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ABSTRACT

A problem inherent in magnetic shock tubes is the
difficulty of achieving separation of the driving current
sheet and the shock wave. If such devices are to be applied
to produce shock waves for experimentation, then separation
will usually be a necessary requirement. In the present
experiments in an inverse pinch shock tube, preliminary
measurements showed that not only was separation not
achieved, but under certain conditions the shock was
actually found to be located far behind the front of the
current sheet. This appeared to be a paradoxical case of
the shock wave pushing the piston. Moreover, measurements
of the current sheet velocity indicated that the interaction
of the current sheet with the gas should be strong enough
to sweep up all the gas encountered by the current sheet
and thus to produce a shock wave moving ahead of it.

In order to find explanations for the absence of separation
and for some other puzzling aspects of these early

exper iments, further measurements were made to study in
more detail the processes taking place in the device.

These included measurements of the radial electric field
with electrostatic probes and of the ionization levels by
the technique of spectral line broadening. The results

of these measurements show that the degree of ionization

is surprisingly low and that the amount of gas leaking
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ABSTRACT (cont.)

through the current sheet is significantly high in some
cases. The conclusion is then reached that although the
so-called "snowplow model" is successful in predicting the
current sheet velocity, it does not lead to the correct
picture of the physical processes taking place. Finally,
conditions for which separation may be achievable are

inferred from the experiments.
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I. INTRODUCTION
1.1 Generation of Shock Waves in Magnetic Shock Tubes

In the field of Fluid Mechanics the study of shock
waves has proved to be a very fruitful area of research.
Thus, it was natural to extend the range of investigation
to the field of very strong shock waves, which promises
to produce many new and interesting phenomena. The shock
wave itself is not the only object of interest; as the
shock wave becomes stronger the shocked gas also exhibits
many interesting and unexplored effects. Of these, the
processes of dissociation and ionization, the rates at
which they occur, and the atomic properties of the gas
appear particularly to be‘of interest.

This has led to the development of a number of new
experimental techniques for producing strong shock waves
since conventional shock tubes are capable of producing
only relatively low Mach number éhock waves. For example,
if one wished to produce shock Mach numbers larger than
15 in Argon, or 6 in Hydrogen, other methods must be used.
Of the various experimental devices that have been pro-
posed, those which use the principle of magnetohydrodynamic
acceleration show the best theoretical performance. These
devices have no inherent limit on the shock Mach number
that can be generated and have application where high Mach

numbers are desired in light gases such as Hydrogen or



Helium. Strong shocks in light gases are of interest
because these gases generally have atomic properties such
as energy levels, spectroscopic data, etc., that are more
completely known.

All of these shock tubes are based on the idea of
using a sheet of current as the piston to accelerate the
gas and thus produce the shock wave. An inherent problem
in these devices is that of obtaining separation of the
shock wave and the driving current sheet (piston). If the
shock wave were to occur somewhere inside the current sheet,
it would not be possible to determine which changes in the
state of the gas were caused by the shock wave and which
were caused by the current sheet. Moreover, it would also
be difficult to determine the conditions immediately ahead
of the shock. When these conditions are not known, the
speed of sound ahead of the shock and thus fhe shock
strength (Mach number) cannot be found. It is also clear
that when this occurs there is no uniform region of shock-
heated test gas in which experiments can be made. There-
fore, if the purpose of the experiments is the study of
strong shock waves (or the shock heated gas), separation
of the shock wave and the piston is usually essential.

At high Mach numbers the gas is highly compressed
and the separation of the shock and piston is small. The

diffusing current sheet may then occupy a large part of the



separation distance, making it difficult for the shock to
move ahead of the current sheet. In addition, it is clear
that an appreciable amount of the gas must not leak through
the piston. If gas does leak through the piston, the ideal
separation (i.e., the distance between the shock wave and

an ideal, impermeable piston) of the shock from the piston
will be reduced. When this leakage is large it may preclude
the possibility of obtaining separation of the shock and
current sheet. All magnetic shock tubes have experienced
these difficulties in obtaining separation, and in fact,

the author knows of only a single case where there is reason
to believe that separation may have been achieved (Ref. 1).

The present work is an investigation of the problem of
separation in a specific device, the inverse pinch shock
tube. A description of the inverse pinch and the main
characteristics of its operation are given in the following
part of this section (Sec. 1.2).

Some of the first experiments using the inverse pinch
as a shock tube were performed by Vlases (Ref. 2). The
experiments gave no evidence of separation, and in addition,
some details of these experiments were not completely under-
stood. At that time one of the more puzzling results was
the position at which the shock occurred. In particular,
for the experiments in Argon the shock appeared to occur
at the trailing edge of the current sheet. In analogy with

conventional shock tubes, this meant that the piston



actually preceded the shock. 1In order to understand this
phenomenon and also to determine under what conditions
separation could be achieved, additional experiments were
undertaken to obtain more detailed measurements.

The device in which the present experiments were
performed was an improved version of the one originally
used by Vlases, and in addition, several improvements in
the instrumentation were incorporated (Sec. 2.1). 1In the
first of these experiments, measurements were made to
determine more accurately the relative position of the
shock within the current sheet and were extended to include
a wider range of gases and current sheet speeds. The
conditions under which these measurements were made are
given in Table 1 (the experiments of Vlases (Ref. 2) were
in Argon and Helium at 12 KV). The relative position of
the shock was measured accurately and a summary of the
results of these measurements is given in Table 3 (these
measurements will be described and discussed in section
2.2). The results show a wide range in the relative
position of the shock, ranging from the extreme leading
edge of the current sheet (Hydrogen, 14 KV, 500 pHg) to
the extreme trailing edge (Argon, 14 KV, 500 uHg).

Although separation never occurred in these experi-
ments, it was closely approached in some cases. The
anticipation was that if the mechanism which governed the

shock position within the current sheet could be determined,



then some insight might be gained about the conditions
necessary for the shock to move ahead of the current sheet.
Thus, the investigation of what determines the relative
position of the shock seemed closely related to determining
what must be done in order to obtain separation. Conse-
quently, much of the work was devoted to defining as
accurately as possible what controls the shock position
within the éurrent sheet.

During the early stages of the experiments described
above, it appeared that the diffusion of the current sheet
might be largely responsible for the absence of separatiqn
(see Sec. 3.1), but this did not explain many of the details.
In particular, they did not reveal exactly what had to be
done to achieve separation and what determined the relative
position of the shock within the current sheet. When the
single fluid equations were used to calculate the current
sheet widths (Sec. 3.2), the calculated results were in
poor agreement with the experiments. Hence, another
important unanswered question was what controls the current
sheet width. This may be directly related to the problem
of achieving separation (Sec. V). For these reasons, a
further investigation of the processes taking place in the
device appeared necessary.

Section III contains a survey of conditions that may
prevent separation. This analysis was carried out in an

attempt to determine the factors which may be important in



preventing separation. These factors were then used as a
guide in planning the subsequent experiments which are
described in section IV. The general approach of these
experiments was to investigate the interaction of the
current sheet with the gas that is swept up. Measurements
of the radial electric field were made with electrostatic
probes in order to determine whether the electrons carried
the current and to estimate the degree of idnization. In
addition, the charged particle number density was measured
by using the technique of spectral line brcadening.

The results of these measurements led to a much
better picture of the interaction process between the
current sheet and the gas. In section V a physical model
is proposed to explain the observed behavior of the current
sheet widths and the relative positions of the shock.
While this model shows that separation of thé shock wave
and current sheet should not have been expected for these
experiments, it does indicate a range of operation where

it appears reasonable to expect it.



1.2 The Inverse Pinch Shock Tube

Since a detailed description of the inverse pinch
shock tube is given in reference 2, only its major features
will be described here. A side view of the cylindrical
device is shown in the schematic diagram of figure 1. It
consists essentially of a glass chamber under vacuum within
which are contained two 6 inch diameter electrodes and an
insulated center conductor. The conductor and the bottom
electrode are in turn connected across a capacitor bank
which can be discharged by ignitron switches. 1In operation,
a dischargé is initiated between the electrodes and forms
into a thin annular current sheet about the insulated
center conductor. The Lorentz force between:this current
sheet and the magnetic field, produced by the current flow-
ing in the center conductor, then pushes the current sheet
radially outward like an expanding cylinder. If the gas
within the current sheet is highly conducting, the current
sheet should behave much like a piston and one would expect
a shock wave to form in front of it.

A further explanation of this seems to be in order
here. When the gas is considered as a single conducting
fluid, the degree which the current sheet interacts with
the fluid depends largely on its electrical conductivity.
If the gas has a low conductivity, the current sheet tends

to be diffuse and is permeable to the gas. Clearly no



satisfactory form of separation can be expected for this
case. On the other hand, if the gas is highly conducting,
the current sheet should be thin and impermeable to the gas.
When this occurs the shock must form ahead of the current
sheet. Therefore, the actual operation of the device
depends, to a great extent, on the electrical conductivity
of the gas.

The advantages of the inverse pinch geometry over
other configurations were discussed at some length by
Vlases (Ref. 2). Two significant points seem worth
repeating here. First is the gross stability and repro-
ducibility of its operation. Dramatic evidence of this is
given by the measurements of the current sheet and shock
trajectories plotted in figures 6-24. These measurements
will be discussed in detail in sections 2.3 and 5. The
reproducibility exhibited by the data in these figures is
remarkable in view of the fact that each experimental point
had to be obtained by a separate firing of the device, i.e.,
one shot at a time. Furthermore, the data shown in figures
28 and 29 for the line broadening experiments (c.f. Sec.
4.3) indicate that the radiation is also reproducible.

Such reproducibility is unusual for magnetic shock tubes,
and the inverse pinch appears significantly superior in
this respect.

Another advantage attributable to the inverse pinch

is that it is simple to operate at constant current sheet



speed. That constant speed is indeed achieved in the
experiments is readily evident from the linearity of the
trajectories plotted in figures 6-24. Moreover, this speed
can be easily predicted theoretically by using the so-called
"snowplow" model, in which the current sheet is assumed to
be infinitesimally thin and the gas dynamic pressures are
assumed to be small compared to the magnetic forces and the
momentum of the gas (for a more detailed discussion of this
model, see references 3 or 4). Thus, the magnetic force

on the current sheet is simply equated to the change in
momentum of the gas. In calculating this change in
momentum, it is further assumed that all of the gas
encountered by the current sheet is swept up into a thin
layer on the front of the current sheet and accelerated to
the current sheet speed (hence, the term "snowplow”). When
the simple momentum equation derived under the above
assumptions is solved, it is found that a current sheet

moving with constant speed is obtainable with a linearly

increasing current. The formula obtained in this case for
the constant current sheet speed, Usp’ is
. M L
v = (12 —3—7° (1)
p 8n po

where Ko is magnetic permeability of free space, Po is the
initial mass density to which the chamber is filled, and

I = constant is the rate of current increase. Note that if
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I is given, then USp depends only on Py

It should be mentioned here than an exact similarity
solution using the full equations of motion under the
assumption of infinite conductivity has also been given in
reference 3. The current sheet speed given by this exact
solution agrees closely with that given by the "snowplow"
theory.

In the experiments, the rate of current increase, i,
depends only on the external circuit inductance, L, and
the capacitor bank voltage V. Enough capacitance is used
so that the current continues to increase linearly at the
end of the experiment (since the current wave form is a
damped sine wave, only the first part of the quarter cycle
is used where the current increases almost linearly). The

rate of current increase, I, is then given approximately by

I = /L (2)
where V is the capacitor bank voltage and L is the circuit
inductance.

All of the experiments were carried out at either of
two capacitor bank voltages and with the following circuit
characteristics.

14 Kilovolt Operation

Diameter of the device 6"
Dimension between electrodes 4"
Total circuit inductance 0.30 ph

Bank capacitance 30.0 pf
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25 Kilovolt Operation
Dimensions as above

Total circuit inductance 0.35 ph
Bank capacitance 13.6 uf

Using these circuit parameters, the "snowplow" speeds were
calculated for the conditions of the present experiments,
and are given under the column, Usp’ in Table 1. The
measured speeds corresponding to these are tabulated in
the next column. The calculated and measured speeds are
seen to be in excellent agreement kthese resﬁlts will be

discussed in more detail in section 2.2).
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II. MEASUREMENT OF CURRENT SHEET AND SHOCK WAVE
TRAJECTORIES

2.1 Description of Experimental Techniques

The experiments to be described here were the first
to be performed in the present work and were carried out
in a device similar to that used by Vlases (Refs. 4, 5).
However, two modifications were made to improve on the
operation of the device. First, the anode Was modified
in such a way that a charge layer observed on it was
removed. Figure 4 shows this modification which amounted
essentially to reducing the size of the anode. A complete
analysis of this anode layer is presented in appendix E.
Second, the center insulator of the device was changed
from teflon to fused quartz, when it was discovered that
the teflon insulator was prone to ablation in the presence
of the discharge and added impurities to the gas. These
impurities were detected by a decrease of the current
sheet speed in the lighter gases. With the quartz insulator
no deviation from "snowplow" speed was observed. 1In
addition, the absence of impurities was verified when time
integrated spectra with the quartz insulator showed no
impurity radiation for operation at 14 KV, and only two
silicon lines for operation at 25 KV.

The range of current sheet speeds possible in this

device is presently bracketed at the low end by the speed
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at 14 Kv, 500y, in Argon and at the high end by the speed
at 25 KV, 100y, in Hydrogen. The lower limit is fixed by
the requirement of a linearly increasing current for the
duration of the experiment; and the upper limit by the
requirement of a high enough initial pressure such that
the impurity level is still low and the mean free path is
still small compared to the dimensions of the device.

The objective of these experiments was to determine
as accurately as possible the position of the shock wave
within the current sheet. This was accomplished by
measuring the passage of the current sheet and pressure
front using the same basic techniques employed earlier by
Vlases (Refé. 4, 5), but with some modifications.

In his experiments, Vlases used a pickup coil
enclosed in a glass tube to detect the passage of the
current sheet. However, Camac (Ref. 6) has reported
finding a difference in such measurements depending on
whether the coil was enclosed or left unenclosed. For
this reason, both enclosed and open probes whose general
construction is shown in figure 3 were used. Both probes
gave the same measurement for the arrival times of the
current sheet front and of its peak current density. The
only difference found between the two probes was in the
detection of the trailing edge of the current sheet, which
the enclosed probe measured as passing by later in time.

This may be explained by the fact that the plasma at the
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rear of the current sheet is more highly conducting than at
the front, and trapping of the magnetic field by the plasma
is stronger here. Consequently, the time required for the
field to diffuse into the enclosed coil may become
significant in this region of the current sheet, thus
accounting for the time lag.

It should be pointed out that the magnetic probes do
not measure current density directly, but actually measure
the time derivative of the azimuthal magnetic field, ée.
However, the arrival of the current sheet leading edge
and the passage of its trailing edge can be taken directly
from the probe data. The peak in current density was found
to be sufficiently close to the peak in the probe signal
(ée peak) that the presentation of either gives the same
trajectory, within 1 to 3%. For this reason the trajectory
designated peak in the figures 6-24 is considered to be
both the peak in the probe signal and the peak in the cur-
rent density. A further discussion of this as well as a
description of how the current density is obtained from
the probe data is given in appendix F.

The arrival of the pressure front was detected with
a piezoelectric pressure transducer identical to that
developed and used by Vlases (Ref. 5). However, the circuit
was modified by inserting a cathode follower immediately

after the transducer to match the transducer and cable
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impedances. This reduced the noise considerably and
thereby improved the accuracy of the measurement. A
diagram of the cathode follower circuit is shown in figure
5. Only the arrival time of the pressure front could be
measured with this probe. No attempt was made to measure
the actual magnitude of the pressure pulse because the
output of the probe appeared to depend not only on the
pressure but also on a variety of other conditions such

as the age of the probe. Moreover, the output was also
found to be oscillatory. This latter behavior can be seen
in a typical trace of the probe output given in figure 4,
which also shows the low level of the noise. The risetime
of the probe was calculated to be 0.2 to 0.3 usec. There
is also a delay of approximately 0.2 psec in the signal pf
the probe due to the glass front plate (Ref. 4). The
presented data are corrected for this delay.

Some comments will also be made here about the errors
that are present in these measurements. The principal
errors in the data are those due to timing. 1In particular,
it was difficult to exactly synchronize the firing of the
device with the triggering of the oscilloscope used to
record the data. This difficulty in synchronization was
compounded when more than one oscilloscope was used. The
errors from this source exhibit themselves in the greater
scatter in the data taken at the higher current sheet speeds

for which, of course, higher sweep speeds were used. For
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example, from the magnetic probe data for Hydrogen at 100p
Hg and 25 KV, it appears that the beam recording this data
was triggering approximately 0.2 usec early. As one would
expect, this error was not significant at the lower sweep
speeds. An additional error arose because the beams did
not sweep at exactly the same speed. As much as 10%
difference in the sweep speeds of the two different
oscilloscopes was found at sweep speeds of 075 nsec/cm

and faster.
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2.2 Experimental Results

Figures 6-24 present the current sheet and pressure
front trajectories mapped out from the data obtained by
the measurements. The pressure probe data, the enclosed
magnetic probe data and the open (unenclosed) magnetic
probe data are all given on separate plots. These separate
plots were necessary to prevent excessive overlapping of
the data from obscuring the results. In cases where the
measurements of the two types of magnetic probes were the
same, only a single set of data is given. There are two
exceptions to the above format. For Hydrogen at 25 KV,

500 wHg, no open magnetic probe data was obtained; for
Argon at 25 KV, 500 and 100 uHg, the pressure and both
magnetic probe data are plotted together in figures 18 and
19.

A number of important quantities are taken directly
from these plots. Among these are the propagation speeds
of the current density peak. These are tabulated, as
previously mentioned, in Table 1 and will be compared to
those predicted by "snowplow" theory in the next section.
Another is the width of the current sheet which is tabulated
in Table 2, and will be used in discussing current sheet
diffusion (Sec. 3.2). One of the most important quantities
is the position of the shock wave relative to the current

sheet. This position may be given either at a fixed time
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or at a fixed radial station. The latter is chosen here
(expressed in units of time to arrive at the station)
because it was found that the relative position of the
shock did not vary much with radial position. This
behavior can be seen in figures 18 and 19 in which the
pressure and current sheet data are plotted together. It
may be verified in other cases by superimposing the pressure
and current sheet data. Because of this characteristic
behavior of the shock in these experiments, it is possible
to define a relative shock position R, which is approxi-
mately inde?endent of the radial station in most cases. R
is defined, at any fixed radial station, as the ratio of
the distance of the shock from the leading edge of the
current sheet to the total width of the current sheet
(distances being measured in units of time)., Values of R
taken from the plots of figures 6-24 are given in Table 3.
However, no value of R is given for the experiments in
Hydrogen at 25 KV because it was found to vary considerably
with the radial station. The importance of this’parameter
will be discussed in section V in connection with the

possibility of achieving separation.
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2.3 Comparison with Theory

As discussed in section 1.2, the exact similarity
solution and "snowplow" theory give approximately the same
value for the current sheet (or piston) speed. This speed
will be compared with the speed of the current density peak.
Alternativeiy, the speed of the current center of gravity
could be used for this comparison but the difference between
the two is nqt significant. Both the predicted and measured
speeds are t;bulated in Table 1, and as can be seen, the
agreement between the two is excellent. This agreement
holds over a wide range of conditions and could hardly be
considered fortuitous.

In view of this excellent agreement, one would
usually conclude that the conditions assumed in the theo-
retical model are actually approached in the experiment.

In particular, "snowplow" theory assumes that all of the
fluid encountered by the current sheet is swept up (i.e.,
the current sheet does not leak). On the other hand, if
there were appreciable leakage of the current sheet in the
exper iment, one would not expect the measured current sheet
speed to agree with that predicted from this theory. There-
fore, one is led to conclude that the current sheet must not
leak. This in turn means that the interaction between the
current sheet and the gas must be strong, which is possible

only if the current sheet gas is highly ionized. Hence,
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one is also led to the conclusion that the current sheet
gas must be fully ionized.

However, at this point, the steps leading to the
conclusions drawn should be more closely scrutinized.
First of all, it should be noted that the selection of the
speed of the current density peak for comparison with the
predicted speed was somewhat arbitrary, particularly in
cases where the current sheet is quite diffuse. For
example, if this comparison were made with the speed of
the shock front, the agreement would not be nearly as good.
In fact, in Argon at 14 KV, 500 pHg, the shock speed is 30%
slower than the predicted speed and 3% faster in Hydrogen
at 14 KV, 500 pHg. Secondly, as was shown in section 1.2,
the relatioﬁship for the current sheet speed shows that it
depends on the initial density only to the negative % power.
Because of this weak dependency on density, one should not
expect the current sheet speed to vary much even if the
leakage through the current sheet is large. Thus, despite
the apparent success of "snowplow" theory, the conclusion
drawn from it about the possibility of the current sheet

leaking may in fact be incorrect.



21
ITI. SURVEY OF CONDITIONS THAT MAY PREVENT SEPARATION

3.1 Introduction

Two possible mechanisms which may be preventing
separation (i.e., causing the shock to be embedded some
where inside the current sheet) are explored here. The
first possibility is that the current sheet or piston is
not thin but diffusive. The current sheet may be diffusing
fastér than the shock is separating from the:current sheet.
The second is the possibility that the current sheet may be
leaking. That is, the interaction of the current sheet
with the gas may be weak. A third possibility that should
be discussed is that the current sheet may not be the actual
piston. That is, the current may not act directly on the
gas, but interacts with it by some intermediate mechanism
so that the gas is accelerated after the current sheet has
passed. This type of argument has been forwarded by the
author previously (Ref. 7). While additional experiments
have shown that the mechanism proposed in reference 7 is
not as significant as originally expected, the idea that
the current sheet may not accelerate the gas until the
major part of it has passed still has validity. This will
be considered later in section V, where a description of
the interaction of the current sheet with the gas is given.

Also to be discussed here is the problem of layers

or sheaths growing on the electrodes or other surfaces.
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If such layers are large enough to interact with the moving
shock wave or current sheet, they may have a detrimental
effect on the performance of the device. Such layers are
observed under certain conditions and their effect on the

operation of the device should be determined.
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3.2 Diffusive Piston

Both Kantrowitz (Ref. 8) and Vlases (Ref. 9) have
previously put forth the idea that separation can be
prevented because the leading edge of the current sheet is
diffusing faster than the shock is separating from the
current sheet (i.e., the piston). 1In order to express
this quantitatively, one must calculate the diffusion of
the current sheet front from some effective location of
the piston.> It will simply be assumed here that this
effective location is at the center of the current sheet.
One must then compare one-half of the total diffusion
width of the current sheet to the so-called ideal separation
of the shock, which has been defined (c.f., Sec. 1.2) as
the distance separating the shock and an ideal, impermeable
piston.

The ideal separation of the shock can be calculated
with reasonable accuracy. The details of this calculation
are given in appendix C, and the resulting values are
tabulated in Table 2. The time picked for the comparison
is the time at which the current sheet leading edge is
about to reach the outer edge (maximum radius) of the
electrodes and is also given in Table 2. The diffusion
width of the current sheet is usually estimated using the
theory of Falk and Turcotte (Ref. 10). This theory can

be expected to be valid for conditions in which the
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electrical conductivity is high and the single fluid
equations are an accurate approximation. It gives the

estimate

A =,’_t_ (3)

where A is the diffusion width, t is the time, Ko is the
magnetic permeability of free space and o is the electrical
conductivity. The value of the electrical conductivity is
calculated using the expression given by Spitzer (Ref. 11)
for a fully ionized gas (the justification for using the
equation for a fully ionized gas is given in section V or
reference 11). The temperature used in this calculation

is the equilibrium temperature behind a shock moving with
the current sheet speed (c.f., Table 1).

Values of the current sheet diffusion width, 4,
calculated from the above formula are tabulated in Table 2.
These may be compared with the measured widths tabulated
in the preceding column of this table. Considerable
differences are seen to exist between the measured and
calculated values.

These discrepancies may be partially explained by the
fact that a poor estimate of the temperature was used in
calculating the electrical conductivity. The gas behind
the shock is probably not in equilibrium, in which case
the temperature that is used is incorrect. Furthermore,

in the theory of reference 10, the shock is assumed to be
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completely separated from the current sheet such that there
is no interaction between the two; but this is never true
in the experiments.

However, even when these factors are taken into
consideration, it is still difficult to understand some of
the discrepancies. In particular, the calculated widths
for Hydrogen are roughly twice those calculated for Argon;
whereas the measured widths show the opposite behavior.
There is certainly no reason to expect the electrical
conductivity to be lower in Argon than in Hydrogen, and
probably little reason to expect the magnetic Reynolds
number to be lower (Ref. 2). The magnetic Reynolds number
is defined as Rm = uoorUsp, where o is the magnetic
permeability of free space, o is the electrical conductivity,
r is the radius and USp is the "snowplow" speed. Hence,
based on conductivity arguments alone it is difficult to see
why the current sheet is thinner in Hydrogen. Other
discrepancies arise when one examines the R-t plots of
figures 6-24. The diffusive theory predicts a parabolic
spread of the current sheet with time, but the R-t plots
exhibit a wide variation of spreading rates ranging from
constant width to linearly increasing width. Alsoc the
results in Argon indicate that the shock position is quite
stable at the rear of the current sheet, and in figure 18,
one sees that the shock front actually appears to be moving

to the rear of the current sheet. This is primarily because
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the current sheet width does not grow parabolically and is
certainly not compatible with the idea that the growth is
entirely diffusive. It seems clear to the author that
under the conditions of the experiment in Argon, the shock
will never emerge from the current sheet regardless of how
far it is allowed to propagate. For this reason the author
believes a comparison of the calculated diffusion width
(Egq. 3) to the ideal separation is not a completely valid
criterion to be used in predicting separation. These
discrepancies in the theory are attributed to the fact that
the single fluid equations are not adequte for describing
the physical process.

It is pointed out that for the experiments in Hydrogen
at 14 KV, the measured current sheet width is only slightly
larger than ideal separation. If one-half of the current
sheet width is used as a criterion, separation should have
been achieved in these experiments. As the shock did occur
at the current sheet leading edge and the ideal separation
is only slightly larger than one-half of the current sheet
width, this does not allow one to conclude that separation
will or will not be achieved by a further reduction of the

current sheet width.
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3.3 Leaking Piston

The amount of fluid the piston leaks can be deter-
mined by a measurement of the mass left after the piston
has passed. If the gas was a single fluid (i.e., was
composed of only one species of particles) then the leakage
could be found by a measurement of the number density or
mass density of that species immediately after passage of
the piston (laboratory coordinates). In these experiments
the fluid consists of both ionized gas and neutral gas, and
a determination of the total piston leakage fequires a
measurement of both densities.

The ionized gas number density can be obtained by
the line broadening technique to be described in section
4.3, and this was done for all cases where the technique
was used to determine number density within the current
sheet. No simple means of finding the neutral gas mass
or number denSity was devised, and thus the measurement
was not made. Hence, as the degree of ionization is
unknown, the measurement of the ionized number density alone
does not usually yield any significant information. There
is an exception to this, and that is when the ionized mass
density is sufficiently large that it implies significant
piston leakage even when the neutral mass density is
unknown.

The experiments in Hydrogen and Helium are examples
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of the former, because the number of ionized particles is
low throughout the current sheet and after it has passed.
This number density is so low that it alone does not
indicate appreciable piston leakage, and until the degree
of ionization is known nothing significant can be said
about the amount the piston leaks. For this reason a
measurement of the ionized number density does not permit
any conclusion about piston leakage for either Hydrogen or
Helium.

In Argon (14 KV, 100p) the ionized number density is
quite large after the current sheet has passed and this is
a case where the measurement of only the ionized number
density gives useful information on the amount the piston
can leak. Here, even if the degree of ionization is
unknown, the amount of mass left behind in this case is
appreciable (Fig. 30). The initial filling of the chamber
is 3.5 x lO15 particles/cm3, and this measurement shows
that approximately 2 x lO15 ionized particles/cm3 are left
behind the current sheet.

When it is remembered that the current sheet speed is
precisely "snowplow” speed, this leakage is so large as to
make the validity of the measurement doubtful. Because of
this a calculation of the effect of the leakage on the
current sheet speed was made, and it is given in appendix D.

The calculation shows that the observed amount of leakage
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would result in only 6% increase in the current sheet speed.
Thus the observation of a large quantity of gas leaking
through the current sheet is not in disagreement with the
measurement of the "snowplow" speed. Here, clearly, is a

case where the current sheet or piston leaks.
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3.4 Electrode Layers

Since the electrodes act as a physical boundary for
the flow as well as a surface where charge is given or
taken from the gas there is the possibility of both a
viscous layer and a charge layer or charge sheath on the
electrodes. The existence of these layers is investigated
here.

The thickness of the viscous boundary layer and the
mass contained in it is calculated in appendix E. The
results of this calculation show that the thickness of the
layer is quite small compared to the electrode spacing,
and thus the mass contained in it is also small. This
indicates that viscous effects should not cause any layers
on the electrodes that could affect the operation of the
device.

A theoretical treatment of the charge layers or
sheaths that may form on the electrodes is difficult, if
not intractable. 1In these experiments the presence of
these layers was investigated by making a survey of the
shape of the current sheet along the axis of the experiment.
The survey was performed by using the magnetic probes
described in section 2.1. When this was done in the early
apparatus (Fig. 1), the current was found to vary along the
axis of the experiment. Specifically, the current sheet

was observed to be relatively thin and well defined on the
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cathode, and it remained that way as one moved away from the
cathode toward the anode. Within 2 to 4 cm of the anode
(depending on the gas that was used in the experiment) the
current sheet spread and covered the entire anode. This
picture does not change as the current sheet propagates
outward. This implies a large charge layer»or sheath on

the anode. The layer was examined further with pressure
probes, and no distinct pressure front was found in it.
Others have observed the presence of this layer in similar
devices (Refs. 12, 13).

A detailed explanation of the reason for this laye;
is given in appendix E. The results of this show that the
removal of this layer requires a modification of the anode
configuration, and the present device incorporates this.
All of the data presented in this work were obtained in an

apparatus with this modification.
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IV. EXPERIMENTAL INVESTIGATION OF THE CURRENT SHEET
BEHAVIOR

4.1 Objectives

The results of the early experiments not only left
unanswered the question of why separation was not achieved
but raised other perplexing questions as well. Because of
the remarkable agreement between the measured current sheet
speed and that predicted by "snowplow" theory, it did not
appear likely that the current sheet was leaking. There-
fore, the idea that separation was prevented because of
current sheet diffusion (diffusive piston) seemed very
reasonable;‘ the expectation being that the shock would
eventually move ahead of the diffusing curreﬁt sheet
ultimately resulting in separation. Basing their approach
on this idea, other investigators (Refs. 9, 10) have built
larger devices in the hope that the longer test times will
allow separation. However, it was shown in the last
section that the measured current sheet widths did not
agree with those calculated from diffusive piston theory
and also that the current sheet did not spread parabolically
in time in accordance with this theory. Moreover, it was
difficult to explain on the basis of this theory the
result in Argon where the shock was found to occur at the
very rear of the current sheet.

In the light of these experimental findings, it seemed

that the more logical approach to take was to gain a better
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understanding of the processes taking place in the existing
device rather than to simply build a larger one. The
reasoning was that with additional knowledge an improved
device could be designed with a higher probability of
achieving separation. (A case in point is the development
of the modified anode described in section 3.4 for the
removal of the anode layer.) Consequently,vfurther
experiments were conducted to obtain more detailed
information about the current sheet-gas interaction. It

is a rather formidable task to perform these experiments
over the complete range of conditions at which the early
experiments were made. The early experiments are described
in section II and the operating conditions for these are
given in Table 1. Hence, the range of conditions at which
the more detailed investigations were carried out was
necessarily reduced. As the experiments in Argon and
Hydrogen at 14 KV exhibit a complete range in the variation
of the shock position within the current sheet, this more
detailed investigation was carried out for operation at

14 KV only. 1In addition, the measurement of the number
density required considerably more effort than that for

the radial electric field, and hence, the range of con-
ditions at which the number density measurement was made
was further reduced. The purpose of this section is to

describe these measurements and discuss their significance
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relative to predicting how the current sheet interacts

with the gas.
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4.2 Radial Electric Field Measurements

In order to understand the current sheet-gas inter-
action, it is important to know whether the ions or
electrons carry the major part of the current. Since the
mobility of the electrons is much greater than that of the
ions, the assumption that the electrons carry most of the
current would seem justified. However, two effects could
make this assumption doubtful. The first occurs when ot
for the electrons is much greater than unity, in which case
the mobility of the electrons across the magnetic field
may be seriously impaired. The other effect‘arises if the
cathode cannbt emit electrons freely enough.to supply the
current, thereby limiting the number of electrons available
to carry current.

While the calculation ofwr(see Appendix A) for the
electrons indicates that their mobility is not materially
reduced due to the first effect at the front of the current
sheet, wrt can become of the order of 10 at the rear of the
current sheet. This could possibly force the ions to carry
some of the current. The second effect has been proposed
by some authors (Refs. 12, 13, 1l4) who have then concluded
that the ions must carry the current. However, this appears
to be open to question because the present author knows of
no experimental or theoretical work that gives positive

evidence that this occurs.
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In view of these uncertainties, it seemed worthwhile
to determine experimentally if the electrons actually do
carry the current. A method for making this determination
has been suggested by Lovberg and Burkhardt (Ref. 15). It
is based on the idea that if the electrons carry the current,
the Lorentz force, 3 X E, must act directly on the electrons
accelerating them to the current sheet speed. The ions in
turn will also be accelerated to the same speed by the
Coulomb forces which arise due to the charge separation of
the ions and electrons (similar to ambipolar diffusion).

The radial electric field arising from this charge separa-
tion could then be measured and would confirm that the
electrons are actually carrying the current.

The magnitude of this radial electric field will
depend on the degree of ionization. If the current sheet
gas is fully ionized, every incoming ion (or neutral that
is subsequently ionized) encountered by the current sheet
is accelerated to the current sheet speed by the Coulomb
forces. The total potential drop across the current sheet
should then simply be equal to the energy of an ion or
neutral moving with the current sheet speed (Ref. 16).

If the gas is not fully ionized, the potential drop
across the current sheet will be higher. 1Its magnitude
depends on how strongly the ions interact with the neutrals.
If the interaction is very strong, the current sheet will

not leak and all the ions and neutrals encountered will be
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accelerated to the current sheet speed. 1In this case the
average number of neutrals accelerated by each ion can be
calculated from the degree of ionization; and the potential
drop must be equal to the sum of the energies of this
average number of neutrals plus the energy of an ion, all
assumed to be moving at the current sheet speed. Conversely,
if the currept sheet speed and the potential‘drop is known,
the degree of ionization can be calculated. However, if
the interaction between the ions and neutrals is weak and
there is appreciable current sheet leakage, then the speed
to which the neutrals have been accelerated is unknown and
neither the potential drop nor the degree of ionization can

be calculated from the knowledge of the othér.
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The measurement of the radial electric field was
carried out with the probes whose construction and operation
is described in appendix A. The data from these probes were
used to find the total potential difference across the
current sheet (c.f., Appendix A) and this value is given in
Table 4. In order to calculate the degree of ionization
one must know the energy of an incoming ion; this was
determined and the values of this energy are tabulated in
Table 4. Then,assuming that the current sheet did not leak,
the degree of ionization was calculated and also tabulated
in Table 4. The errors in this meésurement»can be large,
and this coupled with the lack of repeatibiiity and possible
piston leakage makes the degree of ionization that they give
somewhat inaccurate (see appendix A for a quantitative
discussion). However, they do indicate a surprisingly low
degree of ionization in Hydrogen and Helium which is a
significant result, even if the possible error is large.

More important, the presence of this radial electric
field is taken to be a verification that the electrons
carry the current and pull the ions with them. In fact,
the measurement of so few electrons (low degree of ioniza-
tion) and the presence of the electric field essentially
requires that this be the physical picture. These results
will be discussed in section V where they are of help in
deriving a physical picture of the current sheet-gas

interaction.
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4.3 Charged Particle Number Density Measurements

Because of the uncertainties in the degree of
ionization calculated from the radial electric field
measurement, an independent measurement of the electron
number density was felt to be necessary. The measurement
technique that was applied is based on the pfinciple that
a spectral line emitted by the plasma is bréadened due to
the electric field caused by the charged particles in the
plasma (a more complete description of thié is given in
appendix C). This effect is sometimes called Stark
broadening or Holtsmark broadening (the origin of these
names comesvfrom the people who first developed the theory,
and the history of line broadening will not be considered
here). The broadening of the line depends almost solely
on the charged particle number density and is insensitive
to other properties of the plasma such as the temperature.
Therefore, a relation can be found between the number
density and the broadening of the line. The number density
can thus be determined by measuring the profile (intensity
versus wavelength) of the broadened line. The measurement
technique and the method of obtaining the number density
from the line profile are described in appendix C.

The line profiles of emitted lines were measured at
the following three conditions: Hydrogen at 14 KV and

500 pHg, Helium at 14 KV and 400 pHg, and Argon at 14 KV
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and 100 pHg. As previously mentioned, the measurements at
other conditions were not made because of the long and
tedious procedures involved in measuring a single line
profile. The values of the number density calculated from
the line profile measurement at the various conditions are
given in Table 5. In the measurements with Hydrogen and
Helium, the number density was found to remain constant,
within experimental error, both through the current sheet
and behind it. This was not true for Argon and the value
of the number density given for this gas corresponds to -
that at the rear of the current sheet. More will be said
about this shortly.

For Hydrogen and Helium the ionized number densities
are seen to be of the order of 1015 electrons/cm3. Since
the number densities at the initial pressures were of the
order of 1016 particles/cm3, this indicates a surprisingly
low degree of ionization, particularly when the compression
of the gas by the shock is considered. It is pointed out
that for the Mach numbers in Hydrogen and Helium the
equilibrium degree of ionization is quite low (see Table 1).
This is true even for Helium since the shock occurs within
the current sheet and is probably weaker (see section VI
for a discussion of this), hence the ionization due to the
shock is even lower than that given in Table 1. Thus the
ionization due to shock is seen to be quite low, and these

results indicate that the ohmic heating of the current
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sheet is not enough to cause appreciable ionization.

The line profile for Argon could be measured only at
the rear of the current sheet because the radiation
intensity was extremely low at the onset of the current
sheet and rose to a value high enough to permit measurement
only at the rear. In order to obtain some idea of the
number densities existing in the front portion of the
current sheet, the continuum radiation was measured
through and behind the current sheet. The intensity
of this radiation can be shown (Ref. 17) to be proportional
to NeNi/Te% (Ne is the electron number density, Ni is the
ion number density and Te is the electron temperature) for

3/2 for

Bremnstrahlung(free—free transitions) and NeNi/Te
recombination to bound states. However, this is true only
if local thermodynamic equilibrium (LTE) exists and there
is no cyclotron radiation (radiation due to electrons
orbiting in a magnetic field). Based on the criteria of
of Griem (Ref. 18), it is almost certain that the first
condition is not attained in the present experiments. On
the other hand, cyclotron radiation does not appear to be
important for the magnetic fields and temperatures which
are present here (Ref. 18).

In spite of the absence of LTE and the fact that the
temperature is not constant through the current sheet, an

estimate of the charge particle number density was made by

assuming the continuum radiation intensity was proportional
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to the square of N, (or Ni). This is admittedly only a
rough estimate, but as will be seen it does give some
useful information. Since the temperature must certainly
increase from the leading edge of the current sheet, the
value of Ne at the leading edge inferred by the continuum
radiation will probably be too large.

The result of the continuum intensity measurement is
shown in figure 30. This measuremént was made at a fixed
radial position and the square root of the continuum
intensity is shown as a function of time at that position.
As previously mentioned, this is assumed to be approximately
equal to the charge particle number density. The procedure
gives the number density variation, but it is not an
absolute measurement in that the absolute continuum
intensity was not measured, and hence the absolute value
of the charged particle number density can not be obtained.
In order to fix the magnitude at one time, the number
density at this time and radial position was obtained by
the use of the line broadening technique. Using the value
of N, at this time the scale on the right of figure 30 was
added. An additional line broadening measurement was made
at a later time, and this value is included also. The data
from the line broadening measurements are indicated by the
triangles. The value of the number density obtained from

the continuum radiation is in surprisingly good agreement
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with the number density given by the line broadening
technique at the later time, and thus lends confidence
to the idea that the continuum radiation is a useful
measure of the number density wvariation.

Several important conclusions can be drawn from
figure 30. One can see that the number of charged particles,
and therefore the degree of ionization, is extremely small
at the front?of the current sheet. Also the location of
the pressure,front is shown and is seen to occur at about
the same place where the continuum radiation has its most
rapid increase. This result lends considerable support to
the idea thét the measured pressure front does actually
correspond to the passage of a shock wave. Until this
result was obtained, it had been a matter of some concern
to the author.

The fact that the width of the observed line as well
as the continuum radiation does not decrease after the
current sheet has passed means that the charged particle
number density did not decrease after passage of the current
sheet. As this number of ionized particles is not small in
relation to the initial filling number density (see Sec.3.3),
it is clear that the current sheet is leaking a sizeable
amount of gas. A discussion of this leakage was given in
section 3.3.

The implications of these results will be discussed in

the next section (Sec. V).
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Some of the possible errors in these measurements are
discussed in appendix C. 1In addition, it should be pointed.
out here that the degree of ionization itself cannot be
determined from the measurements, but only the number density
of ionized atoms (actually only the number density of
charges). The total number density must be given in order to
be able to calculate the degree of ionization, but it is
unknown due to the compression of the gas both by the current
sheet and shock. Because of this uncertainty, only a rough
estimate of the degree of ionization can be made. However,
these estimates are found to be in approximate agreement
with the equally rough estimates obtained from the radial
electric field measurements (c.f., Table 4 and 5). This is
taken to be further evidence that the line broadening

measurements are correct.
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V. QUALITATIVE DESCRIPTION OF THE CURRENT SHEET

As a result of the measurements described in the
previous sections, a much better picture has emerged of
the physical processes taking place in the device. 1In
this section a physical model which is consistent with the
experimental observations will be described in an attempt
to explain the occurrence of the shock withiﬁ the current
sheet. This model gives a description of how the gas is
accelerated by the current sheet. When this acceleration
mechanism is considered, the conditions most likely to lead
to separation can then be inferred in a qualitative manner.
The last section (Sec. VI) is devoted to this.

First,ﬁit seems appropriate to review some of the
experimental observations. There is considerable evidence
that the position of the shock in the current sheet depends
to a great extent on the width of the current sheet compared
to the ideal separation of the shock from the ideal piston.
The experiments have shown (see Sec. 2.2) that in Argon
where this width is relatively large, the shock occurs far
to the rear of the current sheet; whereas in Hydrogen where
it is relatively small, the shock occurs at the extreme
leading edge of the current sheet. Furthermore, Hoffman
(Ref. 19) has recently studied the corresponding theoretical
problem by integrating the appropriate single-fluid

equations numerically. His results alsc indicate that when
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the current sheet is wide relative to the ideal separation,
the shock should form at the rear of the current sheet.
This evidence indicates that it is important to establish
the physical mechanism which governs the current sheet
width in order to determine its apparent relationship to the
position of the shock.

It has already been seen that the observed behavior of
the current sheet width cannot be satisfacto;ily explained
by simple diffusion alone (c.f., Sec. 3.2). The explanation
to be given here is motivated by the experimentally observed
fact that the gas is not fully ionized and is based on
certain assumptions about the interaction process between
the ionized gas and the neutral gas. This will be justified
later by a detailed consideration of the possible collisional
mechanism between the ions and the neutrals leading to such
an interaction. 1In order to do this, it is necessary to
examine in detail how the current accelerates the gas it
encounters. This will now be done.

One should note that the shock wave is found to occur
within the current sheet for all cases, and hence a model
is proposed in which there is a local balance of the moméntum
given the gas and the magnetic force within the current sheet.
This is not entirely correct as behind the shock there will be
a lower momentum and higher pressure of the gas. To treat
this exactly, the magnetic pressure (or forces) must be

balanced by both the momentum giventhe gas directly by the
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current sheet and the gas pressure. For the purpose of this
argument it will be assumed that the gas pressure is small
relative to the momentum change everywhere, and hence simply
consider a local balance of the magnetic force and the
momentum given the gas throughout the current sheet.

It should be pointed out that this is in contrast to
the theory of Falk and Turcotte (Ref. 10) where the shock
is assumed to be ahead of the current sheet and the gas
pressure behind the shock is large relative to its momentum.
In this case the velocity gradients through the current sheet
are negligible and the magnetic pressure gradient simply
balances the gas pressure gradient. Hence, the entire
current sheet moves at a uniform velocity and can only
spread by pure diffusion.

Since the gas is not fully ionized, a significant
part of the momentum can be carried by the moving neutral
gas, and this gas is assumed to ultimately acquire this
momentum from the current sheet. Since the neutral gas
cannot be accelerated directly by the magnetic and electro-
static forces, it can only achieve momentum by collisions
with the ions. Therefore the momentum transferred to the
current sheet is governed by collisions as well as
magnetic forces.

For a fully ionized gas, once the field profile (and
hence the force distribution) through the current sheet is

given, the momentum transferred to the gas is determined.
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However for a weakly ionized gas the neutrals can acquire
momentum by collisions, and one must give the field dis-
tribution and also describe the collision mechanism in
order to define the overall momentum transferred to the gas.
Usually it is imagined that a uniform (in some sense)
interaction exists through the current sheet, such that the
presence of the neutral gas does not distort the magnetic
field profile. However, it is clear that one is free to
prescribe fhe neutral-conducting fluid interaction in any
manner. If this is done so that the leading edge of the
current sheet does not appreciably accelerate the neutral
gas, and the trailing edge does, then the requirement of
a local balance of the magnetic forces with the momentum
given the gas will make the leading edge of the current
sheet propagate faster than the trailing edge. When this
occurs, the current sheet will spread due to the difference
in propagation speeds. Conversely, the leading edge of the
current sheet may accelerate a large part of the neutral
gas, in which case its rate of spreading would be reduced.
This mechanism must certainly hold at the current
sheet leading edge, because there is no shock wave and the
gas has to be accelerated directly by the current sheet.
Behind the shock this may not be exactly true, as it is
possible that the gas pressure is of the same order of
magnitude as the momentum change. In any case this can

explain the increased propagation speed of the leading edge,
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and hence the increased width. The important thing to
notice is that the manner in which the leading edge of the
current sheet interacts with the neutral gas can greatly
affect the rate at which the current sheet grows.

If this model is accurate, then for the present
experiments the weak interaction of the currgnt sheet lead-~-
ing edge appears to approximate the conditioﬁs in Argon,
whereas in Hydrogen the leading edge of the current sheet
appears to interact strongly with the neutral fluid. A
further indication that this is true is given by the
spectroscopic measurements. In Argon there is very little
line or continuum radiation emitted in the front part of
the current sheet; in Hydrogen, however, the radiation
"turns on" at the extreme leading edge of the current sheet.
This is taken to mean that the current sheet interacts with
the neutral gas as described above.

This mechanism will not necessarily require parabolic
growth of the current sheet as in the case of pure diffusion,
and it is clear that the rate of growth will depend to a
large extent on the details of the interaction of the
neutral gas with the conducting gas. This is in agreement
with the experiments as they show a wide variation in the
manner the current sheet grows in width (c.f., Figs. 6-24).

It is important to note that the electrical conduc~
tivity of the gas depends almost entirely only on the

electron temperature and only weakly on their number
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density (Ref. 11). The presence of a neutral gas does not
affect this picture until the number of electrons is less
than 1% of the overall number density. This is because of
the long range nature of the Coulomb force field, which
causes the electrons to collide predominately with the
ions (Ref. 11). Hence the collisional interaction between
the neutral.?nd conducting gas does not affect the electri-
cal conducti%ity in any manner, and any effgcts that the
conductivity may have on the field profile are independent
of those caused by the current sheet interaction with the
neutral gas.

As the neutral fluid-conducting fluid interaction must
occur by collisions, an examination of the collision
mechanism between the two will now be made. One should note
that the variation in this interaction can be due to dif-
ferences in the number density of the various species as
well as a difference in the details of an individual
collision.

It is necessary to give a physical picture of the
collisional mechanism before any conclusion can be drawn
about the relative nature of the current sheet interaction
with the neutral gas. This picture is derived from the
following conclusions which are based on the experimental
results. These are that the electrons carry the current
and pull the ions with them due to the condition of overall

charge neutrality, that the number densities of the ions
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and the electrons are small compared to the number density
of neutral particles, and that these neutral particles
achieve their momentum by collisions with the ions.

Assuming that the ion-neutral collisions account for
the momentum transfer to the neutral gas, a calculation was
made of the ion-neutral mean free path (MFP). The largest
ion-neutral cross-section is that of charge exchange, and
the mean free path for charge exchange collisions is
calculated in appendix C and tabulated in Table 5. One
assumption ih this calculation is repeated here, that is
that the number of ionized particles is assumed to be 5%
of the initial filling number density for the experiments
at 500 pHg initial pressure and 10% for the experiments
at 100 uHg. :The justification for this is given in
appendix B. From Table 5, it can be seen tﬂat these values
of mean free path are of the same order of magnitude as the
current sheet width and it seems unlikely that these
collisions are capable of the total momentum transfer to
the neutral gas. Also there is little difference between
the Hydrogen and Argon charge exchange cross-section, and
these collisions are not sufficiently different to account
for the observed variation in the two gases. Because of
this the charge exchange collision process is considered in
greater detail.

A charge exchange collision is the exchange of an

electron between the atom and the ion. Thus the collision
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only changes the name of the colliding particles (i.e., the
atom becomes the ion and vice versa) with no momentum
transfer between the two particles. Now consider this
collision in coordinates moving with the current sheet.

For this case one sees the neutral atoms in the ambient gas
moving at the current sheet velocity, into the group of
particles making up the current sheet. That is, this group
of particles that the neutrals move into are all the ions
and atoms fixed with the current sheet (in laboratory
coordinates those moving with the current sheet). It is
assumed that the electrostatic forces are sufficient that
all the ions can be considered as fixed with the current
sheet.

A neutral is thus seen as entering the current sheet
and undergoing a charge exchange collision with the ions.
After the collision occurs the neutral is fixed with the
current sheet (the neutral was the ion before the collision),
and the ion is traveling through the current sheet. It is
now assumed that the electrostatic forces are such that the
ion is stopped (becomes fixed in the current sheet) before
it undergoes another collision of any kind. The final
result of the collision is that it brings the neutral to
rest within the current sheet, and also leaves the ion at
rest. Thus the collision has doubled the number of
particles fixed within the current sheet. This means that

in laboratory coordinates some of the neutrals are moving
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with the current sheet, as well as all the ions. Note that
all the neutrals brought to rest within the current sheet
by the charge exchange collision do not remain that way
because of elastic collisions with other neutrals. There-
fore some of the neutrals are forced out of the current
sheet by these elastic collisions.

Any neutral which now enters the current sheet may
receive momentum from either the neutrals fixed in the
current sheet or the ions. The difference between the
experiments in Argon and Hydrogen are thought to be the
difference in the nature of the collisions between the
neutrals entering the current sheet and those that are
fixed in the current sheet. 1In order to explain this, the
following collision mechanism is postulated:

In Hydrogen an appreciable number of neutrals
(relative to the number of ions) is built up and moves
with the current sheet. Because this number is larger
than the number of ions, the neutral-neutral MFP will be-
smaller than that for charge exchange. These neutrals can
then account for the collisions that occur at the front of
the current sheet. In Argon it appears that not as many
neutrals are moving with the current sheet and in addition
the effective neutral-neutral cross-section is probably
smaller. This allows the neutral-neutral collision to occur
further in the rear of the current sheet, and thus the front

of the current sheet does not interact with the neutral gas.



54

The cause of this is probably due to three effects.
The first is that the entering neutrals for Argon have a
much greater directed energy than thermal energy, and when
the neutral-neutral collision occurs the large directed
energy tends to drag both neutrals to the rear of the
current sheet. This has the effect of lowering the
relative number of neutrals moving with the current sheet.

The sécond effect is due to the size qf the neutral-
neutral cross-section. While the cross-sections obtained
from the viscosity data are expected to be applicable for
the experimental conditions in Hydrogen, they are not as
applicable for the experiments performed in Argon. Specifi-~
cally, these cross-sections are probably larger than the
actual cross-section because the energy range for the
collisions in the experiments in Argon is higher than that
for which the viscosity was calculated. The effect of
these factors on the size of the cross-section is considered
in more detail in appendix B.

The third effect is due directly to the nature of the
neutral-neutral collision. As shown in reference 20 and
discussed in appendix B, for the experiments in Argon the
relative energy in a collision is such that for the neutral-
neutral collision, forward scattering should be more
prevalent; i.e., the differential cross-section shows a
large probability of scattering at small angles. When

forward angle scattering is more prevalent, the collisions
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are not as efficient in converting the directed momentum

of an entering neutral into random motion. Thus, even
though the entering neutral has a collision in which it
transfers most of its directed momentum to the neutral with
which it collided, there is little change in the overall
directed momentum of the two particles. On the other hand,
if the scattering is more nearly isotropic, each collision
is effective in destroying the directed momeﬁtum. Thus the
predominance of forward angle scattering for the experiments
in Argon is assumed to make the neutral-neutral collision
less effective in sweeping up the neutral gas:the current
sheet encounters.

Another factor must certainly contribute to the spread-~-
ing of the current sheet in Argon, and that is the large
variation in ion number density through the current sheet.
If one looks at the number density variation shown in
figure 30, it is evident that the ion-neutral MFP must be
less at the rear than at the leading edge of the current
sheet. This implies a stronger interaction with the
neutral gas at the rear, and hence the rear would
propagate at a slower speed. This difference in propagation
speeds of various parts of the current sheet has already
been shown to cause an increase in the current sheet width.

So far only elastic neutral-neutral collisions have
been considered. When the energy of the colliding

particles becomes of the order of 2-3 times their ionization
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potential, the collision may become ionizing (Ref. 21).
Under the previous assumptions, the ion formed would
immediately assume the current sheet velocity and this
would move the shock forward. The experiments in Argon
are in agreement with this as at 500 pHg initial pressure
(energy of an entering neutral is 2.2 times the ionization
potential) the shock is further toward the rear of the
current sheet than at 100 pHg (energy is 5 times the
ionization potential). The experiments in Hydrogen are
such that very few ionizing collisions can be expected
(14 KV) under all conditions. The experimental results
agree with this in that at the higher current sheet speeds
the shock forms further toward the rear of the current sheet.
It is readily admitted that the above arguments are
rather crude and are considered correct only‘in a qualita-
tive sense. The calculation of all mean free paths (MFP)
was under the .assumption of constant conditions through
the current sheet; while this appears approximately true
for the experiments in Hydrogen and Helium, it is certainly
not true in Argon. In particular, in Argon the observed
ion number density undergoes a large change through the
sheet and thus the MFP must also change. It is probable
that the calculated MFP for both collisions may be too
large at the front of the sheet and too small at the rear.
As previously stated, this can account, to some extent, for

the large current sheet width observed in Argon.
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It is pointed out that the effect of the initial
breakdown of the discharge has been neglected. If the R-t
figures (Figs. 6-24) are extrapolated to the t = 0 origin,
it is seen that the width of the current sheet just as the
experiment starts (breakdown width) is larger in Argon than
Hydrogen. One is inclined to think there is only one
stable position for the shock (in the current sheet) and
that the shock will move to this position regardless of
the nature of the breakdown. There is, of course, no
definite reason why this must be true and on? must admit
the possibility that the current sheet width and thus the
shock position can depend to some extent on the manner in
which the discharge initially formed.

In this model a large part of the difference in the
observed current sheet width is attributed to the differencé
in the interaction between the neutral and conducting gas.
If this is correct, an accurate theoretical treatment would
require use of the three fluid equations (since the
electron collisions do not enter in the momentum transfer
between the neutral and ionized fluid, an alternate
approach would be to use equations which describe only tﬁe
ionized and neutral fluid, i.e., two fluid equations where
the ions and electrons are considered as a single conduct-
ing fluid.)

As the results of these experiments seem to depend to

a great extent on the number of ionized particles in the
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current sheet, before a comparison can be made with other
experiments the level of ionization present in them should
be ascertained. For example operating at the same piston
speed and a different voltage could yield different results.
This is because the degree of ionization is probably con-
trolled not only by collisions, but probablykincludes other
effects such as the current density and voltage at which the

experiment is performed.
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VI. SUMMARY

Some of the more important conclusions that may be
drawn from these experiments are summarized in this section.
Perhaps the most remarkable is the extremely low level of
ionization that is observed. This is particularly true for
the experiments in Hydrogen, because here the shock Mach
number is not sufficiently high to cause appreciable
ionization, and it appears the ohmic heating in the current
sheet also is not large enough to ionize a large portion of
the gas. 1In Argon, the shock Mach number is large enough
to ionize the gas, but since the shock occuré near the rear
of the current sheet, there is still very little ionized
gas through most of the current sheet. Many of the
departures from "ideal" or infinite conductivity behavior
can be explained by the low level of ionization in the front
of the current sheet.

The experiments in Argon showed evidence of a large
amount of current sheet leakage. While the gas left after
the current sheet is probably moving radially outward, this
clearly indicates that the current sheet is not an imperme-
able piston.

One can see that the single fluid equations are not
accurate in predicting the current éheet widths, and this
is probably also explained by the low levels of ionization.

Another feature is that, in Argon, when the observed current
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sheet widths are considered with the piston leakage, the
position of the shock at the rear of the current sheet
appears entirely reasonable.

For operation as a shock tube an additibnal problem
that may be significant is the presence of cﬁarge layers on
the electrodés. If charge layers of appreciable thickness
are observed on either electrode, they can affect the
performanceFof the device. Such a layer was observed on
the anode of the previous device and a complete anode
redesign was required to remove it.

In addition to these conclusions several other ideas
are added. One should note that the strength of the shock
wave given in Table 1 is probably inaccurate if the shock
does not occur at the very front of the current sheet. This
is because when the shock is within the current sheet the
temperature immediately ahead of it is higher due to the
ohmic heating. If this occurs the shock is propagating
into a gas with a higher speed of sound and must have a
corresponding lower Mach number. While the low level of
ionization in Argon can be caused by the absence of
equilibrium, this lower shock Mach number must have some
effect. Due to the difficulty in finding how much ohmic
heating there is, it is hard to estimate which of these is
the dominate reason for the low ionization.

One may also note that the experiments in Hydrogen

imply a relatively strong interaction of the current sheet
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at low levels of ionization. While this interaction is not
as strong as that desired to produce shock waves, it could
be useful in propulsion applications. In this field it has
the possibility of given increased propulsive efficiency, as
most of the input energy would seem to go into translational
motion rather than ionizing the gas. This could have
application in any area where it is desired to accelerate

a neutral gas to a high velocity.

- Finally one may infer what must be dohe;to achieve
separation. The manner in which the leading edge of the
current sheet interacts with the gas it encounters appears
to govern, to a large extent, the possibility of obtaining
separation. TIf it does not interact strongly with the gas,
the current sheet becomes wide and diffuse and the shock
forms more toward its rear. When this occurs the level of
ionization tends to be lower throughout the current sheet,
and this appears to contribute to the absence of separation
by increasing the possibility of piston leakage. Thus the
low level of ionization in the current sheet leading edge
appears to be the primary reason for the absence of
separation. It is emphasized that this effect is not
directly due to low electrical conductivity, but is because
of the low ionization and, hence, the small percentage of
particles that experience the magnetic body force directly.

The most obvious manner to alleviate this is to use

some form of preionization so that the current sheet and
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the shock wave are not required to ionize the gas at the
current sheet leading edge. If the current sheet was
propagating into a fully ionized gas, then all of the gas
would experience the magnetic force, and the leading edge
of the current sheet would accelerate all of the gas. This
mechanism would be more effective in accelerating the gas,
because no recourse to collisions would be required.
Therefpre, one concludes that experiments performed
in a gas that is already ionized to some extent will be
much more likely to achieve separation. Indeed, these
experiments indicate that without preionization separation
can never be expected. Based on the experimental results
this seems to be particularly true at high Mach number

current sheet speeds.
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APPENDIX A
RADIAL ELECTRIC FIELD PROBES

1. Introduction

The probes used to measure the radial electric field
are quite similar to the probes first used by Lovberg and
Burkhardt (Réf. 15). A drawing of this probe is shown in
figure 25. It consists of two electrodes located at equal
vertical positions in the device but at different radial
positions. The electrodes are insulated from ground
potential by use of a pulse transformer, also shown in
figure 25. This allows the probe to float at the vertical
potential (or value of the Ez field) such that only the
difference in the potential of the two electrodes is
measured, and hence only the radial field is measured.

The output from the pulse transformer is then recorded on
an oscilloscope.

There can be some question as to what the actual
output of the probe corresponds. If the dimension between
the electrodes (L in Fig. 25) is such that it is approxi-
mately the length over which there is a field, then the
peak output of the probe is the difference in potential
over that region. This is approximately the condition
under which the probes were used by Lovberg and

Burkhardt (Ref. 15).
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Another case is when the dimension "L" is small
compared to the region in which there is electric field.
Under these conditions the value of the measurement should
be divided by the distance between electrodes (L in Fig. 25)
to give the local electric field. This field is then
integrated over the region to give the total potential
difference across that region. For these experiments this
is not the case, since the probe is never extremely small
compared to the region of field. However, it is more
closely met than the condition previously described. For
the present'experiments the probe is a factor of 4.5 to 8
times smaller than the dimension or width of the field, and
the latter technique was used to reduce the data.

The data are necessarily taken at a given radial
position as a function of time. One procedure would be to
do this at several positions and then cross plot the results
to get the field at a given time as a function of position.
A spatial integration can then be made to obtain the total
potential difference across the field. Since the current
sheet moves with constant speed, the spatial integration
was replaced by a time integral; this can be done if the'
field is not changing with radial position. One should also
note that a one dimensional integration is valid only if
the region (width) of the field is.small relative to the

radius. Both of these conditions are only approximately
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true for these experiments; even so, the data were reduced
by a temporal integration as follows.
Let the potential across the field be denoted by ¢,

the local electric field by E and the radius by r, then
¢ =/ Ear (A-1)

When V is the output of the probe and L is the dimension

of the electrode spacing (Fig. 25) the relation becomes

V .
s = ff dr (A-2)
For a constant current sheet speed U , this approximated
sp ’
by
Us
6 = =B [ vat (A-3)

Note that V in the equation above is the output of the
probe, and hence the total potential across the current
sheet can be obtained by integrating the probe output and

multiplying by the appropriate constants.
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2. Errors

The two electrodes in the radial electric field probes
should be approximately at the plasma potential and can
therefore be considered as Langmuir probes at the floating
potential. Under this condition there is no current to the
probe and the sheath is composed of electrons (Ref. 22).
As there is no current to the probe, the usual errors due to
a variation in electron or ion mobility are not present.
The only error that does occur is that due to the electron

sheath. The potential across this sheath should be roughly

3.6 KTe (Te = electron temperature, K = Boltzmann constant).
An idea of this temperature can be obtqined from the
equilibrium temperatures given in Table 1. As it is almost
certain that equilibrium is not reached, some estimate of
how the electron temperature varies from the equilibrium
temperature should made. When the gas is in the process of
becoming ionized by electron collisions, the electron
temperature tends to be lower than the equilibrium value
and the ion temperature higher. This has been observed
experimentally (Ref. 24), and predicted theoretically
(Ref. 25). The conditions in the current sheet are assumed
to approximate this and hence the maximum electron tempera-
ture is probably that given in Table 1. The shock Mach
number given in Table 1 can be higher than that which
actually occurs (c.f., Sec. VI) and this means the tempera-

ture given in Table 1 is higher than that in the experiment.
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The equilibrium temperature in electron volts for the
conditions at which the probe was used is given in Table 5.
It can be seen that it is small compared to the measured
voltage, and when the effects discussed above are considered,
it is evident that the error caused by the sheath cannot be
large. 1In addition, only the difference in temperature of
the two sheaths can cause error, and this shquld be con-
siderably smaller than the error céused by a single sheath.

The effect of flow over the probes should not affect
the sheath if the probe does not disturb the flow, because
the thermal velocities of the electrons are much higher
than the directed velocity of the plasma (Ref. 22). Hence
if the probe does not change the temperature of the flowing
electrons, the effects of the flowing plasma should be
negligible. To make sure this is the case, the probe
dimensions should be smaller than a gas dynamic mean free
path. This condition is not met here.

To investigate this error more fully, two additional
probes were made. These probes vary both in size and shape
relative to the original probe and are shown in figure 26.
Under all experiments in which the probes were used, all
three probes gave identical answers to within 10%. 1In
most cases this error is smaller than the variation for
an individual probe over a period of several months. This
indicates that the error caused by flow over the probe is

not large.
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Errors were also found to be caused by the circuit
which was used in the measurement. The original circuit
had an eight foot cable from the probe to the pulse
transformer and an additional output cable from the pulse
transformer to the oscilloscope (c.f., Fié. 25). 1In order
to keep the noise level down it was necessary to terminate
all cables with their characteristic impedance of 75 ohms.
Because of excessive noise, the output cablé had to be
terminated at both ends.

With this circuit it was found that the output of the
probe varied with the total resistance of the termination
used. Specifically, with lower resistances the signal was
smaller. This was because the probe was drawing enough
current that it was no longer at the plasma potential. The
cause of this was the low impedance of the resistors used
to terminate the cables. In order to reduce the current
that the probe drew from the plasma, the high impedance
circuit shown in figure 27 was employed.

This circuit has the pulse transformer connected
directly to the probe. Hence, there is no cable between the
probe and the transformer to pick up and transmit noise.
The output of the pulse transformer was matched to the
oscilloscope cable impedance by use of a cathode follower
(this is identical to the one used with the pressure probes,
see figure 4). The entire circuit for the probe and

cathode follower is also shown in figure 27.
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The resistor divider is necessary to prevent over-
driving the cathode follower with high voltage. The
resistors in the divider are as high as possible to keep
a reasonable risetime (0.2 psec). For this case

R, = 8.2 x lO3 ohms, R, = 1.2 x lO3 ohms.

2 1

When it became clear that a high impedance for the
probe was necessary, it was questionable that the impedance
was high enough to avoid these errors. To check this the
resistors in the divider circuit were lowered to R = 750

ohms, R, = 100 ohms, and this resulted in only a slight, if

1
any, lowering of the signal level. The shot-to-shot
repeatability is poor enough such that any change of less
than 5% would probably not be noticed.

The attenuation of the resistor dividers and the
cathode follower was calibrated using a pulse generator.
Pulsesof approximately the same frequency and voltage as
the measured signal were applied to the input of the pulse
transformer, and the total attenuation to the oscilloscobe
was recorded. This was done for both resistor dividers and
the attenuation was found to be 18 for the high (8 x 2 x 103
ohms) impedance divider and 20 for the low (750 ohms imped-
ance divider. The risetime was also noted for these
frequency pulses and found to be approximately 0.1 to 0.2
usec.

It is possible that the pulse transformer could also

respond by capacitive coupling to the potential at which
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the probe is floating. This so~called common-made response
is simply checked by shorting both electrodes at the input
of the pulse transformer. When this was done the signal was
at least a factor of 50 lower than its unshorted value. It
is therefore felt that the output from the purse transformer
was only due to a difference in potential of the two
electrodes.

A final statement about the general repeatability of
these measurements also seems worth mentioning. The shot-
to-shot repe?tability of the measurements waé good for
Argon (4% to 8%) to fair for Hydrogen (10% to 15%). The
reproducibility over a period of several months was not
quite as good. Even using the same probe and circuit
the signal seemed to vary somewhat more over an extended
period. Typically over a period of a month Argon varied
approximately 10% to 15% and Hydrogen varied approximately
15% to 20%. The reason for this is not understood.

Because of all the errors that may be present, and
also because of the poor repeatability of the measurements,
the author would not class them as having an overall

accuracy of better than 40% to 80%.
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APPENDIX B
CALCULATION OF RELEVANT PARAMETERS FOR AN INVERSE PINCH

This appendix gives the procedure for the calculation
of some of the relevant parameters in the inverse pinch. It
is also included to give in detail the assumptions made in
the various calculations. Units are MKSQ unless stated

otherwise.
1. Equilibrium Conditions behind the Shock

Equilibrium conditions behind the shock are calculated
using the measured speed of the peak in current density and
ambient temperature to define the shock Mach number.
Rankine-Hugoniot relations and a suitable Mollier chart
(Refs. 26, 27, 28) are then used to determiﬁe the equilibrium
conditions behind the shock. The equilibrium temperature and

degree of ionization are given in Table 1.
2. 1Ideal Separation

The ideal separation of the shock from the piston is
calculated assuming that the shock and current sheet are
both infinitely thin, that the piston does not leak and
that there are no boundary layer effects. This can be done
by using the estimated compression through the shock and
mass conservation, or can be taken directly from the exact
similarity solution (Ref. 3). The latter procedure was used

here.
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As with hypersonic similarity the ratio of the piston
speed to the shock speed depends only on the ratio specific
heats,y . Unfortunately the calculations in reference 3
were not done for y = 5/3, however this information may be
obtained from reference 5. Using the value of the ratio of
the piston speed, Uc' to the shock speed, Us’ the ideal

separation, ©, is calculated as follows
5 = (US - Uc)t (B2-1)

where t is the time. It is assumed that the piston speed
is closely approximated by that given by the "snowplow"
theory, U__, and hence

sp

U
S

5 = USp (ﬁ: - l) t (B2-2)

The values of US/Uc are (Refs. 3 and 5)

Fory = 5/3 Us/Uc 1.17

1.12

For y= 7/5 US/Uc

Using these values the ideal separation was calculated and

is tabulated in Table 2.
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3. Energy of Entering Neutrals

In current sheet coordinates the neutral enters the
current sheet with the velocity of the current sheet in
laboratory coordinates. Therefore the energy is that
energy of a particle with the mass of the neutral particle

moving with the velocity of the current sheet, i.e.,

mn US ?
E = ——'—2—'9—- (B3-1)

This is converted to electron volts and given in Table 3.

For the inverse pinch at constant voltage

1
4
Usp « (1/m) (B3-2)
and
i
Ex m?* (B3-3)

Therefore the energy per particle is higher in the heavier

gases.
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4. wr for Electrons

The calculation of wr for the electrons is difficult
because the conditions are not known accurately in the
device. A rough estimate is made to obtain what is felt
to be the upper limit of its magnitude. w is' defined as

the electron gyro frequency, i.e.,
w = e B/me (B4-1)

where e is the electron charge, B is the magnetic field
and m, the electron mass. The largest wvalue of the
magnetic field encountered is approximately = 0.5 Weber/

meterz. This gives
w =1 x lOll/sec. (B4-2)

T is the collision time, and as the collision time is
approximately the same for electron-electron or electron-
ion collisions (Ref. 29) either may be used. The electron-
electron collision time can be calculated from the relation
given in reference 11 for collisions among like particles.
Using this expression for the electron-electron collision

time, t e’ One obtains (cgs units)

_0.266 _T

ee N In A
e

t (B4-3)

where T is the electron temperature and is assumed to be

2 x 104 °x, Ne is the electron number density and is

assumed to be lO15 electrons/cm3 and LnA is tabulated in
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reference 11. The term Ln A is a weak function of the
electron temperature and number density. The value of

t is then
ee

_ -10
tee = 1.2 x 10 sec (B4-4)

and

wt = 12 (B4-5)
ee

This is probably the largest wvalue ofLM'that is ever
attained. 1In other places, in particular the front of
the current sheet, both the temperature and magnetic field

are considerably lower.



76

5. Energy and Velocity of Electrons Carrying the
Current

As the degree of ionization is quite low and the
current density is large, it is of interest to know the
drift velocity of the current carrying electrons and the
energy associated with this velocity. A representative
example ié given for Hydrogen at 500u.

If a radius of 2 inches (5.1 cm) is considered, the
time the current sheet arrives can be taken from the R-t
plot (Fig. 13). This is taken to be 1.8 usec. The circuit
driving current is 5.5 x lO4 amps at this time. Using the
value for the width of the current sheet (also taken from
Fig. 13) the current density is found to be J = 2 x lO7
amp/meterz. The electron number density is éssumed to be

20 electrons/mB. This gives a drift velocity of

5 x 10
2.5 x lO5 m/sec, and corresponds to an energy of 0.2
electron volts or a temperature of 2000° k. Therefore it

is entirely reasonable to assume that the observed number

of electrons carry the current.
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6. Mean Free Path for Neutrals Encountered by the
Current Sheet

The model used here is derived from consideration of
the process in current sheet fixed coordinates. The gas
encountered by the current sheet can be seen as entering
the current sheet with a velocity equal that of the current
sheet in laboratory coordinates. The situation is therefore
one in which a neutral enters a group of particles (the
current sheet) with a known velocity. The major problem in
calculatingla mean free path for these neutrals is
estimating the number density of ions or neutrals in the
current sheet and the size of the appropriate cross-sections.

The ion number density in the current sheet is
estimated by using the results of the line broadening
experiments (Appendix C). Although the information obtained
from these experiments is not complete, some idea of the
ion number density can be obtained. At the lower pressures
the shock Mach number and energy per entering particle are
higher, and it seems likely that the degree of ionization
is also higher. Using this reasoning and the results of
the line broadening experiments, an estimate of the degree
of ionization based on the initial filling number density
was made. It is assumed that the degree of ionization is
5% for the experiments performed at 500 pHg initial pressure

and 10% for those performed at 100 pHg.
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Assuming these values for the ion number density
within the current sheet, the ion-neutral mean free path
can be calculated. The largest cross-section for this
collision is that of charge exchange, and the cross-section
for the charge exchange collision is taken from reference
30 for Hel%um and Argon and from an extrapolation of the
data in reférence 31 for Hydrogen. These values of the
ion—neutralAMFP are tabulated in Table 5.

It is pointed out that the charge exchange cross-
section used for Hydrogen is for collisions between Hydro-
gen atoms and ions, and this is much larger than for
collisions between Hydrogen ions and molecules. The
justification for this is primarily from the experimental
results, where a comparison with Helium indicates that
there is little difference attributable to the diatomic
nature of room temperature Hydrogen. Some diatomic Hydro-
gen ions (H2+) may be present and their charge exchange
cross-section will be large for collisions with Hydrogen
molecules (Ref. 32). Tne neutral-neutral cross-section
will also be large for Hydrogen molecules and this can
account for the observed short MFP in this collision.
Again the experiments in Helium indicate the difference
between Helium and Hydrogen is not sufficiently large to
warrant this assumption. Unpublished experiments in
Nitrogen (whose purpose was a further investigation of the

possible effect that a diatomic gas might have) also
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indicate little effect due to its diatomic nature.

The neutral-neutral mean free path is calculated in
much the same manner. The number density of neutrals moving
with the current sheet was assumed to be 5 times the initial
filling number density. This is admittedly a rather crude
approach, but is included to give an idea of what this MFP
will be. The cross-sections for neutral collisions at these
energies (4-80 electron volts) are difficulﬁ to estimate as
there is virtpally no information on them in the literature.
The most accu;ate values were assumed to be those obtained
from the caiculation of viscosity made in reference 33 for
Helium and Argon and in reference 34 for Hydrogen. The
procedure uséd here is to invert the equation used to
calculate the viscosity so that the cross-section is given
as a functign of the viscosity. The tabulated values of
viscosity are then used to give the cross-sections. Con-
ditions at the highest temperature available(15,000° K)
are used.

These cross-sections obtained from the viscosity
data are probably accurate for the experimental conditions in
Hydrogen, as the energy range for the collisions in the
experiments is not appreciably different than those of the
viscosity data. However, the energy range of the collisions
in Argon is considerably higher than that of the viscosity
data. The cross-sections for these experiments could differ

from those obtained from the viscosity calculations, and
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are expected to be somewhat smaller.

Using the values of the cross-section obtained in
this manner and the estimate of the number density des-
cribed above, the MFP for the neutral-neutral collisions
was calculated. The result of this calculation is tabulated
in Table 5.

There is another effect which can also be important,
and this is the dependence of the differental cross-section
on the scattering angle. An indication of this can be
obtained by a comparison of the de Broglie wavelength to
the dimensions of the scattering body. (It is emphasized
that the use of quantum mechanics to give some indication
of the angular dependence is not required, since for this
range of energies the classical and quantum mechanical
description should be approximately the same: The quantum
mechanical abproach is chosen here merely because of the
two, it appeared to be the more convenient.) When the
de Broglie wa&elength is small relative to the scattering
body the differential cross-section should have a large
probability of forward scattering, but as the wavelength
becomes of the order of the scattering body or larger
the scattering tends to become constant with scattering
angle (Ref. 20). This is true for center of mass
coordinates, but the change to laboratory coordinates
(there are equal masses of incident and scattering particles

in this case) is the same geometric function for all cases.
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Hence the collision which has the largest forward scattering
remains that way, and the transformation only shifts the
angular dependence more toward forward scattering in all
cases.

The de Broglie wavelength, » , for collisions is given

by

A = h/MV

where M is the reduced mass, V is the relative velocity bf
approach, and h is Planck's constant. Value; of the de
Broglie wavelength for the experimental conditions are
given in Table 5. From this table it can be seen that the
wavelength is approximately the same size as the scattering
body in Hydrogen, and is much smaller for the conditions in
Argon. Based on this, forward scattering should be much
more prevalent for the experiments in Argon. The importance
of this is discussed in section V.

No collisional information is given for the experi-
ments performed at 25 KV, as there was no line broadening
data taken at these conditions, and thus there is no way

to make even a rough estimate of the ion number density.
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7. Magnetic Reynolds Number

The magnetic Reynolds number, Rm' for these experi-

ments is

R, = M OrU

p

where Ko is the magnetic permeability of free space, o is
the electrical conductivity, r is the radius and USp is
the "snowplow" speed. This parameter is a measure of the
ratio of the convection to diffusion of the magnetic field
and should be large if the experiments are to approximate
the ideal model (c.f., Sec. 1l.2). For these experiments
the range in "snowplow" speed is not large and the major
variation in Rm’ if any, is probably due to changes in the
electrical conductivity.

This parameter is for a single fluid and may have
doubtful significance for the low levels of ionization

that are observed experimentally. This can be particularly

true when inferring the current sheet width.
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APPENDIX C

MEASUREMENT OF THE IONIZED NUMBER DENSITY BY LINE BROADENING

1. Introduction

When an atom is in an external electric field its
energy levels are shifted due to the effect of the field
on the atdm. When it is a uniform external field this
energy shift is called the Stark effect. In a gas composed
of many charged particles, these particles give rise to a
random electric field (the plasma microfield), which then
shifts the ehergy levels of an atom that is in the gas.
The accumulative effect of the charged particles on many
of the atoms makes a spectral line emitted by the atoms
appear to be broadened. This is the so-called line or
Stark broadening of a line radiated by the gas. When this
is considered quantitatively one may use the amount of
broadening to infer the number density of charged particles.

To apply the technique, one must have a theory which
gives the charged particle number density as a function of
the width of a particular line, and be able to measure the
line profile (intensity versus wavelength) for that line.
A discussion of the theory necessary to do this is given
in the first part of this appendix. The procedure for
obtaining the line profile is then explained after the
description of the theory. 1In the last part the results

of the measurements are given and discussed.
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2. Theory

The source of the theoretical part of the technique
is reference 18. This has a comprehensive treatment of the
theory required to calculate the broadening of a spectral
line, and also included in this reference are tables of
line profiles for all of the spectral lines used in these
experiments.‘ This reference has a complete account of the
theory of line broadening, however, some points which are
particularly applicable to these experiments are included
here.

It is pointed out that this technique is still
applicable when the temperature of the plasma is not
accurately knéwn, as is the case here. This is because the
line profile aepends very strongly on the charged particle
number density, and only weakly on the plasma temperature.
Therefore, in cases where an estimate of the number density
is desired, and only a very rough estimate éf the tempera-
ture is available, the technique of line broadening is still
applicable. The use of this technique does not require
local thermodynamic equilibrium (LTE), but only a Maxwellian
velocity distribution among the electrons. This appears to
be a reasonable assumption in these experiments.

It is recognized that for Hydrogen and Helium the
temperature of the plasma may be obtained from the ratio
of line to continuum intensity (Ref. 18). This was not

done, primarily because this measurement assumes LTE, and
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if LTE does not obtain, it appears that the errors in the
measurement of the temperature could be large. The line
width depends so weakly on temperature that these data
would not significantly add to the overall accuracy of the
density measurements.

For the technique to be accurate the plasma must be
optically thin to the particular line observed. That is,
the line radiation must not be reabsorbed by the plasma
itself. If the plasma is optically thick, it reabsorbs
more strongly in the center of the line than in the wings,
thus changing the line shape. The optical thickness of the
plasma was calculated for each line profile measured (this
was not necessary for Helium --see part 4 of this appendix),
using the equations of reference 18. The oscillator
strengths for the Hydrogen lines were also obtained from
reference 18, and the Einstein coefficient for the Argon
I 6032 g line was found in reference 35. The calculation
of optical depth involves the number density of atoms in
the lower state of the transition under consideration.
This was estimated by using the Saha equation, with the
values of the partition function for Hydrogen and Argon
given in reference 36.

The Saha equation does not apply exactly, as LTE is
not achieved. However, the optical depth was calculated
over a wide range of temperature, and even if the plasma

is not in LTE, if the calculation shows it is optically
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thin over a wide variation of temperature, it seems
reasonable to assume it is optically thin for these
experiments.

This calculation showed that the gas was optically
thin for the Hydrogen H% and H,Y lines gp to a temperaturg
of 20,OOOOK, and for the Argon I 6032 A line the plasma
was optically thin up to a temperature of 4O,OOOOK. There-
for it appears that there will be no self-absorption in
any of the lines used in these measurements., The optical
depth of the Hydrogen Hﬁ line was also calculated, and
it was found that this line should be self-absorbed. For
this reason Ha line was not used in these experiments.

The intensity of the Argon line radiation was
extremely low in the front portion of the current sheet
and attained\a level sufficient for measurement only toward
the rear of the sheet. To obtain some idea of the number
density present in the front part, the continuum radiation
was measured through the current sheet. A description of
this was given in section 4.3, and the results of the

measurements are given in figure 30.



87

3. Experimental Technique

The inverse pinch is shown schematically in figure 1
and its operation is discussed in detail in section 1.2.
The high degree of shot-to-shot reproducibility, which is
characteristic of this device, is also noted in section 1.2.
This is a key feature of the inverse pinch with respect to
the present experiments, since a monochromator-photo-
multiplier system was used, making it necessary to scan a
spectral line by measuring different wavelengths on
successive shots, through the width of the line.

The monochromator, photomultiplier, and photo-
multiplier power supply were placed in a shielded screened-
room, with the recording oscilloscope. Light from a small
region of the inverse pinch was focused onto the entrance
slit of the monochromator, through the screéning, by means
of a system of plane and concave mirrors. This technique
virtually eliminated all noise problems.

The inverse pinch was surrounded by a cylindrical
Pyrex tube with a glass plate on the top, thus measurements
could be made through both the top and side of the device.
In addition, for measurements through the top, both a glass
and a slotted-metal top electrode were used (the metal
electrode has narrow radial slots to permit transmission of
the light). 1In the case of the metal electrode the current

path is in the metal itself, whereas in the case of the
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glass electrode the current flows in the boundary layer
adjacent to the electrode. There were no measurable
differences between the line profiles obtained through the
top and through the side, and with either the glass or metal
top electrodg.

The monochromator used was a Jarrell-Ash 0.5 meter
Ebert, with an RCA 1P21 photomultiplier tube, typically
operated at 850 volts. For all the line broadening
measurements both the entrance and exit slits were 0.02 mm
(32 Z) wide. Before a line was scanned, its center was
located by means of a standard lamp of the same gas. This
served to correct for any errors in the monochromator wave-
length calibration.

The inverse pinch used for these experiments was
6 inches in diameter. Most of the measurements were made
at a radial distance of 1.5 to 1.75 inches from the center
of the device. The top and bottom electrodes were 4% inches
apart, with the monochromator focused approximately on the
mid-plane of the apparatus.

During the scanning of a line the device was vacuum
pumped for 5 minutes between shots. Maintaining this
constant purge time helped to minimize the shot-to-shot
scatter in the data, especially in Hydrogen. Figure 28 is
a typical profile for the Hydrogen HB line, and figure 29
is the corresponding profile for the Argon I 6032 Z line.

A minimum of two shots were made at each wavelength.
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The continuum measurements in Argon have already been

discussed in section 4.3. For these measurements a portion
o

of the visible spectrum approximately 10 A wide and centered

o)
about 6015 A was used.
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4. Results

Since the measured line profiles were very narrow
(see Figs. 28 and 29), it was necessary to correct them for
broadening due to the finite resolution of the monochro-
mator. The slits were sufficiently wide that they covered
a significant portion of the line. This correction was
made by adjusting the theoretical profiles obtained from
reference 18.

If the input signal to the monochromator were an
infinitely thin line (monochromatic source), the output
would be a triangle with a base whose width is determined
by the slit width and the monochromator optics. This is
due to the finite slit width and does not involve grating
dispersion.% The base of this triangle was calculated to be
0.666 Z for;the 0.02 mm wide slit. To check this, the base
of the triangle was measured using the 5789 Z line of a
mercury lamp, and the Argon II 4398 g line from the device
itself. Both of these lines should be quite narrow com-
pared to the resolution of the monochromator. In both cases
the base of the triangle was found to be 1.2 to 1.3 g. This
increase in instrument broadening appeared to be due to
tilting of the monochromator slits, which could not easily
be reduced. Usihg this measured value, the theoretical

curves were corrected for instrument broadening. The

measured profiles were then fitted to the corrected
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theoretical profiles, from which the number density could
be obtained. This procedure was followed for the Hydrogen
and Argon lines, and the results are tabulated in Table 5.

In Helium, no broadening greater than the instrument
resolution could be detected. It was assumed that if the
line had a full half-width (FHW) greater than 0.5 g, it
would have been detected. Using 0.5 Z as the maximum FHW
for the Helium I 4471 g line, an upper bound for the number
density can be obtained. This is also given in Table 5.

The vaiues of the charged particle number density
were not ploéted as a function of position in the current
sheet. This is because in Hydrogen and Helium no noticeable
change in this number density was measured. Therefore the
values given in Table 5 for Hydrogen and Helium are the
number densities observed anywhere within the current sheet.
In Argon there is a marked change through the current sheet,
but since there is no line broadening data available for the
front portion of the current sheet in Argon, the only
indication of the number density variation is given in
figure 30. The value of the charged particle number density
for Argon given in Table 5 is the result from the line

broadening measurement made at the rear of the current

sheet.
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5. Discussion

The degree of ionization to be expected behind a
shock moving with the current sheet velocity is given in
Table 1. This table indicates that Helium should be 25%
ionized and Argon 80% doubly ionized, if equilibrium is
attained behind the shock. It is clear that:the measured
levels of ionization are considerably below these values.
One explanatipn for this is that equilibrium‘was not
reached, and jin order to investigate this possibility
it is necessa?y to obtain some idea of the time required
to reach equilibrium.

Petschek and Byron (Ref. 37) have studied the time
required to reach equilibrium in Argon, and their results
may be extrapplated to give the equilibrium time for the
present Mach number. Such an extrapolation indicates that
equilibrium should be attained. Hence, the present
measurements imply that in this case the extrapolation
should not be made. The possibility of attaining equilib-
rium may also be estimated by using the validity criterion
for transient LTE given in reference 18. The conditions
assumed are equilibrium conditions behind a shock wave
moving at the current sheet speed. This estimate indicates
that equilibrium is certainly not reached in Helium
(equilibrium time, v, is 10 ysec), and is probably not

attained in Argon (1t = 1.3 usec). Based on this, it is
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concluded that it is likely that equilibrium was not reached
in either case.

There is another effect that may be equally important
in accounting for the low level of ionization. This is
discussed in the Summary (Sec. VI), and it is the lowering
of the shock Mach number because it occurs within the
current sheet. The Mach number is difficult to estimate
when this oé?urs because the speed of sound ahead of the
shock is not known, but this speed must be higher than the
ambient speed and hence the Mach number lower. Of course,
the lower Mach number will have a lower equilibrium degree
of ionizatian.

If the Mach number is not known, then the equilibrium
time cannot be estimated. Hence it is difficult to deter-
mine the quantitative affect of either facfor. However, it
is clear that both of these factors can materially reduce
the level of ionization, and these effects are assumed to

be the reasons the low levels of ionization are observed.
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APPENDIX D
EFFECT OF PISTON LEAKAGE ON CURRENT SHEET SPEED

In the experiment in Argon at 14 KV and 500 pHg, it
was observed that after passage of the current sheet the
ionized gas number density was found to be relatively large
compared to the initial number density (c.f., Sec. 3.4).
This leakagg must cause some change in the predicted
current sheet speed, and it is important to know how large
this change will be. In this appendix the effect of this
leakage on the current sheet speed is calculated by using
the "snowplow” model and the observed amount of leakage.

The amount of mass encountered by a radially expand-

ing sheet is
m = ApV (D-1)

where A is the sheet area, p is the mass density and V is
the radial velocity of the sheet. Hence the change in mass

entering and leaving the current sheet is

Am = Alplvl - A2p2(V2 - U2) D-2)

where condition 1 is at the leading edge of the current

sheet and condition 2 is at the rear edge, and U, is the

2
radial velocity of the mass left by the current sheet.
Note that 4m is the mass that is accelerated by the current

sheet to its speed. If the change in mass is related to
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the incoming mass, one has

am _, _P2Pp (V5 - U))
e v (D-3)
1 151 1
Note that ﬁm should be 1 if the current sheet does not
1

leak, because the value of o would then be zero.
The ratio A2/Al is just the ratio of radial positions
at the time (2.2 psec) the measurement was made, and can be

taken from the R-t diagram for Argon (Fig. 8), i.e.,

= 2 - 3 -
~ = 5 (D-4)

The ratio of pz/pl is obtained by using the measured
value of the number density as Py and the initial filling
number density as Py

P2 _ 2x10%3

(D-5)
P1 3.5 x 10

15

The maximum possible change in current sheet speed occurs
when U2 = 0. This is assumed here. The values of V2 and

Vl are taken from the slopes of the curves in the R-t

figure (Fig. 8). These are found to be
A\
2 _ 1.6 _
vV, 2.5 (D-6)
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When these are put in equation (D-3) the value of Am/m1 is

>

m
1

|

= .785 (D-7)

3

The current sheet speed in the case of leakage (UL) related

to the no leakage case (Usp) is given approximately by

1.
Ysp __(Am)“
Ur, my
L
= (.785)%
= .94
or
U, = 1.06 Usp (D-8)

This is under the assumption that the mass left behind is
at rest (i.e., U2 = 0). If this mass was moving, that is,
it had been accelerated somewhat, but not to current sheet
speed (U, # 0), then the difference between the leaking
current sheet speed and non-leaking one will be even less.
This is probably a more likely situation. The above
calculation is felt to show that the measurement of

"snowplow" speed for the current sheet and the measured

leakage by line broadening are not in disagreement.



97
APPENDIX E
ELECTRODE LAYERS

A discussion of the layers that may develop on the
electrodes of the apparatus is given in this appendix. As
previously mentioned, there is the possibility of both
viscous and charge layers on the electrodes. Since the
presence of either of the layers may influence the manner
in which the device performs, the effect of both of these
layers should be considered.

First the viscous layer is examined theoretically and
shown to have little effect on the operation of the device.
Then, since an analytical treatment of the charge layers is
difficult, an experimental investigation was made of them.
This investigation revealed a rather large charge layer on
the anode of the device, which seemed to have a discernible
affect on the behavior of the current sheet and shock wave
near the anode (c.f., Sec. 3.4). A gqualitative discussion
of the charge layer and a description of what should be

done is an attempt to remove it is given here.
1. Viscous Layers

The approximate thickness of the viscous boundary
layer may be calculated by using the theory developed for
boundary layers in ordinary shock tubes. According to this

theory the Reynolds number behind the shock is (Ref. 38)
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2
p2U U
D s
R = — t (E-1)
e Ho (Us Up)

where s is the density behind the shock, Ko is the
viscosity (absolute) behind the shock, Up is the piston
(current sheet) speed and US is the shock speed. t is the
time between the shock and piston for a fixed observer.
Assuming ideai operation (c.f., Appendix B) the values of

Up and U from the similarity theory (Ref. 3) can be used.

This gives a wvalue of

(E-2)

For this value of the Reynolds number the flow is laminar
(Ref. 39) and.a corresponding laminar boundary layer
thickness may be calculated. If the displacement thickness

for a flat plate (Ref. 40) is used, one obtains

5 = 1.7 L/\/'R'e = 1.7 Upt/\/_R; (E-3)

where £ is the distance of the contact surface behind the

shock. The value of © calculated is approximately
_ -3
5 =3 x 10 "cm (E-4)

The relative mass accumulated in this boundary layer is

approximately

©

=15
!

o
N
w
£

(E-5)

v
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where L is the spacing of the electrodes (10 cm) and PoBL
is the mean density of the gas in the boundary layer. As
the gas in the boundary layer is at a higher temperature
than the wail, but not as hot as that of the discharge,
an estimate of it must be made. If this temperature is

assumed to be 500° K and the pressure gradient across the

layer is neglected, one finds

amoo_ 5072 (E-6)

3

Thus the amount of mass contained in the viscous boundary
layer is quite small. The thickness of the layer is also

seen to be small compared to the electrode spacing (Eg.E-4).
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2. Charge Layers

Due to the difficulty in treating any charge layer
theoretically, only a qualitative description is given here.
This description takes as its basis observations made in arc
or glow discharges.

In the usual arc or glow discharge the current is
carried predominantly by the electrons, due to their higher
mobility. In such a case the current tends to be limited
by the electron emission from the cathode and a space charge
of ions developes on the cathode (Refs. 41, .42). 1In
magnetic devices the electric current due to electrons may
be inhibited if the field is sufficiently strong, that is,
ifwr for the electrons is much larger than 1. One
explanation foered (Ref. 12) for the anode 1ayer is that
the mobility of the ions is greater than that of the
electrons due to the magnetic field. The role of the ion
and electron is thus reversed and a space charge of elec-
trons develops on the anode. This means the current is
carried almost entirely by the ions.

For the present device, this type of argument must
be considered incorrect for several reasons. First, in
most cases wr for the electrons is not sufficiently large
for the electron mobility to be lower than the ions. 1In
these experiments the value of wr for electrons is at most

approximately 10 (Appendix B) and it is only this large at
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the very rear of the current sheet. Therefore the current
at the front of the current sheet must be predominantly an
electron current.

The radial electric field measurements also indicate
that the current is carried primarily by the electrons.
Following the arguments of section 4.2, one expects a radial
electric field of the order of the incoming neutral or ion
energy if the electrons are carrying the current. Since
the field was measured, even though there ié some scatter
in the measurement, it lends definite support to the idea
that the electrons are carrying the current.

Finally, if the ions were carrying the‘current, due
to the low degree of ionization (Appendix C), their drift
velocities would correspond to extremely high values.
These velocities would be observable as a doppler shift
in the measurement of the Hydrogen spectrum taken in the
broadening measurements. It is also unlikely that such
velocities of 3 to 4 x 105 m/sec would exist for the ions,
with the electrons remaining fairly stationary. One thus
concludes that the ions cannot be carrying an appreciable
part of the current.

A more probable explanation of this effect arises
when the external circuit as well as the conditions at the
electrodes is considered. If the discharge starts with
a sufficiently high voltage and current across the elec-

trodes, and if the cathode emits freely, then the impedance
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between the electrodes may be less than that of the
connecting circuit. When this develops, a charge sheath
must form on the anode to retard the current flowing between
the electrodes. 1If this is the actual case a reduction in
the size of the anode to a size smaller than the area of the
arc will have the same effect that the anode layer had
(Ref. 42), that is, it will retard the current flow to the
anode.

Another way of thinking of this is to consider the
discharge as a form of non-linear resistor. A high voltage
is required to initiate the arc, however, once the arc is
started very little voltage is required to draw a large
current (under the assumption the cathode emits freely).
Before the circuit can readjust the voltage to match this
current to that of the external circuit, a charge layer
forms on the anode to help retard the current. This charge
layer is, of course, one way of readjusting the voltage
across the arc.

To determine if this was the correct explanation,
and primarily to remove the anode layer, the size of the
anode was reduced. This was done by replacing the top
electrode (which was previously a conductor) with a glass
disk. The center of the disk has a small tungsten or
copper button (which is now the electrode) to which the
current runs (Fig. 2). The arc forms at the button, runs

along the surface of the glass and then across the chamber.
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The size of the button is now the size of the anode. In
all but one case this removed the anode layer entirely.

A more detailed check can be made to verify that this
is indeed what is happening. Due to the varying areas of
the arc in different gases, it is possible to reduce the
size of the anode to an area considerably less than the
area of the Argon arc and still not be appreciably less
than the area of the Hydrogen arc. When this was done
(at 14 KV) the anode layer disappeared in Argon but re-
mained, although smaller, in Hydrogen. Further reduction
of the anode area caused the layer to disappear in Hydrogen
in all but one case. Only in Hydrogen at 500 | did some
form of layer remain, and under these conditions it was
quite small. It is felt that further reduction in the size
of the anode would remove this, but the anode was already
so small as to make this difficult. For this reason the
anode was left at its present size and no experimental data
were taken near the anode at the above condition (Hydro-

gen 500, 14 KV).
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APPENDIX F

DETERMINATION OF THE CURRENT DENSITY FROM THE MAGNETIC
PROBES

The output of the magnetic probes is the time deriva-
tive of the azimuthal (8) component of the magnetic field.
Hence, they are sometimes called %3 probes. These data are
taken at a given radial position (c.f., Fig. 4 for a typical
oscillogram signal), and in order to obtain the current
density one needs to know the spatial variation of the
magnetic field at a given time. To acquire this, the output
of the probe is integrated to yield the magnetic field at a
fixed radial position as a function of time. This is
repeated at different radial positions and all of the data
cross plotted to give the spatial variation qf the magnetic
field at a fixed time. Maxwell's equations can then be used

to give the axial current density, Jz, at this time as a

spatial derivative of By, il.e.,

- 1129
J, = h, T 3r (rBy ) (F-1)

where Ly is the magnetic permeability of free space, r is
the radial position and Be is the magnetic field taken from
the integrated probe traces.

This was done for three to four different times and
the peak current density(Jz maximum) was plotted on all the

figures of the current sheet trajectory (Figs. 6-24). 1In
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all cases the peak in current density fell so close to the
peak in Be that no difference could be seen. For this
reason the curve designated peak in these figures is the

trajectory of the peak in current density and the peak

signal of the magnetic probes.
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O
M
Time
e ) ey
\
o
o ]
)
0
[ s m——
& dj
Time
SN
INITAL _
GAS PRESSURE R =4/p
14 KILOVOLT OPERATION
Argon 500 .95
Argon 100 .90
Helium 400u .50
Hydrogen 500u .08
Hydrogen 100u «20
25 KILOVOLT OPERATION
Argon 500u .88
Argon 100w .72

TABLE 3.

PARAMETER R
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Figure 1. Schematic View of the Inverse Pinch Shock Tube
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Figure 2. Anode Detail of the Inverse Pinch
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Upper Beam: Pressure Probe
(a)

Lower Beam: Magnetic Probe

Upper Beam: Magnetic Probe

(b)

Lower Beam: Radial Electric Field Probe

Figure 4. Oscillograms for Argon, 14 KV, 500u, Sweep
rate 1 us/cm 1left to right. Probes

approximately 4.9 cm from the center of the
chamber.
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Figure 27. Circuit for the Radial Electric Field Probes
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