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Abstract

In order to understand the dynamics of Z-pinch irnposions of thin wires in
pulsepower accelerators, it is necessaryto understandthe physicalprocessby
which the initially solid wires are coverted into plasma by rising current. For
this purpose, we model wire explosions using TRAC II, a tw~demensional
MHD code, in three distinct cases: pure tungsten, impure tungsten, and
gold-plated tungsten. We compare our results – overall picture of the process,
corona linear density, corona mass, and core expansion rate – to actual ex-
periments performed at Sandla National Laboratory and Cornell University
and present some explanations for the disagreements between our model and
experimental observations.

In Chapter 1, we discuss model results for several current waveforms (con-
sisting of a 5 kA 50-150 ns pre-pulse and 80 kA 80 ns main pulse) for a pure
tungsten wire, showing that the initial temperature of the wire does not af-
fect the dynamics of the explosion. This suggests that different experimental
results for unheated and preheated tungsten wires are due to the expulsion of
impurities in the preheated wire and not to a change in the material proper-
ties of tungsten. To match the experimental set-up more accurately,we model
the explosion of a tungsten wire with impurties in Chapter 2. The overall
process predicted by the model agrees with experiment, namely the shunting
of the current through the impurities region before tungsten expansion be
gins; however, quantitative results disagree with experimental observations
mostly because of the extreme shunting of the current through the impurities
in our model. Finally, in Chapter 3, we compare the explosions in gold-plated
tungsten, pure tungsten, and pure gold wires under high (100 kA in 60 m)
and low (2 kA in 270 us) currents. findblg general agreement with experiment
in the high-current case and a clisagreement by a factor of ten in the 10W-
current case. In addition, due to the similar properties of the two metals, we
find no vast differences among the three cases in the high-current case, while
the single-metal wire expand faster and farther than the gold-plated wire in
the low-current case. We believe that the disagreement between our model
and experiment can be decreased by better modeling of tungsten impurities
and by improvements in the conductivity and bonding models.



Chapter 1

Tungsten Wires Without
Impurities – Sandia
Experiments

1.1 Introduction and Problem Set-Up

In thk chapter, we describe the TYSCII modeling results for a single pure
tungsten wire under four particular current shots. Actual experiments for this
set-up have been performed at the Sandia National Laboratory. ILLSection 2,
we discuss the coronal linear density, core expansion rate, and percent mass
of the wire in the core at different times during wire explosions for these
shots. In Section 3. we discuss the differences, or, rather, lack thereof, in
these quantities for unheated and preheated wires.

We assume that the wires consist of pure tungsten, ignoring any impu-
rities. This assumption is not entirely valid – SNL and Cornell Uni\~ersity
experimental data show that impurities that exist in the wires play an im-
portant role in the dynamics of wire explosions. These impurities are clearly
manifested in experiments inyolving unheated and preheated wires in the
preheated wires, impurities are blown off during the pre-pulse, making the
results, such as core expansion rate, different from those for unheated wires.
In light of these differences, we have also simulated the explosions of tmlg-
sten wires with impurities: these results are discussed in detail in the next
chapter.

The initial wire length is 2.C!cm; the initial radius varies from 3.75pm
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to 3.835 ~m. Thk difference in radius, amounting to less than 2.5%, can
be ignored in the analysis of our results. In three of the current shots, the
wires are initially a.t room temperature (approximately 2.5x 10–2 eV); in the
fourth shot, the wires are preheated to 1300 K, or 0.112 eV.

The four current shots are shown in Figure 1.1. All current shots consist
of a slow-rise pre-pulse, followed by a fast-rise main pulse, reaching up to 80
kA. The slowest prepulse occurs in Shot 160 (3-4 kA in approximately 150
m), followed by Shot 306 (6 kA in 70 OS), and Shots 281 and 445 (3 kA in
50 ns). Shots 281 and 445 have a very similar waveform and, therefore, are
considered identical, except for the difference in the initial wire temperature
between 281 and 445.

In the actual experiment (but not in the model), the wires are held in a
2 cm radius circular array containing 240 wires. Therefore, the separation
distance between the wires is approxima.tely 2Tr/240 % 520 #m. Our simu-
lation is not applicable when the wire (core plus corona) radius exceeds the
separation half-distance because at that point the individual wires become
indistinguishable and form a joint plasma region in the wire array. Since
for all four current shots, wire rarhuaexceeds the separation half-distance of
slightly more than 260 pm at currents higher than 20 kA (and, in all cases,
repinching occurs before the peak current of 80 kA is reached), we consider
the dynamics of wire explosiona only at 5, 10, 15 and 20 kA.

We model the wire explosion using TRAC II, a magnetohydrodynamics
(MHD) code, as a Lagrangian mesh consisting of a single, pure-tungaten
region with 70 zones with a feathering factor of 0.95. The code calculates
quantities such as density, resistivity, and temperature at each mesh point.
The results are written to a text file which is used by Tecplot 7.5, a graphing
and analysis tool, to plot the rmulta A typical density versus radius plot
appears in Figure 1.2. Each box corresponds to a mesh point; in the figure,
the region between r = O and r := 270 pm (the first 46 boxes) corresponds
to the dense core, while the region between r = 270 and r = 790 pm (the
remaining 24 boxes) corresponds to the corona. Clearly, we can estimate that
the corona begins at any one of the few mesh points near the corecorona
boundary this subjective choice introduces some error into our calculations.
Finally, in order to measure the corona linear density pL between r = I/o and
~ = RI, we determine to which mesh points F&Jand RIcorrespond and me

the Tecplot CFD Analyzer to numerically calculate pL = J p(2rrrdr) between
these mesh points. Tecplot CFD Analyzer produces very reasonable r=utts:
in our calculations, the error was always less than 10% compared to exact
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calculations. For instance, since wire mass is conserved during the explosion,
numerical integration of the entire wire mass was within 10% of the original
wire mass. In addition to linear density, we also consider the percent mass of
the material in the corona, which is calculated simply by finding the linear
density between the start and end of the corona and dividing it by the total
linear density calculated using Tecplot.

Finally, we also calculate the expansion rate of the dense core during the
pre-pulse. At various times during the prepulse, we estimated the end of
the core region and the start of the plasma region and performed a linear
regression on this distance versus time. In all cases, the correlation coefficient
was above 0.99. In addition, we estimated the expansion rate using the plots
of the radii (mesh points) at various times, such as the one in Figure 1.3.

1.2 Results for Unheated Wires

During the current pre-pulse and main pulse, the tungsten wire continuously
expands while at the same time the current is melting and vaporizing the
material furthest away from the wire, thereby producing the plasma region.
F@n-e 1.4 shows the density as a function of the radhs (distance from the
center of the wire) for Shot 281 when the current is 1, 5, and 20 kA; the
curves are similar for the other two shots. As the figure demonstrates, most
of the core expansion is due to the pre-pulse, i.e., up to the time when 5
kA current is reached, but expansion nevertheless continues up to the 20 kA
point. The small” kink” in the density right before the core-corona boundary
is also observed in experiments.

For Shot 160, the electron temperature in the core is 1=s than 4 eV
and reaches up to 16 eV in the corona. For shots 281 and 306, electrcn
temperature in the core is less than 6 eV and reaches up to 20 eV in the
corona. For all three shots, the radiation temperature is very similar to the
electron temperature, never reaching above 20 eV while the current is leas
than 20 kA.

We now consider the linear density of the corona as a.function of the ra-
dius. This quantity is measured in Cornell experiments, and, for thk reason,
we choose to discuss it as well. In addition to the core expanding, the corona
increases as well, both in volume and in mass. Linear density as a function
of the radius for shots 160, 281, and 306 is plotted in Figures 1.5, 1.6, and
1.7, respectively. By “radius”’ we mean the radial distance from the start of

3



Current (kA) ‘hot 160
Shot 160 Shot 160

~(~o{:rn) (Pt3/cm) (~glcm)
5 0.80297 0.84143
10 1.19370 0.94588 1.14581
15 1.29027 1.02342 1.54221
20 1.39307 1.11329 1.91438

Table 1.1: Full corona linear density for Shots 160, 281, and 306.

EliaaEl
Current (kA) Shot 160 (,7.) Shot 281 (%) Shot 306 (%)

Table 1.2: Percent mass of the wire in the corona for Shots 160.281, and
306..

the corona (not from the center of the wire) .Since, for Shots 160 and 281,
the initial density is p = 19.3 g/cm3 and the initial radha R = 3.7.5pm, the
original linear density is p~ = p(mR2) = 8.53 yg/cm. For Shot 306, PL = 8.92

pgfcm.
For all current shots, a definite core is present at all times since the

corona linear density is small compared to the total original linear density.
Most of the corona is located close to the corq the increases in linear density
become smaller and smaller ax the radal distance from the start of the corona
becomes greater and greater.

In Table 1.1, we present the calculated full corona linear density a.t dif-
ferent currents. Table 1.2 shows the percent m=s of the wire in the corona,
which is the ratio of the full corona linear density to the linear density of the
whole (core plus corona) wire.

The data show that at currents up to 10 kA, the corona contains no more
than 15% of the wire mass. The sloweat rising prepulse, Shot 160. puts the
most mass into the corona, followed by the medium pre-pulse, 306, and tile
fastest-rising prepulse, 281. This suggests that at currents up to roughly
5-10 kA, the slowest-rising pre-pulse leads to the greatest melting of the core
and the largest corona.

However, at 15 and 20 kA currents, Shot 306 overtakes Shots 160 and 281
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Shot 160 (mm/#s) I Shot 281 (mm/ps) I Shot 306(mm/ps)
3.8-4.1 I 3.4-3.7 \3.G3.8

Table 1.3: Core radial expansion rates for Shots 160, 281, and 306.

and deposits significantly more maes into the corona than either of the other
two. At 15 kA, Shot 306 corona contains 15% more mass than Shot 160 and
44% more than Shot 281; at 20 kA, Shot 306 corona contains 31% more mass
than Shot 160 and 64% more mass than Shot 281On average, the corona mass
increases by 0.21- 0.24~0 per Ampere of current (approximately 1.75- 1.90~o
per m) for Shots 160 and 281, but by 0.83% per Ampere (approximately
4.50% per ns) for Shot 306.

These dramatic differences may be due the shape of the current waveform
between 5 and 20 kA, Figure 1.8. The rise time between 5 and 20 kA is 23 and
18 us for Shots 160 and 281, respectively, whereas it is more than 42 ns for
Shot 306, i.e., roughly twice the time for the other two shots. Between 10 and
20 kA, the waveforms for Shots 160 and 281 are virtually identical, whereas
the rise time for Shot 306 is still roughly twice that for the other two shots.
In this interval, the mass in the corona increases by approximately 17~o for
both Shots 160 and 281, while it increases by 67’2 for Shot 306. Therefore,
we believe that at currents between 5-10 kA and 20 kA, the heating time
affects the amount of wire mass in the corona very significantly.

Table 1.3 shows the core radhl expansion velocities; they range between
3.4 and 4.1 mm/ps. The data show that the slowest-rising pulse, Shot 160,
expands the fastest, followed by the medium-rise pulse, Shot 306, and fi-
nally, by Shot 281. The explanation for this is that at low currents the
magnetic pressure is small compared to electron pressure and, therefore, can-
not constrain the plasma well (hence the fast expansion rate for Shot 160),
whereas at higher currents, such as in Shots 281 and 306, it can constrain
the plasma more effectively. These results are in reasonable agreement with
Cornell experimental results. Cornell measurements show that tungsten ex-
pansion rates range between 1.9 and 3.8 nlm/#s and gold expansion rates
range between 4.8 and 6.2 mm/ps Impurities in tungsten wires used in ex-
periments slow down the formation of the corona and hence produce a lower
expansion rate than in pure tungsten wires which w-econsider in our models.
In addition, since tungsten and gold have similar characteristics, and since
gold wires tend to be much more pure than tungsten wires, the results seem
to be in reasonable agreement.
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ia%a!aa
Current (kA) Shot 281 (pg/cm) Shot 445 (pg/cm)

Table 1.4: Corona Linear Density for Shots 281 and 445.

E
Current (kA) Shot 281 (y.) Shot 445 (%)

Table 1.5: Percent Mass in the Corona for Shots 281 and 445.

1.3 Results for Heated Wire

We consider two current shots, 281 and 445, which have very similar shapes,
Figure 1.1. In both caaea, the wire length is 2.0 cm, the radius is 3.75pm, and
the composition is pure tungsten. The wire in Shot 281 is not preheated with
a temperature of 2.5x 10-2eV; the wire in Shot 445 is preheated to 1300 K,
or 0.112 eV. In the three characteristics we considered, corona linear density,
percent maw in the corona, and core expansion rate, we found virtually no
difference between the two shots.

Corona linear density for Shots 281 and 445 at the time when the current
is 5, 10, 15, and 20 kA is plotted in Figure 1.9; Tablea 1.4 and 1.5 show the
numerical results for full corona linear density and the percent mass in the
corona, respecti~ely. The data demonstrate that the differences between the
two shots are less than 1’70.The core radial expansion rate for both shots is
between 3.4 and 3.7 unn/ps.

The extreme similarity of the data for unheated and preheated wires
demonstrates that preheating does not aHect the dynamics of wire explosions
for pure tungsten wires. These data disagree with experimental results. where
preheated wires expand faster and have higher corona linear density than
preheated wires. one possible explanation for these experimental results is
that preheating to 1300 K increases the initial reaistivity of tungsten by a
factor of six and thus may affect the initial core heating rate. However. the



model shows that thk change in initial resistivity does not affect the initial
core expansion rate, and, moreover, at the low currents throughout most of
pr~pulse, this change should not play a significant role.

Instead, we believe that these experimental results are due to the fact
that preheating also removes impurities present in the tungsten wires. By
the time the wire is preheated to 1300 K, SNL experiments show that among
the impurities that are removed are Hz, HzO, CO, and C02. In unheated
wires, these impurities form a.skin layer and carry most of the current, thus
reducing the amount of current penetrating the wire and inducing less ohmic
heating and expansion as present in preheated or more pure wires. For thk
reason, we think, unheated wires expand slower and deposit less mass in the
corona than preheated wires.

Since in this chapter we consider only pure tungsten wires, it make+sense
that preheating does not affect the dynamics of wire explosions. In the
next chapter we model wires with impurities by considering two regions, one
consisting of unheated, pure tungsten, and the other consisting of heated
carbon.
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Flgurel.1: Four current shots considered.
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Chapter 2

Tungsten Wires With
Impurities – Sandia
Experiments

2.1 Introduction and Problem Set-Up

As mentioned in the previous chapter, tungsten wires used in experiments
contain impurities that significantly affect the rates of core expansion and
corona growth. Thus, modeling explosions in pure tungsten wires presents
only a first approximation to the actual process. In thls chapter we dkcuas
our model and its rasnlts for tuugsten wires with impurities. Throughout this
chapter, we concentrate on Shot 281 (50 ns pre-pulse to 3-4 kA and 80 ns
main pulse to 80 kA) with wire length of 2.0 cm and wire radius of 3.75 ~m.

In Section 2.2, we model the wire as if it is composed of two radial regions.
The inner “wire” region consists of pure tungsten at T = 2.5 x 10-2 eV,
p = 19.3 g/cm and stretches between r = O and r = 3.75 pm; the outer
“impurities” region consists of pure carbon at T = 0.10 eV, p = 2.0 x 10–5
g/cm and stretches between r = 3.75 and r = 5:3.75pm. These parameters
come from actual experiments performed at S\-L. We use TRAC H as in
the previous section with a Lagrangian mesh consisting of 70 zones and a
feathering factor 0.95 for the tungsten region and 50 zones with a feathering
factor of 0.90 for the carbon (or ‘“impurities”) region,

As shown in the experiments. the initial curreut flows through the carbon
zones, which expand to a radius of 50-100 pm. Following the rapid expansion
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of the carbon zones, magnetic pressure repinches the carbon zones, and at 10
kA, the entire wire, including tungsten begins to expand. Thus, the model
appears to resemble the process observed in experiments.

In Section 2.3, following the suggestion of Dmitri Ryutov, we model the
wire in the same way as in Secticm 2.2 with the added condition that when
any carbon zone extends beyond the separation half-distance of 260 pm, we
ignore the current flowing through this carbon zone, for, at this point, the
impurities in the wire can combine with other impurities in the wire array
and are effectively blown away from the wire. To ignore the current flowing
through thk carbon zone, we simply set the resistivity to an extremely large
value such as 1012mfl.cm/g.

Whale the overall expansion process is very similar under both models,
the main difference in the process prd]cted by thk adjusted model is that
the tungsten region does not expand at all until a current of 20 kA is reached;
then, it expands very rapidly, converting virtually the entire core to plasma
in 10 ns.

In the figures and table-s, we refer to the model of Section 2.2 as “ I“ and
the model of Section 2.3 as “II.”

2.2 Results for Impure Wires I

In thk section, we use the tw~material Lagrangian mesh where the impurities
zones are not blown off if they extend beyond the separation half-distance.

Figure 2.1 shows the expansion of the 3.75pm tungsten wire covered by a
50 pm carbon (impurities) region. The top fifty zones correspond to carbon
impurities at 0.112 eV and the remaining seventy zona correspond to pure,
unheated tungsten. TRAC H output shows that B r, magnetic field times the
radius, which, by Amp&e’s Law, is proportional to the current. is 3-4 orders
of magnitude larger in the carbon zones than in the tungsten zones between
the time the current is turned on until approximately 8 kA, Figure 2.‘2.Thus,
the fact that the current flows mainly through the carbon region explains why
there is no expansion in the tungsten wire but a rapid growth of the impurities
region. However, around 8 kA, the magnetic pressure becomes large enough
for the carbon zones to repinch. Intense ohmic heating is induced. melting
and vaporizing the tungsten and, thereby, producing plasma quickly. The
core. bowever, does not expand at all. Maximum wire radius of 250 pm,
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10pm less than the separation half-dkta.nce, is reached when the current is
34 kA.

The electron temperature in the carbon region stays below 60 eV during
most of the expansion, but just before the repinch it reaches almost 850
eV. These tempera.tures are 1 - 2 orders of magnitude higher than in pure
tungsten wires in Chapter 1. During thk pre-pulse. the tungsten heats up bnt
still remains relatively cold, less than 0.5 eV. Following the repinch, however,
the tungsten heats up very quickly, some zones increasing their temperature
by two orders of magnitude in less than 10 ns. The core is generally at 1-3 eV
and the corona is at 20 eV. At the same time, the carbon region maintains
a broad and centinuous range of temperatures; zones closest to the tungsten
have temperatures near 45 eV amdthose farthest from it, near 450 eV, again 1
-1.5 orders magnitude higher than in pure tungsten wires. The exact results
are shown in Figure 2.3. The radiation temperature stays well below the
electron temperature during the expansion of the carbon region (less than 1
eV) but is virtually equivalent to the electron temperature in both regions
once the tungsten region begins to expand (i.e., after 8 kA current is reached).

Figure 2.1 shows that the carbon zones extend beyond the separation
half-dktance during the pre-pulee which means that the impurities are blown
away from the wire and, in reality, do not repinch. Thk is the reason that
led us to consider the model with the carbon zones being blown off once they
extend beyond the separation half-distance; the following section discusses
thk model.

As in the previous chapter, we calculated linear density as a function
of the radius. However, in this model, the corona begins to form around 8
kA and reaches the maximum radius of 250 #m – less than the separation
half-distance – just before repinching at 34 kA. Thus, we consider the den-
sity when the current is 8, 10, 15, 20, 25, 30, and 34 kA. The plots of the
usual density (from which we derive the linear density calculations) at several
times are shown in Figure 2.4. The curve corresponding to 8 kA shows that
virtually all of the tungsten has not started melting, while the carbon zonm
are near their maximum radius this is the sit~latiOnimmediately precetlng
the repincb of the carbon zones. The next three curves, corresponding to
10, 20, and 30 kA, show the expansion of the corona from its original radius
of 40 pm to 240 pm. At this time, however, the core remains fixed and the
carbon zones do not expand at all. Finally, there is no appreciable difference
between the times when the current is 30 and 34 kA, which corresponds to
the maximum size of the corona.
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Current (kA) Linear Density (pg/cm) Corona Mass (%)
8 2.54267 X 10-2 0.29
10 2.61652 X 10-1 3.10
15 1.24969 14.70
20 1.73892 21.23
25 2.20563 27.07
30 2.88953 35.03
34 3.39043 40.68

Table 2.1: Corona linear density and percent mass for Shot 281 with impu-
rities I.

Since the full (core plus corona) wire radius is less than 45 pm for currents
less than 10 kA, Figure 2.5 shows the corona linear density aa a function of
the radius for 15, 20, 25, 30, and 34 kA. Linear density nearest to the core
decreases as the corona expands, while the maximum linear density of almost
2.5- 3.0 pg/cm is reached by the time the current is 30 and 34 kA. Table 2.1
shows the growth of the corona linear density and percent maas in the corona
for the considered currents. Performing a linear regression with a correlation
coefficient above 0.99, we find that the current deposits 1.5470 wire mass
into the corona per kA of current (or, assuming the current is almost linear
between 10 and 34 kA, 1.43 % per ns).

In summary, there are vast differences between the model results for tung-
sten wires with and without impurities, the main one being that most of the
“action” (corona formation and core expansion) occurs in the pm-pulse in the
pure-tungsten model, while the “action” occurs in the main pulse between 8
and 34 kA in the impure-tungsten model. We believe that the model with
impurities resembles the actual process more closely by showing the shmlt-
ing of the current through the impurities region and its expansion beyond
the separation half-distance. In the impure-tungsten model, the wire does
not expand at all and begins to form a corona only after 8 kA current is
reached, while in the pure-tungsten model, the core begins to expand at 3.5
—4.o mm//s almost immediately and the corona begins forming SOOnafter
the current is turned on. The latter result, especially the expansion rates in
Table 1.3, is comparable to experimental observations. Since the tungsten
wire is heated for longer under the pure-tungsten model (all current goes
through the wire at all tire=) unlike in the impurities model). the corona
also expands by a factor of three further than in the impure-tungsten model,
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which reaches its peak radius of 250 pm. Nevertheless, since most of the
heating and expansion in the pure-tungsten model goes on before 20 kA cm-
rent is reached, less than 15’% of the wire mass is in the corona when the
peak radius is reached, compared to more than 40’% in the impure-tungsten
model. As with Shot 306 in the pure-tungsten model, this results confirms
that at higher currents solid wire is transformed into plasma much faster
than at lower currents. Finally, linear density curves for pure tungsten wires,
Figures 1.5- 1.7, resemble experimental results more closely than that for
impure-tungsten, Figure 2.5. They show that most of the linear density. is
found near the core, and the growth in linear density decreases further away
from the wire; in the impuretungsten model, the opposite occurs: linear
density growth increases further away from the core.

2.3 Results for Impure Wkes II

In thk section, we use the two-material Lagrangian mesh where the impuri-
ties zones are blown off if they extend beyond the separation half-distance.
This model follows the observation from the previous section that tbe car-
bon zones extend well beyond the 260 pm separation half-dktance during
their expansion; moreover, in the experiment, the carbon does not repinch
although the model in the previous section predicts such a repiuch. Thus,
we simply set a very high resistivity, 1012mQ.cm/g, when the carbon zone
extends beyond the separation half-distante, effectively prohibiting current
from flowing through it.

Figure 2.6 shows the radii as a function of time under this model. As in
the pervious section, most of the current is flowing through the carbon zones
during the pre-pnlse as well as about 20 us into the main pulse. Unlike in
the previous section, however, there appears to be one tungsten zone that
repinches before most of the plasma is formed. Plasma starts formiug very
quickly when the current reaches 22 kA; virtually all of the tungsten wire is
turned into plasma by the time the current is 30 kA, i.e., in less than 10 US.

The plasma expands until it reaches its maximum wire radius of 1.15 mm
(1150 pm) at 60 k.1, i.e., less than 40 ns from the start of plasma formation.

The electron temperature of the carbon zones before the current reaches
22 kA remains on the order of 10 eV and always less than 40 eV: the radiation
temperature is even smaller, staying below 10 eV. However. once plasma
begins forming, the electron temperature of some of the carbon zones exceeds
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100 eV, but the radiation temperature remains less than 10 eV. As the carbon
is blown off, tungsten gradually heats up, raising its electron and radiation
temperatures to 0.5 eV before they rise sharply to 100 eV near 22 kA, as
the plasma is forming. Less than 10 us later, the temperature subside to
l@25 eV for electrons and less than 10 eV for radiation. Apparently this
sharp rise in radiation temperature is responsible for the fast melting of the
core and formation of the corona. The electron and radiation temperatures
are shown in Figures 2.7 and 2.8. All the temperatures are comparable
to those found in the model without blowing off the carbon zones, except
the electron temperature of the carbon zones themselves. In the model in
the previous section, the temperature of the carbon zones reaches 850 eV
before tungsten plasma forms and remains as high as 450 eV after tungsten
plasma is formed. Thk difference may be due to the fact that much more
current is flowing through the carbon zones in the model without blowing off
the carbon zones as opposed to the current model where there is virtually
no current flowing through the carbon zones once they extend beyond the
separation half-dkt ante.

The different carbon zones’ temperatures preceding the expansion of the
tungsten – about 40 eV in this model and about 400 eV in the previoue model
- rdso explain why the tungsten in this model beings to expand at 22 kA,
about 10-15 kA” later” than in the model in the previous section. Once the
tungsten begins to expand, plasma is produced very rapidly until the current
reaches 30 kA, when the entire wire is converted to plasma. After that, the
corona continues to expand until it reaches its maximum radius of 1.15 mm:
in the process, the density becomes much more uniform as Figure 2.9 shows.
In the following figure,we plot the linear density as a function of the radius
for 30, 40, 50 and 60 kA current. The percent mass of wire in the corona is of
course 100?%as all of the tungsten is transformed into the corona. The main
difference with regard to linear density between thk and the previous model
is that all of the wire is contained in the corona in this model, whereas only
4070 is contained in the corona in the previous section.

In conclusion, although theoretically thk model should approximate ex-
periments closer than the pure-tungsten model considered in the previous
chapter and the carbon-tungsten model without blow-off considered in the
previous section, the results appear distinctly dissimilar frOm those obtained
in the experiments. For instance, plasma formation occurs very quickly, such
that there is virtually no core expansion and no definite core present. Exper-
imentally, a dense core, containing most of the wire mass, is always present.
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Moreover, the wire radius extends beyond the separation half-distance much
faster than in either of the two models, so the results are not directly ap-
plicable to the actual experiment, Overall, having examined three possible
methods for tw~dimensional simulations of tungsten wires with and without
impurities, the process most closely resembling experiment is that of Sec-
tion 2.3, while the one giving the most accurate results in comparison with
experiment is that of the first chapter.
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2.4 Figures for Chapter 2

F@re 2.1: Radii (mesh points) as a function of time for Shot 281 with
impurities I.
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Figure 2.2: B . r. magnetic field times the ra.dkrs,as a function of time for
Shot 281 with impurities I.

Figure 2.3: Electrou temperature as a. function of time for Shot 281 with
impurities I.
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Figure 2.4 Density as a function of the radius at 8, 10, 20, 30, and 34 kA
for Shot 281 with impurities I.

t ,4.,4*

Figure 2.5: Corona linear density as a function Ofthe radiw (from the start
of the corona) at 15, 20, 25.30. and 34 kA for Shot 281 with impurities I.
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Figure 2.6: Ftzdi (mesh points) as a function of time for Shot 281 with
impurities II.

Figure 2.7: Electron temperature as a function of time for Shot 281 with
impurities H.
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Figure 2.8: Ila&ation temperature as a function of time for Shot 281 with
impurities II.
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Figure 2.9: Density as a function of the radius at 30, 40, 50, and 60 kA for
Shot 281 with impurities II.
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Chapter 3

Gold-Plated, Pure Tungsten
and Pure Gold Wires

3.1 Introduction and Problem Set-Up

In thk chapter we consider 10.247 pm-radios 5% gold-plated tungsten, pure
tungsten, and pure gold wires. We choose to model these three cases because
they should provide a good comparison and because there is experimental
data from Cornell University for the 5% gold-platwl tungsten wires.

As before, the wire length is 2.0 cm and the wires are unheated at the
temperature of 2.5 x 10-2 eV. We consider two current shots the linear
“high-current” Shot 1, which reaches 100 kA in 60 ns, and the linear “low-
current” Shot 2, which reaches 2 kA in 267.6 ns. For pure wires, we use
TRAC H with a Lagrangian 120-zone mesh. For the gold-plated wires, we
use TRAC II with the two-region Lagrangian mesh, 70 zones in the tungsten
region and 50 zones in the gold region. Since both gold and tungsten have
the same density of 19.3 g/cm3, the initial linear density is 6.37 x 10-s g/cnl.
Iu the gold-plated case, the tungsten region is between O and 10 ~ml and the
golcl region is between 10 and 10.247 PU1,corresponding to ~z Of the mass
as desired.

In Cornell experiments, the “ hlgI1-current” experiment is performed for
a single wire while the “low-current: experiment is performed for two wires
(namely, the total current at 267.6 m is 4 kA. which corresponds to 2 kA
per wire). The exact current waveforms for the Cornell shots are not known,
although the currents’ peak values and rise-times correspond to those in our
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simulations. As results in the first chapter show, the shape of the current
waveform can play a significant role in determining the dynamics of the
~vireexplosion and plasma deposition. For thk reason, even though our
analysis differs significantly from Cornell results – generally by a factor of
two in the high-current experiment and by a factor of ten in the low-current
experiment –, it may still provide a reasonable picture of the process for the

parametem in our model. Finally, unlike in the previous two chapters, we
are not concerned with the wires being confined to a circular array, so the
notion of the separation distance between the wires is not applicable. (In the
tm~wire “low-current” Cornell experiment, it far exceeds the radius of the
wire at the peak current.)

Our results show no significant differences among the gold-plated, pure
tungsten and pure gold wires in the high-current experiments; in the low-
curreut experiment, the single-material wires expand faster than the gold-
plated wire, but maintain approximately the same wire radius. Such quanti-
ties as linear density, core expamsion rate, and corona mass are very similar
for all three cases in the Klgh-current experiment. In the low-current exper-
iment, we were not able to successfully compute linear density and corona
mass due to the limitations of our model, in particular due to the bonding
model. However, we believe that the overall process and properties, such aa
the expansion of the wire and the formation of the plasma, predicted by the
model are reasonable.

3.2 High-Current Results

The linear high-current Shot 1 and the radial expansion of the 5% gold-plated
wires is shown in Figure 3.1. The gold zones initially expand slightly faster
than the tungsten zones because they form a skin layer and thus carry most
oft he current. The tungsten then expands at a constant rate of about 4.2-5.1
mm/ps, reaching the maximum tungsten wire radius of approximately 57o
pm covered by 100 p.rnof gold at the current peak. There appears to be no
repinch effect for the tungsten, although the gold expands to about 350-450
Wn after about 13 us (22 kA), then contracts slightly, and after about 27 ns,
expands linearly with the tungsten.

Figure 3.2, which shows the density-radius contours at different currents,
demonstrates that the core steadily expands up to the 60 kA point, after
which time. the core is continuously vaporized until all of the tungsten is
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Current (kA) I Linear Density (pg/cm) I Corona Mass (%)
20 I 5.61659 I 8.75
40 11.2009 17.50
60 21.2286 33.17
80 50.2719 78.55
100 61.7059 100.00

Table 3.1: Corona linear density and percent maas for “high-current” Shot 1
for 5% gold-plated wire.

turned into plasma by the time the peak current of 100 kA is reached. The
steep “tail” of the contours corresponds to the gold zones which are pushed
forward by the expanding tungsten, although they themselves do not expand
any further.

As in the previous chapters, we calculated the corona linear density, Fig-
ure 3.3, and the percent mass deposited in the corona for the wire, Table
3.1. (The percent maas may not be in absolute agreement with the quantity
obtained by dividing the full linear density by the original linear density of
6.37 x 10-5 g/cnl due to numerical integration error of up to 10!Z when using
Tecplot CFD Analyzer. ) The data demonstrate that most plasma growth oc-
curs between 40-50 and 100 kA where the percent mass of plasma deposited
into the corona increasea by a factor of five. As mentioned before, the initial
slower growth rate is due to the current flowing through the gold coating
without penetrating and, hence, heating the tungsten wire.

Although the Cornell waveform is not known, other than the fact that
the peak current of 100 kA is reached between 50 and 60 us, Table 3.2 shows
the comparison of the core and full wire (core plus corona) radii at 51.2 US.
We interpret the Cornell results based on a backlighting image: this naked-
eye analysis introduces some error into the interpretation. C-nfortunat,ely,
we do not have any data on linear density or corona mass from the Cor-
nell experiment. Finally, we also have a backlighitng image at .59.2 ns, but
the differences between the 51.2 and 59.2 ns images are very minor and we
therefore only concentrate on the 51.2 us image.

Although the core radii are quite comparable, the predicted wire radius
is almost twice that actually observed. The remOn for this difference, we
believe, is that in the experiment, due to tungsten impurities. the current
does not penetrate the wire as much as in the model, resulting in less ohmic
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Property Model Experiment
Core radius (yin) 80.5 84-120
Full wire radius (pm) 500-590 240-300

Table 3.2: Core and wire length comparison for” high-current” Shot 1 for 5’%
gold-plated wire.

heating, which leads to a. slower core expansion rate and slower deposition
of the tungsten into the corona. In addition, we do not know for sure if in
the Cornell experiment, the core has already reached its maximum radius
and is being vaporized when the backlighting image is taken at 51.2 us or
if the core continues to expand at this point. In the former case, i.e. if the
maximum core radius is not reached before 51.2 US,the average expansion
rate would be only 1.45-2.62 mnl/ps, which is well below the pure-tungsten
expansion rates of 45 mm/#s predicted by the model and observed in Cornell
experiment as described in Chapter 1. Thus we are inclined to believe that
the core radius haa reaches its maximum before 51.2 us and the core is being
deposited into the corona without further expansion.

During the expansion of the gold zones, the electron temperat ure reaches
at most 45 eV and then declines to that of the adjacent tungsten zones. The
electron temperature in the core stays below 6-10 eV and reaches up to 35
eV in the corona at all times. The radiation temperature throughout the
wire remains within similar limits, reaching a maximum of 35 eV during the
expansion of the gold zones, then decreasing to about 8 eV. Throughout the
expansion of the tungsten wire, it never reaches above its maximum of 23
eV which occurs at 25 ns. The timing of the sudden sharp rise in electron
and radiation temperatures at the onset of the current, Figures 3.4 and 3.5,
coincides with the time when the wire begins to expand, Figure 3.1. We
believe that this spike is due to the breakdown of the skin layer (and the
current beginning to flow through the wire) and the a.ssocia.teddecoupling of
radiation and electron temperatures. We note that these temperatures are
significantly lower than in the impure (carbomcoatecf) tungsten case. as in
Chapter 2.

In addition to 5X gold-plated tungsten, we modeled pure tungsten and
pure gold wires under the same current shots. In summary, we did not ob-
serve any significant dMerences between the three cases, while there are real
differences in wire dynamics observed in experiments. We believe that this is
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Property
syo Au 5’% AU 100%w 100% Au
Expt Model Model Model

Core radius (pm) 84120 80.5 78.1 140
Full wire raidus (YUI) 240-300 500-590 650 62.5
Core expansion rate (mm/ps) Unknown 4.2-5.1 5.2-6.3 6.0-6.4

Table 3.3: Core radius, wire radius (at 51.2 ns), and expansion rate compar-
ison for “high-current” Shot 1 for 5% gold-plated, pure tungsten, and pure
gold wires.

primarily due to the fact that gold and tungsten have very similar material
properties when modeled but very different actual properties in the experi-
ments. For instance, we assume that both tungsten and gold are completely
pure, while in reality gold tenda to be much more pure than tungsten. As
observed previously, the purity of the wire affects the distribution of the cur-
rent flow which in turn alfects plasma formation and wire expansion rates.
Fln-thermore, we used the same opacity table for both tungsten and gold,
which may have affected our results negatively.

Figures 3.6 and 3.7 show the rarhal expansion of the wires for pure tmlg-
sten and pure gold wires, respectively. There are no apparent differences
in the overall expansion process among pure tungsten, pure gold, and gold-
plated tungsten wires. However, the core expansion rates are approximately
5.2-6.3 mm/ps for pure tungsten wire and 6.0-6.7 mm/p-s for pure gold wire,
both somewhat higher than for gold-plated tungsten wire but also very close
to the observed expansion rates in other Cornell experiments. Thus, com
firming the result from the previous chapter, our model approximates core
expansion rates and the overall expansion process better for pure. single-
metal wires thau for dual-material wires. The results are summarized in
Table 3.3.

The linear density profiles are very similar for pure tungsten and pure
gold wires and are shown in Figures 3.8 and 3.9. The data for full corona
linear density and the percent mass in the corona are shown in Tables 3.4 and
3.5. The corona linear densities differ by at most 5 jsg/cm from the pure gold
wire; the difference is especially noticeable during the most intensepart of the
vaporization, between 40 and 80 kA. The differences in corona mass are also
small; most of the corona growth occurs after the 40 kA current reached,
though unlike tungsteu wires, the pure gold wire never entirely vaporkzes,
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Current (kA) 5% Au (pg/cm) 100% W (pg/cm) 100% Au (pg/cm)
20 5.61659 2.124244 3.18951
40 11.2009 11.9971 10.8640
60 21.2286 29.3441 25.751
80 50.2719 50.2687 45.6369
1on 61.70.59 61.WvK1 58.8853

Table 3.4: Full corona linear density for “high-current” Shot 1 for 5% gold-
plated, pure tungsten, and pure gold wires.

Current (kA) I 5% Au (Ye) I 100% W (%) \100% Au (%)
20 I 8.75 I 4.75 I 4.99
40 1 17.50 I 19.82 I 17.05
60 I 33.17 [ 46.10 I 40.44,io ] 78.55

,
I 78.99 I 71.69

100 1100.00 1 100.00 \92.46

Table 3.5: Percent mass in the corona for “ high-current” Shot 1 for 5’% gold-
plated, pure tungsten, and pure gold wires.

leaving an W&mass core. We do not know what particular property of gold
accounts for thk effect.

Unfortunately. we do not have any experimental data for this 100 kA,
60 na shot for pure gold wires. However, we do have Cornell experimental
data for a steeper. 40 US,pulse for 10 pm pure tungsten wires These data,
taken near the peak current show that a dense core, about 30-40pm (half of
our core radius at 51.2 US)in radius and containing 50~o of the wire mass, is
present; the linear density profile is about a. factor of two smaller than the
one shown in Figure 3.8. While these results do differ somewhat from our
model, the current waveform probably accounts for most the differences since
the extra 10-20 us of heating at high currents (80 - 100 kA) present in our
model can easily melt the remaining 30 ~m core and deposit the mate~ial
into the corona.

The electron and radiation temperature profiles for the pure tungsten and
pure gold wire resemble those for the gold-plated wire as seen in Figures 3.4
and 3.5. As the current is turned out, there is a spike in electron temperature
in the outer zones. reaching 45 - 50 eV. Then, there is a decline, with core
temperatures staying below 8-10 eV and corona temperatures staying below
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30-35 eV. The ra&a.tion temperature also has an initial spike to 30 eV, but
then stays below its maximum of 28 eV for pure tungsten and 23 eV for pure
gold. As in the gold-plated case, the initial spike in electron and radla.tion
temperatures is probably due to the decoupling of the radiation from the
electrons as the skin layer is broken and the current begins flowing through
the wire.

It would be interesting to model gold-plated tungsten wires where gold
comprises 1070, 20’?70,3070, etc. of the wire and to see if there are any trends
in the explosion dynamics. Our initial results suggest that there should be
no significant differences since the properties of gold-plated, pure tungsten
and pure gold wire explosions are very similar; however, with improved con-
ductivity models and the correct gold opacity data, the model may pre&ct
different, more correct results. We do not know of experimental data for
these wires with higher gold composition.

3.3 Low-Current Results

In this section we describe our model results for the behavior of 10.247pm
5% gold-plated, pure tungsten and pure gold wires under the “low-current”
Shot 2, which consists of a linear current rising to 2 kA in 267.6 na. This
peak exactly corresponds to the peak in the Cornell experiment, although as
in the previous section, the Cornell waveform is not known exactly.

Figure 3.10 shows the expansion of the 5% gold-plated wire under Shot
2. As the figure demonstrates, for the first 40 US,the current is forming a
skh layer, not penetrating far into the wire. After the 40 m point, however,
wire expansion begins, and unlike in the high-current experiment, Figure 3.1,
there is no repinching of the gold zones before the expansion of the tungsten
zones. At the peak current, the gold region extends to the radius of 0.60-
1.54 cm, while the tungsten reaches only 500 ~m. The uncertainty in the
radius of the corona comes from the fact that the last few gold zones have
extremely low densities, below 10-8 g/cm3, which suggest that in reality the
gold is being blown a~vayfrom the wire and cannot be considered part of the
wire plasma, Figure 3.11. This figure shows density as a function of the radius
at the peak current of 2 kA In addition, it demonstrates the peculiar feature
of the bonding model: the density in the tungsten zones alternates between
being on the order of 10-3 g/cn13 and 101 g/cnl 3, i.e., near solid density. In
order to keep the material from blowing apart, the bonding model introduces
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this special feature which forces the density to alternate between the zones,
suggesting that some solid material is present. The actual density is on the
order of 10–3 g/cm3, and the line shows the correct density as a function of
the radius. The square points correspond to the tungsten zones, which, as
mentioned above, extend to about 500 pm, while the circles correspond to
the gold zones, which seem to reach beyond 1 cm.

This “alternating density” feature of our model prevents us from accu-
rately calculating the linear density in the tungsten zonea because the Tec-
plot CFD Analyzer produces results which are far from the actual total linear
density of 6.37 x 10-5 g/cm for the entire wire; for instance, if we keep the
high-density zones, the total linear density given by Tecplot is 6.20 x 10-2
g/cm, while if we remove the high-density zones, the total linear density falls
to 1.464x 10-5 g/cm. For thk reason, it is impossible to accurately calculate
the corona linear density and percent mass of the wire in the corona. Our
attempts to modify various parameters in our model (such as the number of
zones, the feathering factor, the minimum density per zone, etc. ), have not
produced results that get rid off this effect of the bondhg model. There-
fore, we believe future modifications of the code will be necessary to produce
accurate density plots for this current shot.

Despite this inadequacy in our model, we can estimate the boundary be
tween the wire core and the corona. From Figure 3.11, we estimate that
the core radius is 140 pm. Using the backlighting image at 267.6 us and 2
kA from the Cornell experiment, we estimated the core and wire rsdhs in
the experiments: thk comparison is shown in Table 3.6. Both core and wire
radii in the model are about ten times greater than experimental mea.wrre-
ment~ there are at least two po~sible explanations for this observation. The
first is again the presence of impurities in the tungsten region in the actual
wire; these impurities probably carry mOst of the current once the current
peuetra.tes the gold coating and prohibit the tungsten from heating and ex-
panding rapidly during all of the time in Shot 2. This conclusion is justified
as follows: the current throughout Shot 2 is very small -- below 2 kA and,
as discussed in Chapter 2, the model predicts that the current penetrates the
tungsten (which is covered by an impurities layer) only above 20 kA Further-
more, the wire in the model expands for a very long time – more than 250
us – which can lead to the great discrepancy between model and experiment.
Thus, we believe our results are consistent with the weaknesses of the model
and the actual experimental set-up. Another explanation for these effects
may be due to TRAC II bonding, conductivity and Equation of State (EOS)
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Property Model Experiment
Core radius (pm) 140 10-20
Full wire radius (pm) 5000-15000 70-75

Table 3.6: Core radius and wire radius comparison for “low-current”
for 5% gold-plated wire.

Shot 2

models at such low currents. It may simply be the case that our model is
not applicable to cases where the current remains very small (below 5 kA)
for a very long time (more than 100 US).

The electron and radiation temperatures for 5% gold-plated wire for Shot
2 are shown in F@res 3.12 and 3.13. They demonstrate that both temper-
atures remain at 2(P3OeV below those in “high-current” Shot 1. The peak
electron temperature of 15 eV and the peak radiation temperature of 10 eV
occur right before the wire begins to expand, at about 40 ns. As in the” hlgh-
current” shot in the previous section. thk spike is due to the dkintegration
of the skin layer and the decoupling of electron and radiation temperatures
Throughout the expansion, the electron temperature stays below 12 eV, and
radiation temperature below 1 eV. Such low temperatures suggests that the
expansion of the wire is very slow, and in fact, on the basis of Figure 3.11
and similar gmphsfor 0.5, 1.0, and 1.5 kA, we estimate the average core
expansion rate to be about 0.55 mm/ps, or about ten times slower than in
the” high-current” Shot 1. There are two interesting featurw in the electron
and radiation temperature plot+ the first is the apparent, relatively small
oscillations of the temperature after the expansion has begun and the aaond
is the sudden dropoff in temperature for a few of the gold zones. The first is
probably related to the bonding model rmd the resulting variation in density,
while for the second we have no clear explanation. Finally, it is interesting
to note that the rzdation and electron temperatures do not increase as the
current grows; thk is probably due to the fact that the current remains very
small throughout the entire shot.

In the case of pure tungsten and pure gold wires, we obtain results that
differ from those of the 5% gold-plated wire. Illile the radial expansions
of these wires, Figures 3.14 and 3.1.5. resemble tbe expansion of the gold-
plated wire, Figure 3.10, the composition - the core-corona structure – is
quite different. The density contours for the pure tungsten and pure gold
wires at the peak current of 2 kA (267.6 us) are shown in Figures 3.16 and
3.17. First as in the pur~tungsten case in Chapter 1, Figure 1.4, there is
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a small kink at the corecorona boundary which is observed in experiments.
Second, the figures definitively show that the core extends to a radius of
about 600 pm, fives times greater than for the s~o gold-plated wire, and
the corona reaches beyond 1 cm as in the gold-plated case. The density
beyond 5 mm is very small, below 10-* g/cm3, and, therefore, we may assume
the wire ends at about this point. A good comparison of the contours is
also shown in Figure 3.18. The large core radius also results in a larger
core expansion rate; based on Figures 3.16 and 3.17 and similar graphs for
0..5, 1.0. and 1.5 kA, we estimate the expansion rate of these wires to be
approximately 2.7 - 2.8 mm/ps, again about five times faster than for the
gold-plated wire. Unfortunately, we do not have a good explanation for this
\ariation in core radius between the single-material and tw~material wires,
altbough the electron temperature differences between the two cases may
help explain this observation.

Although we do not show the graphs of electron and radiation temper-
atures for the pure wires, their shapes resemble those for the gold-plated
wire, Figures 3.16 and 3.17 below. For the pure tungsten wire, the electron
temperature increases as the current intensifies and reaches its maximum of
9.5 eV at about 45 m, just before the current’s penetration and expansion
of the wire begins. After that, the temperature declines and remains below
the outer zone maximum of 4.2 eV as the wire expands. The radiation tem-
perature follows the same pattern, reaching its maximum of 5.8 eV before
declining and remaining steady below 1.2 eV in the outer zones. For pure
gold wires, the temperatures follow the same patterns with a peak electron
temperature of 10.2 eV and peak radiation temperature of 5.0 eV just before
the breakdown of the skin layer, followed by steady temperatures below 1 eV.
Both peak values for the radiation and electron temperatures are about 5 eV
below the peaks for the gold-plated wire, and the steady electron tempera-
ture is 5-7 eV below that for the gold-plated wire. These lower temperatures
suggest that the plasma is not being produced as quickly as in the gold-
plated wire, and therefore, the core has more time to expand before being
turned into plasma. However, the factor of five difference is rather large,
and this explanation may not be satisfactory. The electron and radiation
temperatures for the pure wires also exhibit the same sort of oscillations and
sudden drop-off as the temperature for gold-plated wire, Figures 3.12 and
3.13. Again, unfortunately, we do not have a good explanation for this effect
other than it being a consequence of the EOS and bonding models..

As is the case with gold-plated \vires,the bouding model requires some
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5% h syo Au 10070 w
Property

100% Au
Expt Model Model Model

Core radius (pm) 10-20 140 610 570
Full wire raidu.s (pm) 70-75 5000-15000 4500-10000 4000-10000
Core expansion rate (mm/ps) Unknown 0.55 2.80 2.74

Table 3.7: Core radius and wire radius comparison for “’low-current” Shot 2
for 5’% gold-plated wire.

zones to have higher density than others (by several orders of magnitude),
Figures 3.16 and 3.17, and this prevents us from calculating linear density
and corona mass accurately. We summarize our results in Table 3.7.

In conclusion, we believe that there are several improvements that are
necessary in order for TRAC II to more accurately model the wire explosions
discussed in thk chapte~ better accounting for impurities in the tungsten
wires, more accurate conduct ivity and EOS models at low currents, and
improved bonding model that does not force “alternating” densities between
the zones.
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3.4 Figures for Chapter 3
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Figure 3.1: Radii (mesh points) as a function of time for “’high-current” Shot
1 for 5’% gold-plated wire.
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Figure 3.2: Density as a function of the radius for “high-current” Shot 1 for
5% gold-plated wire at 20, 40,60, 60, and 100 kA.
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Figure 3.3: Corona linear density as a function of the radius for “ higll-
current’” Shot 1 for 5% gold-plated wires at 20, 40, 60, 80. ancl 100 kA.
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Figure 3.4: Electron temperatures as a function of time for : high-current”
Shot 1 for 5% gold-plated wire.

Figure 3.5: Radiation temperature as functione of time for “high-current”
Shot 1 for .5% golcl-plated wire.
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Figure 3.6: Ra&i (mesh points) as a function of time for “high-current” Shot
1 for pure tungsten wire.
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Figure 3.7: Radii (mesh points) as a function of time for “high-current”’ Shot
1 for pure gold wire.
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Figure 3.8: Corona linear density as a function of the radius for “ hlgh-
current” Shot 1 for pure tungsten wire at 20, 40, 60, 80, and 100 kA.
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Figure 3.9: Corona linear density as a function of the radius
current” Shot 1 for pure gold wire at 20, 40, 60, 80, and 100 kA.
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Figure 3.10: Radii (mesh points) as a function of time for” low-current” Shot
2 for 5% gold-plated wire.

Figure 3.11: Density as a function of the radius for for “low-current” Shot 2
for 5% gold-plated wire at the peak current of 2 kA.
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Figure 3.12: Electron temperatures as a function of time for “low-current”
Shot 2 for 5% gold-plated wire.
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Figure 3.13: Radiation temperatures as a function of time for “low-current”
Shot 2 for 5% gold-plated tungsten \vire.

43



Figure 3.14: Radii (mesh points) as a function of time for” low-current” Shot
2 for pure tungsten wire.

Figure 3.15: Radii (mesh points) as a function of time for” low-current” Shot
2 for pure tungsten wire.
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Figure 3.16: Density as a function of the radius for “low-current” Shot 2 for
pure tungsten wire.
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Figure 3.17: Density as a function of the radius for “ Iowcurrent” Shot 2 for
pure gold wire.
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Figure 3.18: Density as a function of the radius for “lo~v-current”;Shot ‘2 for
5% gold-plated tungsten, pure tungsten, and pure gold wires.
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