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Abstract

In order to understand the dynamics of Z-pinch imposions of thin wires in
pulse-power accelerators, it is necessary to understand the physical process by
which the initially solid wires are coverted into plasma by rising current. For
this purpose, we model wire explosions using TRAC II, a two-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 Sandia National Laboratory and Cornell University
and present some explanations for the disagreements between our model and
experimental cbservations.

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 ns)
and low (2 kA in 270 ns) currents. finding general agreement with experiment
in the high-current case and a disagreement by a factor of ten in the low-
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 this chapter, we describe the Trac II 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. In Section 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 University
experimental data show that impurities that exist in the wires play an im-
portant role in the dvnamics of wire explosions. These impurities are clearly
manifested in experiments involving 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 tung-
sten wires with impurities; these results are discussed in detail in the next
chapter.

The initial wire length is 2.0 cm; the initial radius varies from 3.75um




to 3.835 ym. This 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 lnltlall‘f at room temperature (nnnrrwlmnfp]v 25x102 pV\ 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
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KA. 11i€ SiOWESL pre-puise OCCurs in Shot 160 fo-d A in app1u;ﬁ1uauc1y' 150
ns), followed by Shot 306 (6 kA in 70 ns), 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 approximately 2zr /240 =~ 520 ym. 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 radius exceeds the separation half-distance of
slightly more than 260 um 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 explosions 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-tungsten
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.
'T‘he racn]te are written to a text file which is uged hv Tecnlot 7. R a o‘ranhano*

The results are written to a text file which is used by Tecplot graphing
and analysis tool, to plot the results. A typical den31ty versus radius plot
appears in Figure 1.2. Each box corresponds to a mesh point; in the figure,
the region between r = 0 and r = 270 pm (the first 46 boxes) corresponds
to the dense core, while the region between r = 270 and » = 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 core-corona
boundary; this subjective choice introduces some error into our calculations.
Finally, in order to measure the corona linear density p; between r = Hg and
r = R;, we determine to which mesh points Ry and R,correspond and use
the Tecplot CFD Analyzer to numerically calculate p, = [ p(2nrdr) between
these mesh points. Tecplot CFD Analyzer produces very reasonable results;

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 d rlnnmhr we algo consider the pprr‘pnf mass of
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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.

rlnduy, we also calculate the t'xpd,umui" rate of the dense core duri g the
pre-pulse. At various times during the pre-pulse, 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.

<y . V.
1.2 Resuits

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.
Figure 1.4 shows the density as a function of the radius (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 less 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 less
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 this reason,
we choose to dlscuss 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 1otted in Figures 1.5, 1.6, and

SN . s
1.4, l't:b‘pttt:t IvVery. B_y ‘radius” we mean th




Current (ka) | SPot 160 [ Shot 160 [ Shot 160
(ug/cm) | (pg/em) | (pg/cm)

5 1.13051 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.

Current (kA)

Shot 160 (%)

Shot 281 (%)

Shot 306 (%)

)

13.60

9.65

9.66

10 14.37 11.36 13.18
15 15.54 12.30 17.74
20 16.76 13.38 22.01

Table 1.2: Percent mass of the wire in the corona for Shots 160. 281, and
306..

the corona ('r;’nf from the
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the initial density is p =
original linear density is oL
pg/em.

I‘OI' d,il current bIlULb,

T Qf the wwp\ Since, for Shots 1

% and the 1n1t1a1 radius R = 3.75 pm, the
= 8.53 pug/em. For Shot 306. p;, =

g [T ivine ClTien

a definite core is pr esent 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 core; the increases in linear density
become smaller and smaller as the radial distance from the start of the corona
becomes greater and greater.

In Table 1.1, we present the calculated full corona linear density at dif-
ferent currents. Table 1.2 shows the percent mass 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 slowest rising pre-pulse, Shot 160. puts the
most mass into the corona, followed by the medium pre-pulse, 306, and the
fastest-rising pre-pulse, 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




Shot 160 (mm/us) | Shot 281 (mm/us) | Shot 306(mm/us)
3.8-4.1 3.4-3.7 3.6-3.8

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

and deposits significantly more mass into the corona than either of the other
two, At 15 kA Shot 306 corona contains 15%. maore mass than Shot 1680 and

MWL AU LU IRy AU DU LA AR uTaaal Al U a0 T el viaGas waalo v Lvg Qi

44% more than Shot 281; at 20 kA, Shot 306 corona contains 31% more mass
than Shot 160 and 64% more mass than Shot 281.0n average, the corona mass
increases by 0.21 - 0.24% per Ampere of current (apploximately 1.75 - 1.90%

o Pp— | — PO

per ns) 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 ns 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% for
both Shots 160 and 281, while it increases by 67% 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 radial expansion velocities; they range between
3.4 and 4.1 mm/us. 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 300, 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 mm/us and gold expansion rates
range between 4.8 and 6.2 mm/us. 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 we consider 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.




Current (kA) | Shot 281 (ug/cm) | Shot 445 (ug/cm)
5 0.80297 0.80549
10 0.94588 0.94869
15 1.02342 1.02578
20 1.11329 1.11398

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

Current (kA) | Shot 281 (%) | Shot 445 (%)
) 9.65 9.67
10 11.36 11.39
15 12.30 12.31
20 13.38 13.38

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 cases, the wire length is 2.0 cm, the radius is 3.75¢m, and
the composition is pure tungsten. The wire in Shot 281 is not preheated with
a temperature of 2.5x1072eV; the wire in Shot 445 is preheated to 1300 K,
or (.112 eV. In the three characteristics we considered, corona linear density,

percent mass 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
a B 1N 16 arnd M 1I-A g nlattad v Fionra 1 cTahlae 1T A and 1 5 chae A +ha

18 4, Lu, 19, alid 2u £A 18 piotied 1Nl Cigure 1. u Tables 1.4 and 1.5 show the
numerical results for full corona linear density and the percent mass in the
corona, respectively. The data demonstrate that the differences between the
two shots are less than 1%. The core radial expansion rate for both shots is
between 3.4 and 3.7 mm/ps.

The extreme similarity of the data for unheated and preheated wires
demonstrates that preheating does not affect 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 resistivity of tungsten by a
factor of six and thus may affect the initial core heating rate. However. the




model shows that this change in initial resistivity does not affect the initial
core expansion rate, and, moreover, at the low currents throughout most of

nre-nnlse, this change should not n]nv a significant role.
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Instead, we believe that these experlmental 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 Hy, HO, CO, and CO,. 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 chmic
heating and expansion as present in preheated or more pure wires. For this
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 makes sense
that preheating does not affect the dynamics of wire explosions. In the
next chapter we mode! wires with impurities by considering two regions, one
consisting of unheated, pure tungsten, and the other consisting of heated
carbon.




1.4 Figures for Chapter 1
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Figure 1.1: Four current shots considered.
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Figure 1.5: Linear density as a function of the radius from the start of the
corona at 3, 10, 15, and 20 kA for Shot 160.
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Figure 1.6: Linear density as a function of the radius from the start of the
corona at 5, 10, 15, and 20 kA for Shot 281.
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Figure 1.7: Linear density as a function of the radius from the start of the
corona at 5, 10, 15, and 20 kA for Shot 306.
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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

137, 41 d i rEriEean swmsosed
corona growth. Thus, modeling explosions in pure tungsten wires presents

only a first approximation to the actual process. In this chapter we discuss
our model and its results for tungsten 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 ym.

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 1072 eV,
p = 19.3 g/cm and stretches between r = 0 and r = 3.75 pm; the outer
"impurities” region consists of pure carbon at T = 0.10 eV, p = 2.0 x 107
g/cm and stretches between + = 3.75 and r = 53.75 um. These parameters
come from actual experiments performed at SNL. We use TRAC 1I 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 current flows through the carbon
zones, which expand to a radius of 50-100 um. 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 Section 2.2 with the added condition that when
any carbon zone extends beyond the separation half-distance of 260 ym, we

tha + H th h +hi h
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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 this carbon zone, we simply set the resistivity to an extremely large
value such as 10*? m{}-cm/g.

While the overall expansion process is very similar under both models,
the main difference in the process predicted by this 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 tables, we refer to the model of Section 2.2 as "I” and
the model of Section 2.3 as "I1.”

2.2 Results for Impure Wires 1

In this section, we use the two-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 3.75 ym tungsten wire covered by a
50 um carbon (impurities) region. The top fifty zones correspond to carbon
impurities at 0.112 eV and the remaining seventy zones correspond to pure,
unheated tungsten. TRAC II output shows that B-r, magnetic field times the
radius, which, by Ampére’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. however, does not expand at all. Maximum wire radius of 250 um,

14




10um less than the separation half-distance, is reached when the current is
34 kKA.

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 temperatures are 1 - 2 orders of magnitude higher than in pure
tungsten wires in Chapter 1. During this pre-pulse. the tungsten heats up but
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 continuous range of temperatures; zones closest to the tungsten
have temperatures near 45 eV and those 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-distance during the pre-pulse which means that the impurities are blown
away from the wire and, in reality, do not repinch. This 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
this 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 maxirmum radius of 250 pym — 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 zones
are near their maximum radius — this is the situation immediately preceding
the repinch 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 um 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
hetween the times when the current is 30 and 34 kA, which corresponds to
the maximum size of the corona.

15




Current (kA) | Linear Density (ug/cm) | Corona Mass (%)
3 2.54267 x 1072 0.29

10 2.61652 x 107! 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 40.63

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

ritioec T
rities 1.

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 as 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 mass in the corona
for the considered currents. Performing a linear regression with a correlation
coefficient above 0.99, we find that the current deposits 1.54% 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 pre-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 shunt-
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
- 4.0 mm/us almost immediately and the corona begins forming soon after
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 times, 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 cur-
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 impure-tungsten model, the opposite occurs: linear
density growth increases further away from the core.

2.3 Results for Impure Wires 11

In this 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 the car-
bon zones extend well beyond the 260 um separation half-distance during
their expansion; moreover, in the experiment, the carbon does not repinch
although the model in the previous section predicts such a repinch. Thus,
we simply set a very high resistivity, 10'2 mQ-cm/g, when the carbon zone
extends beyond the separation half-distance, 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-pulse as well as about 20 ns 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 forming 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., iu less than 10 ns.
The plasma expands until it reaches its maximum wire radius of 1.15 mn
(1150 pm) at GO kA, 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
hegins 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 ns later, the temperature subside to
10-25 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. This 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-distance.

The different carbon zones’ temperatures preceding the expansion of the
tungsten — about 40 eV in this model and about 400 eV in the previous model
— also 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 this and the previous model
is that all of the wire is contained in the corona in this model, whereas only
40% is contained in the corona in the previous section.

In conclusion, although theoretically this 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. QOverall, having examined three possible
methods for two-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

10" 3

-

0*

Radii (cm)
5

Current (kA)

10k

2.35

Figure 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 radius, as a function of time for
Shot 281 with impurities 1.

s 50
~FE
> F
A
§
Sl -]
- £
|E : Carbon Zores g
€ Q
1wE
:
s
2 -
w - _
Ww'E o« % :
" PR I PR PN
235 24 245
Time {(us)

Figure 2.3: Electron temperature as a function of time for Shot 281 with
impurities 1.
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for Shot 281 with impurities 1.
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Chapter 3

Gold-Plated, Pure Tungsten
and Pure Gold Wires

3.1 Introduction and Problem Set-Up

In this chapter we consider 10.247 pm-radius 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-plated tungsten wires.

As before, the wire length is 2.0 cm and the wires are unheated at the
temperature of 2.5 x 1072 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 II 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/cm®, the initial linear density is 6.37 x 107° g/cm.
In the gold-plated case, the tungsten region is between 0 and 10 gm and the
gold region is between 10 and 10.247 pm, corresponding to 5% of the mass
as desired.

In Cornell experiments, the "high-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 ns 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
wire explosion and plasma deposition. For this reason, even though our
analvsis 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
parameters in ouwr 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
two-wire "Jow-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-
current 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 expansion rate, and corona mass are very similar
for all three cases in the high-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 as
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
of the current. The tungsten then expands at a constant rate of about 4.2-5.1
mm/ s, reaching the maximum tungsten wire radius of approximately 570
pum covered by 100 pm of gold at the current peak. There appears to be no
repinch effect for the tungsten, although the gold expands to about 350-450
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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) | Linear Density (ug/cm) | Corona Mass (%)
20 5.61659 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 mass 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 mass 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 107° g/cm due to numerical integration error of up to 10% when using
Tecplot CFD Analyzer.) The data demonstrate that most plasma growth oc-
curs between 40-30 and 100 kA where the percent mass of plasma deposited
into the corona increases 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
thao noalr rirvrant Af TN LA i roarhsd hetweoen G and A ns, Tahle 32 r.hn“rf."

the peak current of 100 kA is reached between 50 and 60 ns, Table 3.2 shov
the comparison of the core and full wire {core plus corona) radii at 51.2 ns.
We interpret the Cornell results based on a backlighting image: this naked-
eye analysis introduces some error into the interpretation. Unfortunately,
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 ns image.

Although the core radii are quite comparable, the predicted wire radius
is almost twice that actually observed. The reason 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 (pm) 80.5 84-120
Full wire radius {gm) | 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 ns 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 ns, the average expansion
rate would be only 1.45 - 2.62 mm/us, which is well below the pure-tungsten
expansion rates of 4-5 mrn/pus predicted by the model and observed in Cornell
experiment as described in Chapter 1. Thus we are inclined to believe that
the core radius has reaches its maximum before 51.2 ns and the core is being
deposited into the corona without further expansion.

During the expansion of the gold zones, the electron temperature 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 laver (and the
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radiation and electron temperatures. We note that these temperatures are
significantly lower than in the impure (carbon-coated) tungsten case. as in
Chapter 2.

In addition to 3% gota—platea tungsten, we modeled pure tungsten and
pure gold wires under the same current shots. In summary, we did not ob-
serve any significant differences 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 5% Au 5% Au 100% W 100% Au
Expt Model Model Model

Core radius (pm) 84-120 80.5 78.1 140

Full wire raidus {pm) 240-300 500-590 650 625

Core expansion rate (mm/ys) | 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 tends 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 affects plasma formation and wire expansion rates.
Furthermore, 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 radial expansion of the wires for pure tung-
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/us for pure tungsten wire and 6.0-6.7 mm/pus 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, con-
ﬁI‘H}lI‘."" the result from the previous chapter, our model annrnw!rnaqu core
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expansion rates and the overall expansion process better f01 pure, single-

metal wires than for dual-material wires. The results are summarized in
Table 3.3.
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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 pg/cm from the pure gold
wire; the difference is especially noticeable during the most intense part 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 tungsten wires, the pure gold wire never entirely vaporizes,
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Current (kA) | 5% Au (ug/cm) | 100% W (ug/cm) | 100% Au (ug/cm)
20 5.61659 2.124244 3.18951

40 11.2009 11.9971 10.8640

60 21.2236 29.3441 25.751

80 50.2719 50.2687 45.6369

100 61.7059 61.8389 08.8853

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

Current (kA) | 5% Au (%) | 100% W (%) | 100% Au (%)
20 8.75 4.75 4.99

40 17.50 19.82 17.05

60 33.17 46.10 40.44

80 78.55 78.99 71.69

100 100.00 100.00 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 8%-mass core. We do not know what particular property of gold
accounts for this effect.

Unfortunately. we do not have any experimental data for this 100 kA,
60 ns shot for pure gold wires. However, we do have Cornell experimental
data for a steeper, 40 ns, pulse for 10 um pure tungsten wires. These data,
taken near the peak current show that a dense core, about 30-40 pm (half of
our core radius at 51.2 ns) in radius and containing 50% of the wire mass, is
present; the linear density profile is about a factor of two smaller than the
onhe 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 ns of heating at high currents (80 - 100 kA) present in our
model can easily melt the remaining 30 pm core and deposit the material
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
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temperatures staving below 8 - 10 eV and corona temperatures staying below
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30 - 35 eV. The radiation 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
crnld As in the gold-plated case, the initial spike in electron and radiation

temperatures is proba.bly due to the decouphng of the radiation from the
electrons as the skin layer is broken and the current begins flowing through
the wire.
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comprises 10%, 20%, 30%, 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 predict
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 10.247 pm
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 ns. 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 ns, the current is forming a
skin layer, not penetrating far into the wire. After the 40 ns 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 pm. The uncertainty in the
radius of the corona comes from the fact that the last few gold zones have
extremely low densities, below 107 g/cm?, which suggest that in reality the
gold is being blown away from 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 1072 g/cm?® and 10' g/cm?, i.e., near solid density. In

A 3 .
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 1073 g/cm?, 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.

rately calculating the linear density in the tungsten zones because the Tec-
plot CFD Analyzer produces results which are far from the actual total linear
density of 6.37 x 10~° 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 1072
g/cm, while if we remove the high-density zones, the total linear density falls
to 1.464 x 107° g/cm. For this 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 bonding 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 ym. Using the backlighting image at 267.6 ns and 2
kA from the Cornell experiment, we estimated the core and wire radius in
the experiments; this comparison is shown in Table 3.6. Both core and wire
radii in the model are about ten times greater than experimental measure-
ments; there are at least two possible 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
penetrates 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
ns - 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)

33




Property Model Experiment
Core radius {(pm) 140 10-20
Full wire radius (m) { 5000-15000 | 70-75

Table 3.6: Core radius and wire radius comparison for ”low-current” Shot 2
for 5% gold-plated wire.

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 ns).
The electron and radiation temperatures for 5% g,u1u-p1ated wire for Sho

2 are shown in Figures 3.12 and 3.13. They demonstrate that both temper-
atures remain at 20-30 eV 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 "high-
current” shot in the previous section. this spike is due to the disintegration
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 graphs for 0.5, 1.0, and 1.5 kA, we estimate the average core
expansion rate to be about 0.55 mm/us, or about ten times slower than in
the "high-current” Shot 1. There are two interesting features in the electron
and radiation temperature plots; the first is the apparent, relatively small
oscillations of the temperature after the expansion has begun and the second
is the sudden drop-off in temperature for a few of the gold zones. The first is
probably related to the bonding model and the resulting variation in density,
while for the second we have no clear explanation. Finally, it is interesting
to note that the radiation and electron temperatures do not increase as the

current grows; this 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. While the radial expansions
of these wires, Figures 3.14 and 3.15, resemble the 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 goid
wires at the peak current of 2 kA (267.6 ns) are shown in Figures 3.16 and
3.17. First as in the pure-tungsten case in Chapter 1, Figure 1.4, there is
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a small kink at the core-corona 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 5% 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/cm?®, and, therefore, we may assume
the wire ends at about this point. A good comparison of the contours is

ala ol 218 T 1
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/us, again about five times faster than for the
gold-plated wire. Unfortunately, we do not have a good explanation for this
variation in core radius between the single-material and two-material wires,
although 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 ns, 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 ¢V as the wire expands. The radiation tem-
perature follows the same pattern, reaching its maxirmum 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 radlatlon and electron temperatures are about 3 eV
below the peaks for the gold-plated wire, and the steady electron tempera-
ture is 5-7 €V 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
teniperatures 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 wires, the bonding model requires some
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Property 5% Au | 5% Au 100% W 100% Au
Expt Model Model Model

Core radius (pm) 10-20 140 610 570

Full wire raidus (¢m) 70-75 5000-15000 | 4500-10000 | 4000-10000

Core expansion rate (mm/us) { 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 this chapter: better accounting for impurities in the tungsten
wires, more accurate conductivity and EOS models at low currents, and
improved bonding model that does not force "alternating” densities between

the zones.

36




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
5% gold-plated wire at 20, 40, 60, 80, and 100 kA.
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Figure 3.3: Corona linear density as a function of the radius for "high-
current” Shot 1 for 5% gold-plated wires at 20, 40, 60, 80. and 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.
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Figure 3.5: Radiation temperature as functions of time for “high-current”
Shot 1 for 5% gold-plated wire.
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Figure 3.6: Radii (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 "high-
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 for "high-
current” Shot 1 for pure gold wire at 20, 40, 60, 80, and 100 kA.

41




100 Qoki Zones

-
e

Radil (cm)
3
Current (kA)

107

100
Experiment Time (ns)

Figure 3.10: Radii {mesh points) as a function of time for ”low-current” Shot
2 for 5% gold-plated wire.
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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.

42




Qoid Zones

3
T

E -115
e | g
g0} ;4 : é
g ¢ . 1 E
e P °
g e S
w ‘0‘ - ]
3 Tungsten Zones B
i A . I ]
00 200 °
Expeﬂmm Ti'“e (I'IS)

Figure 3.12: Electron temperatures as a function of time for ”low-current”
Shot 2 for 5% gold-plated wire.

2
g
R GszMl ]
)
: ~15
gl _
) 4
g : e am ﬁﬂ_#_ﬁj 3\
g et '—"’1 ] 2
i e
: j B 1 B
[ ESt——— 5
c Sy 3
: g
o —05
i Tungsten Zanes ]
5 U T B
’ 200 ]

100
Experiment Time (ns)

Figure 3.13: Radiation temperatures as a function of time for ”low-current”
Shot 2 for 5% gold-plated tungsten wire.
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Figure 3.14: Radii (mesh points) as a function of time for ”low-current” Shot
2 for pure tungsten wire.
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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 "low-current™ Shot 2 for
pure gold wire.
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