indicated that the plasma temperature of ap-
proximately 10 ev which was derived from pressure balance arguments
was in agreement with the electron temperature estimated from the
observed resistance of the Triax. In the case of the high temperature
plasma described in Section V such a comparison was not possible be-
cauge the probe measurements required for a determination of the plasma
thickness were not yet available,

A thermonuclear explanation of the neutron emission requires an

ion temperature somewhat in exceos of 300 volts. I the plasma is as-
sumed to be in thermal equilibrium, with the electron and ion temperatures
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approximately equal and the pressures balanced, then the resistive drop
across the tube can be calculated from a formula given in Spitzer? and
compared with the observed voltage. Some of the voltage across the tube
at a time just before neutron emission can be attributed to (d/dt) LI),

but about 8 kilovolts can only be attributed to IR. This is substantiated
by rough Langmuir probe measurements. The possible explanation by
sheath drops is excluded by the Langmuir probe and dummy electrode
experiments.

Let us see what electron temperatures can be obtained if the follow-
ing simplifying assumptions are made: (1) uniform current density and
(2) uniform texiperature throughout the pinch. We find that the thickness
of the plasma sheet in the neutron producing pinch ie given by the expression
6r = 102 T cm where T is in electron volts. The application of Spitzer's
formulat with a factor of two thrown in for conduction across magnetic
field lines yields the result that the voltage across the tube is about 150
volts if the electron temperature is 300 electron volts. Conversely, if
the resistive drop is 8 kilovolts, then the electron temperature is about
40 ev. The electron temperature obtained in this way is not sensitive to
the numerical values of the observables. Moreover, it does not appear
that obvious changes in the model, such as letting the current flow in a
thin skin, can alter the result appreciably. If the latter statement is cor-
rect we are forced to one of the following conclusions:

1. The resistivity formula of Spitzer cannot be applied to our ex-
perimental conditionsa.

2. The electron temperature ig certainly less than 100 volts,

If conclusion (2) 18 correct, then a way must be found to maintain
the ion temperature at several times the electron temperature if the pos-
sibility of nuclear reactions from an ion gas near thermal equilibrium
is to exigt. Other laboratories with neutron producing devices appear
to face the same aituation.

On the other hand {t is not obvicus how the enormous power which
is apparently delivered to the discharge if conclusion (2) is adopted is
dissipated without heating the electrons. It seems unlikely that all the
energy is removed by radiation. It is hoped that future experiments,
such as detection of the radiation in the vacuum ultraviolet region, will
shed some light on the problem.
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Fig. 1. Triax (schematic).

Fig. 2. Digk Triax.

Fig.l 3. Typical wave forms.

Fig. 4. Probe signals.

Fig. 5. Typical magnetic field distributions.
Fig. 6. Typical current deasity in Triax.

Fig. 7. Comparison of plasma thickness and observed voltage as function
of time.

Fig. 8. Tube voltage and light intensity in the deuterium line Dg as
function of time,

Fig. 9. Observed and theoretical profiles of the deuterium line Dg.

Fig. 10. Tube voltage and current and light intensity from deuterium
and silicon as a function of time.

¥Fig. 11. Voltage, current, and deuterium light intensity with starter
only as & function of time.

Fig. 12. Voltage scross Triax tube with and without starter as functions
of time.

Fig. 13. Voltage, current, and neutron signal when Triax tube is operated
without and with longitudinal magnetic field.

Fig. 14. Magnetic field between plasma sheet and outer conducting wall
as function of time.

Fig. 15. Tube voltage and curreat, recoil proton axgnal and light in-
tensity from deuterium, silicon, and continuum as functions of time.

Fig. 16. Pressurized spark gap.
Fig. 17. Early model low-pressure switch.

Fig. 18. Later model low-pressure switch.
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