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Introduction

In the past, the Air Force Weapons Laboratory
(AFWL) has developed inductive pulse compression tech-
niques using fuse opening switches [1]. While these
techniques produced reasonable circuit efficiency at
the energy level of the 1.9 MJ SHIVA capacitor bank,
their inherent losses become more significant at the
9 MJ energy level of the SHIVA STAR capacitor bank.
Hence, there has been recent interest in considering
plasma flow switches, [2] as alternatives to fuses as
opening switches.

Because the run down time for the plasma flow
switch is quite long (*5 us) in the SHIVA STAR sys-
tem, ablation of material from the wall of the vacuum
transmission line in regions near the switch is of par-
ticular concern. Recent calculations by McCullough at
AFWL, [3] have shown that ultraviolet radiation which
can be characterized by a 10 eV blackbody spectrum,
will emanate from the switch during the run down phase.
It is the purpose of this report to investigate the
ablation from the wall of the power feed and the
switch., Previous studies [4-6] have investigated wall
ablation in the vacuum power feed for fuse driven
implosions (timescales ~0.3 ps).

The principal conclusions, subject to some reserva-
tions, are as follows for copper and alumina (A2,03)
walls,

1. During the rising portion (I > 0) of the cur-
rent pulse, plasma will rapidly blow off the
wall to a distance of approximately 1/2 cm and
remain roughly stationary until the current
starts to fall. The thickness of the blowoff
region is roughly proportional to the boundary
radiation temperature.

2. During the falling portion (1 < 0) of the cur-
rent pulse, the plasma expands at velocities of
order 1 cm/ys across the gap.

For an aluminum wall, the blowoff distance is much
greater (a few cm).

The major uncertainty in our calculations is the
radiation which enamates from the plasma flow switch.
For example, if there is significant radiation from the
switch while the current is low, the plasma from the
walls will expand to distances much greater than 1/2 cm
before it is pushed back by the magnetic field.

Method and Selection of Parameters

Fully two-dimensional calculations of the plasma
flow switch and of the blowoff in the vacuum feed
behind the switch are needed, but these are beyond our
capability at the present time. So, the approach here
is to define a one-dimensional MHD radiation calcula-
tion which is a reasonable approximation for the antic-
ipated experiments. As the region of the transmission
line near the plasma flow switch will be subject to the
most intense radiation, it is this region only that we
shall model. Except for the radiation field from the
plasma flow switch, the other parameters can be chosen
with some confidence.

An approximation for the anticipated current pulse
is as follows. The current rises linearly to 15 MA in
5 us, remains constant for 1 ps, and falls linearly in
5 us. Figure la shows a typical flow switch config-
uration with a boundary wall carrying current and
illuminated by radiation. The equivalent 1D geometry
used in the calculation is shown in Figure 1b.
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a) Sketch of experimental configuration, b)
sketch 1D calculation.

Cylindrical symmetry with B-theta fields only are
assumed., Calculations are only shown for the inner
surface., A similar blowoff is expected at the outer
surface of the feed. A radius of 9 cm is assumed for
all calculations., The wall is initially at solid den-
sity and room temperature.

A blackbody radiation field of temperature Tg,
which may be a function of time, is applied at the
outer boundary. As mentioned above, this is the only
input parameter which is poorly known. The radiation
temperature Tp(t) will be more fully described in the
results section. Maximum values are in the range
7-13 eV. A1l calculations are performed with the one
dimensional radiation MHD code MACH1 [7, 8].

Figure 1.

Results For The Reference Model

Our approach is to present the results for one
model (hereafter called the reference model). In the
next section, calculations in which the input para-
meters were varied will be summarized. More detailed
results from the reference model are given in [9].

Besides the parameters discussed, we need to spec-
ify the radiation at the outer boundary and the wall
material, Some calculations at AFWL [3] show that the
radiation from the switch is low for the first few
microseconds and then rises sharply to about 10 eV. So
for the reference model, we assume that there is no
ablation during the first two microseconds of the
current pulse, At time t = 2 ys, a blackbody radiation
field of temperature 10 eV is suddenly turned on. A
current of 6 MA is flowing in the circuit at this
time.
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Figure 2 shows curves for the temperatures (radia- 2 TEMPERATURE
tion, ion and electron temperatures), pressure (gas and 10 ! ' "
magnetic), velocity, density, and magnetic field at -
time t=3 ys--1us after application of radiation. There
is a solid density copper wall extending from 8.9 to >
9 cm. The low density blowoff region extends to @ E
9.45 cm, where there is another sharp drop in density. [

The maximum velocity is 0.2 cm/us at a radius of E
9.1 cm; the outermost part of the blowoff is barely 102 L -
moving. The temperature in the blowoff region is about
10 eV--the same as the outer boundary. About 1/3 of VELOCITY
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Figure 2. Diagnostic plots for the reference model at 5.8 ! ! :
time 3 yus. ] /
Figure 3 is a diagnostic plot at time 5 ps and L 9.4 ‘___—___,//—' ~
should be.compared to Figure 2, The density plots in »
Figures 2 and 3 are remarkably similar; the blowoff =)
region extends to 9.5 cm in both plots. At t=5 ys, the = 9-3f 7]
velocity is computationally consistent with zero veloc- <
ity. Thus, we have the somewhat surprising result M 9.0 ) . e
that, at least in this case, the outer part of the 3 b 7
blowoff region is changing very little while the cur-
rent is rising.

Figure 4 shows the velocity and radius as a func- 14 T T
tion of time for 4 selected zones. These history plots
show that after the initial rapid blowoff, the outer 12 -~
part of the blowoff is almost stationary from 2.5 to
5.0 ys. There is a small increase in radius during the
flat part of the current puise. The plots show that 10 1
the blowoff region rapidly expands during the falling ———
portion of the current pulse. At 8 ys, the blowoff \ ,
region extends to 10.25 cm and the peak velocity is ao 8 10 12
0.55 cm/us. At 9 ps, the blowoff has moved to 11 cm. '
Even a 4 cm gap would be closed at this time. Figure 4 TIME (us)

Variations on the Reference Model
In Reference [9], results from seven other models
are presented in some detail., Space limitations in
this paper dictated that only highlights from these
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models be presented below.
copies of [9] upon request.
Model 2 is identical to the reference model, except
that the boundry radiation temperature rises and fails
as the current rises and falls. The results are very
similar to the reference model. Model 3 is an extreme
case where the 10 eV radiation is turned on at t = 0
when the current is zero. The plasma is blown off more
than 4 cm before it is pulled back by the magnetic
field. While the plasma is pulled back to 1/2 cm by 5
us, oscillations dominate this model and comparisons
with the reference model are difficult to make. Models
4 and 5 are identical to the reference model except
that the incident blackbody radiation field is 7 eV and
13 eV respectively. The equilibrium blowoff radius
scales roughly as the boundary temperature. Model 6 is
identical to the reference model except that the wall
material is alumina (Alp 03). The blowoff extends
to slightly larger radii, and the density in the blow-
off region is less. Radius and velocity histories are
shown in Figure 5. Model 7 has a thin layer of CH on
the surface, There is little change in behavior com-
pared to the standard model. Thus a thin layer of
hydrocarbon contaminate on the surface of the power
feed is unlikely to be a problem. The wall material is
aluminum in Model 8. The blowoff is much more severe
in this case than in the corresponding copper or alum-
ina models. The blowoff extends to more than 2 cm at 2
us. The physical reason for this different behavior is
a large difference in opacity.

We will be happy to send
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Figure 5.
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Experimental Comparisan

While the calculations reported in this paper were
conducted for the specific geometry described in Figure
1, some recent experiments conducted at AFWL in sim-
ilar, but not identical, geometries may be compared
with the calculational results. In these experiments,
an imploding foil 12.15 cm in initial diameter and
driven by the SHIVA STAR capacitor bank charged to
3.5 MJ is the radiation source. The current rises to
about 15.5 MA in just over 4 microseconds, after which
the increasing impedance of the foil implosion begins
to reduce the current.

For these experiments, the vacuum gap power feed to
the implosion consists of parallel aluminum disk lines
whose surface has been commercially anodized to produce
an almost pure (but structurally porous) alumina skin
layer. The gap spacing in the line varied from 1/2
inch to 1.1 inch over several experiments. Current
transport is measured in the vacuum line by Rogowski
loop current monitors embedded in the feed at several
radial stations.

Closure of the feed by the ablated plasma is marked
by differences in the current measured by the current
monitors at different stations, In the case of hard
(constricted arc) break-downs the current monitors can
localize the closure point quite precisely. In the
case of distributed closure, very careful observation
of the current data is required to discern the
locations and times of gap closure.

Table 1 shows the apparent closure time observed in
the experiment for three gap spacings. Breakdowns were
identified by the (sometimes subtile) deviations of one
current monitor from another at a different station.

It is obvious that over the range of parameters exp-
lored, gap closure occurred only after current peak
(falling part of the current delivery) and at later and
later times as the gap is increased.

The table also shows how far the ablated material
would have been expected to advance according to our
model. Comparisons were made by identifying peak
current in the experiment with the beginning of the
downward sloping current (6.0 pus) in the calculations.
Thus, the appropriate times for the comparison are
obtained by adding 6 us to the time from peak current
to closure measured in the experiment. Figure 5 is
then used to determine the advance of the ablated mat-
erial from an alumina surface, We observe, of course,
that in the experiment the gap closes from both sides.

Thus, we compare twice the last column in the table
with the first column and are immediately surprised by
the degree of correspondence between model and experi-
ment. The correspondence is all the more surprising
when we note the radiation field present in the experi-
ment is Tikely neither precisely 10 eV nor constant in
time, and the characteristic radius of the breakdown,
as determined by the current monitors, is significantly
larger (by perhaps a factor of 2) than the 9 cm used in
the calculations. However, since remarkably similar
correspondences are noted in each of three experiments,
the results are somewhat more than simply fortuitous.

The results, although admitedly preliminary in
nature lend credence to the results predicted by the
model previously discussed.

Discussion

For parameters appropriate for plasma flow switches
on the SHIVA STAR system, wall plasma will blow off of
the region of the vacuum power feed near the switch to
distances of about 1/2 cm during the rising (I > 0)
portion of the current pulse. The blowoff distance
scales roughly linearly with the radiation temperature
incident on the walls in the models considered here.
The blowoff radius is determined by the balance of
forces due to gas pressure gradients and of forces due
to current flowing in the blowoff region (Lorentz
force). It is remarkable that an "equilibrium radius"



exists at all, and it is equally remarkable that it
scales roughly with the incident radiation temperature,
because the models are not steady state. The current
is rising. The amount of mass in the blowoff region is
rising. The flux of radiation through the blowoff
region is decreasing., The fraction of current flowing
in the blowoff region is strongly dependent on the gas
temperature. It is likely that one could develop a
simple analytic model based on assumptions made from
looking at the computational results., We have not
tried to do this yet, although it would be desirable to
do this in the future.

If the walls are subject to intense radiation while
the current is low, plasma can blow off the walls to
distances much greater than 1/2 cm. The magnetic field
is not strong enough to stop the flow. Plasma flow
switch designs in which the gun plasma is heated to
high temperatures while the current is low should be
avoided. (Such a situation could arise in a long
switch where the mass driven down the gun is low.)

Blowoff material will expand across the gap during
the falling portion of the current pulse (I < 0). The
expansion is slow when the current first starts to
fall, but velocities of order 1 cm/us are reached when
the current has fallen to 1/2 peak value, Thus,
switching should be completed before the current has
fallen much. This computational result is in general
agreement with experiments.

The ptasma blowoff is not very sensitive to the
wall material chosen, Models with alumina walls had
10-20 percent greater blowoff distances than models
with copper walls., A thin layer of hydrocarbon con-
taminant on the wall surface did not significantly
change the results. The blowoff was, however, much
more severe in the aluminum models. Thus, aluminum
would be an especially poor choice of material for the
vacuum power feed,

Because of uncertainties in material properties at
lTow temperatures, our results here should be compared
in detail with experiment and with other calculations.
This has not been completed yet. However, designs of
plasmas flow switches and the vacuum power feed near
the switch typically have gap spacings of 2-3 cm. This
is the kind of spacing which our computational models
would indicate are required. It is likely that experi-
menters have empirically learned what our computations
predict. Gaps of 1 cm are insufficient, but gaps of a
few cm are adequate.

There may be a very low density region at the front
of the blowoff which has not been included in our cal-
culations. Such a region would be collisionless.

The final topic is the stability of the blowoff
region. The blowoff typically starts at high velocity
and is stopped by the magnetic field, During this
deceleration phase, the blowoff region will be
Rayleigh-Taylor unstable in the same way that plasma
Tiner implosions are unstable [10, 11]. However, cal-
culations based on simple application of classical
Rayleigh-Taylor formula show that the growth times are
fairly long. For example, the number of e-folds is
only 6 at an inverse wave number of 0.04 cm in the ref-
erence model, Thus, the instability is considerably
less worrisome for the wall blowoff than for liner
implosions,

TABLE 1. VACUUM FEED EXPERIMENTS
EXPERIMENT MODEL (FIG. 5)
FEED TIME EQUIV. BLOWOFF
GAP Ip-CLOSE TIME THICKNESS
1.26 cm 350 ns 6.35 us 0.7 cm
1.91 cm 900 ns 6.90 ps 1.0 cm
2.80 cm 1.5 us 7.30 ps 1.4 cm
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