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ABSTRACT
The wire array z-pinch is an accessible source of high energy density plasma and

among the most efficient sources of x-ray radiation with application to astrophysical
plasma study, radiation physics, and inertial confinement fusion (ICF). This dissertation
presents the results of analysis from two load geometries with potential application to
ICF studies: the cylindrical and planar configurations. Experiements were performed on
the 1.0 — 1.7 MA Zebra pulsed power generator at the University of Nevada, Reno’s
Nevada Terawatt Facility and on the 1.0 MA COBRA pulsed power generator at Cornell
University. Fundamental plasma parameters were assessed from radiation emission 10
eV > hv > 30000 eV that was imaged, diffracted, and recorded with spatial and temporal
resolution. Implosion dynamics were further studied using optical shadowgraphy and
streak imaging. A new diagnostic was designed and fielded specifically to study the time-
evolution of the extreme ultraviolet (EUV) spectral emission during the ablation and
implosion phases.

The complex load geometry of double planar and nested cylindrical wire arrays
with combined wire materials of different ablation properties were utilized to control
implosion timing and radiation pulse shapes. Nested wire arrays induce some fractional
division of the load current in each array as a function of the wire number and array
diameter. An ablation dominated implosion regime was achieved with combined
materials of significantly different ablation properties on the COBRA generator. In
particular, Al (inner)/ Stainless Steel (outer) nested cylindrical wire array loads imploded

in a nonconventional mode where the inner array imploded on axis before the outer



array moved from its original position significantly affecting the resulting radiation
output.

Compact cylindrical arrays, loads with a diameter less than 8mm, produced
yields comparable to the highest observed with other configurations at the Zebra
generator. However, this resulted from the optimization of the allowable interwire gap
allowed by the decreased diameter, not the value of the diameter itself. Yields scaled
significantly lower with current for the 3-6mm-diameter compact wire arrays than the
ideal quadratic relationship. This effect was attributed to the greatly increased mass
required optimize the implosion time.

Planar loads experience an uneven current distribution. Much higher fraction
current is expected to flow through the lower-inductance edge wires of the load causing
a cascading implosion. Within a single planar load this cascade occurs within the wire
plane inhibiting precursor formation and early radiation output. Within a double planar
array the plasma is injected into the interior of the array causing unique multi-step
precursor dynamics influenced by the penetration of the global magnetic field. This
multi-step precursor formation in DPWAs with suitable global magnetic field shielding
can be used to shape the resulting radiation by off-axis mass redistribution. Plasma
parameters derived from EUV spectra indicated a plasma electron temperature and

density of 60 eV and 10™° cm™.
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1.1; (a) time-gated pinhole images filtered for E > 1000 eV (top) and E > 3000 eV
(bottom) with anode on top fielded at 45deg; (b) experimental current pulse and
signals from the XRD, PCD, and EUV detectors (arbitrary units). Synchronizations
of time gates in plot (a) are shown versus the time axis in plot (b) by vertical
dotted lines. The implosion trajectories x(t) of the innermost wires (see also
Figure 4.20) are shown according to the WADM simulations in plot (b).

Figure 4.20: Shot 1963, 1964, and 2164 DPWA Al (5056): A =6 mm, M = 66
ug/cm, and ®= 1.1; (a) Plane-parallel laser shadowgraphy images with indicated
timings. The first, second, and third images were from shot 2164, 1963, 1964
respectively; (b) Time-gated pinhole images of emission hv > 1000 eV fielded at
45° from the shadowgraphy line of sight from shot 1963; (c) Positions of the
array wires (black symbols) and current filaments representing the ablated
plasma (grey symbols). The global magnetic topography is shown by the
contours. The simulated distributions of mass and current densities are shown in
plots (d) and (e) respectively.

Figure 4.21: End-on WADM simulation of the 2D velocity distribution of the
ablated plasma flow at t = -50 ns of shot 1963 DPWA Al (5056): A=6 mm, M = 66
ug/cm, and ® =1.1.

Figure 4.22: W evidence of asymmetry shot 1625 SPWA with perpendicular XRD
(green) and parallel XRD (blue). Inset is time-gated pinhole images of emission hv
> 1000 eV (top) and hv > 3000 eV (bottom) fielded at 45°.

Figure 4.23: Evidence of asymmetry in perpendicular XRD signals for Zebra shot
2154: Al SPWA including time-gated x-ray pinhole images filtered for photons
E>1keV (top) and E>3keV (bottom).

Figure A.1: Example of shot summary used for each campaign.

Figure A.2: Example WireMass tab: linear wire mass density calculations for
aluminum.

Figure A.3: Macro interface located on the Generator tab within the summary
spreadsheet.

Figure A.4: Output tab from the Zebra campaign 12 template including LCM and
non-LCM shots. Not all tabs are shown.

XViii

101

102

103

105

106

114

114

115

129



XiX

Figure A.5: Example from current sychronization tab showing the data and
integrated current waveform from TDS 9 with a line fit to the rising edge of the 129
current.

Figure A.6: Example of raw bolo signal (blue) and current monitor (red). 130

Figure A.7: Integrator tab automatically finds and integrates signals. 131



Figures 3.10 and 3.11 show
the results of the WDM and the
WADM simulations of combined

nested CWA implosions and

incremental kinetic energy

thermalization rates. The WDM

predictions  underestimate the
experimental implosion time by 15
to 20 ns, while accurate array
implosion times are provided by the

WADM  simulations. The array

implosion trajectories predicted by
the WADM are also in good
agreement with data in the streak

camera images.

The masses of the inner and

outer arrays of the loads considered
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Figure 3.10: Shot 657: a) Simulated implosion
trajectories x(t) for inner Al (black) and outer SS
(gray) arrays according to WDM without ablation
(dotted) and to WADM (solid). Vertical
represent W,, the amount of thermalized kinetic
energy due to inelastic collisions of the current
filaments. Experimental keV signal (black) and the
streak fiducial synchronization pulse (gray) are
shown in arbitrary units; b) Streak camera image,

bars

synchronized to a).

were very similar. The WDM, which only takes into account the array masses and sizes,
predicts only a slight change of the implosion time and implosion trajectories when the
wire materials for the inner and outer arrays are inverted. However, consideration of

the wire ablation properties provides more accurate explanations for the differences in



array implosion dynamics, momentum
transfer, and even the shape and amplitude

of the x-ray output.

According to the WADM simulation
shown in Figure 3.10 a), the significantly
higher ablation rate coefficient of the
aluminum wires the inner array produced a
significant reduction in the ablation time

even with the low curren through the inner

array resulting in the implosion of this array

before the outer array. The kinetic energy of
the inner array is far less than the kinetic
energy of the outer array due to the lower.
Thus, very little thermalized kinetic energy
was predicted until the implosion of the

outer SS array. These WADM simulation
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Figure 3.11: Shot 652: a) Simulated implosion
trajectories x(t) for outer Al (black) and inner SS
(gray) arrays according to WDM without ablation
(dotted) and to WADM (solid). Vertical bars
represent W,,, the amount of thermalized kinetic
energy due to inelastic collisions of the current
filaments. Experimental keV signal (black) and the
streak fiducial synchronization pulse (gray) are
shown in arbitrary units; b) Streak camera image,
synchronized to a).

results follow very closely with the streak camera and radiation data. The outer array

implosion occurs at the front of the first major x-ray burst.

The WADM simulation in Figure 3.11 a) shows the outer array crossed the inner

array boundary at -34 ns and then arrives on axis at -25 ns. This prediction is in good

agreement with experimental streak and keV data. Thus, the precursor radiation
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emitted was likely due to fast thermalization of kinetic energy on axis attributed to the

arrival of the outer array material.

3.3.5 Discussion

The analysis shown in this section indicates that the Al/SS implosions occurred in
a non-conventional implosion regime. In this regime, the inner array was clearly
observed to implode earlier than the outer array. A precursor column was observed
with shadowgraphy and EUV imaging, but no significant x-ray radiation was observed
prior to stagnation. The WADM attributes this effect to the low kinetic energy of the
ablated inner array material. Current screening by the outer array would drastically
weaken the magnetic field pressure acting on the precursor column. The resulting
compression would then only be determined by the kinetic and radiative plasma

pressure balance.

The final implosion of the outer array onto the axial plasma produced the
observed fast-rising x-ray output with more than 40% of the total radiated energy in the

first pulse reproducibly for 3 shots.

The highest plasma temperatures for 8/8 Al/SS loads considered, greater than
300 eV and 200 eV for Al and SS, respectively, were estimated to occur simultaneously
at the front of the main x-ray burst. This estimate is in agreement with previously

published data (Safronova 2008). The results of that analysis were based on time-
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integrated spectra and show that, for 4/8, Al/SS loads, Al and SS radiated with an
electron temperature of 300 — 350 eV and 210 — 250 eV, respectively. This degree of
reproducibility in radiation output and plasma parameters is vital to further

development of these types of loads to achieve pulse features.

This analysis indicates that the SS/Al loads imploded in the conventional
transparent regime. The precursor radiation was experimentally observed before
significant mass accumulation on axis. The sub-keV portion of this radiation was
attributed to exploded wires, ablation jets, and bright spots. The remaining keV portion
was then attributed to the streaming plasma from the outer array interacting with the
inner array. However, this interaction radiation is unlikely to be responsible for the
majority of the precursor radiation due to the low interaction cross section. The WADM
model provides another possibility; the fast thermalization of kinetic energy of the outer

array material on axis could explain the precursor timing and intensity.

The conventional transparent implosion regime is generally expected for nested
CWA loads with large Diyg. The use of materials with different ablation characteristics
complimented the current partition in this case such that the outer array contained the
faster ablator and therefore imploded earlier than an outer array containing the same
material or slower ablator would have. However, this configuration did not implode

reproducibly for the two shots considered here.
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Time-gated spectra of two identical 8/8 Al/SS load used were configured to
exclusively measure either L-shell Fe or K-shell Al in Figure 3.8 or Figure 3.9 respectively.
These spectra show faint Fe lines at -16ns in Figure 3.8 and absolutely no K-shell Al lines
at approximately the same time in Figure 3.9. This may be indicative of low-intensity SS
precursor radiation. However, no significant keV radiation registered on the PCD,
possibly due to the low filter transmission values at these energies. The existence of L-
shell iron lines at this time indicates the T. of iron was at least 100 eV. This observation
is consistent with WADM, which predicts a small amount of kinetic energy
thermalization at this time. The streaming material from the SS wires had an ablation
velocity 1.5x higher than for the Al wires. Therefore, the SS plasma would have

significantly more kinetic energy than the Al plasma.
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CHAPTER 4: IMPLOSION AND RADIATIVE DYNAMICS OF PLANAR WIRE ARRAY Z-

PINCHES

4.1 SINGLE PLANAR WIRE ARRAYS

The single planar wire array (SPWA) load cascade-type implosion, described in
Section 1.6, produces reproducible high-yield pulses given near-optimal array mass.
Results from Al and W SPWA loads are presented in this section. Mass and dimensional
scans indicate that this load type exhibits such reproducible radiation output that very
little pulse shaping is likely possible. Additional exotic experiments using distributed

mass and missing-wire-type loads further strengthen this conclusion.

4.1.1 Experimental Details

All work in this chapter was carried out
on the Zebra generator, which is discussed in
Section 2.1.3, using Al or W SPWA or double

planar wire array (DPWA) loads. A SPWA load

consists of a single row of wires arranged

directly between the anode and cathode, as

shown in Figure 4.1. The load parameters Figure 4.1: Single planar wire array load: N =
10, Diwg = 1 mm, w = 9 mm, h = 20 mm.
used are notated by: N, the number of wires; The thick posts on either side of the

array are removed after installation

Diwg, the interwire distance; w,. the array into the load chamber.

width; and h, the array height.
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A DPWA load consists of two parallel
rows of wires arranged directly between the
anode and cathode, as shown in Figure 4.2.
The load parameters used are notated the
same as SPWA loads with the addition of A4,

the interplanar gap. Additionally, the aspect

d N=24, Diwy = 0.7 mm, w = 7.7 mm, h = 20
mm. The thick posts on either side of
the array are removed after installation

by the interplanar gap. into the load chamber.

ratio @ is defined as the array width divide

The diagnostic package fielded for these experiments included imaging and
electronic radiation detection systems with orientation shown in Figure 4.3. The primary
diagnostics, filters, and spectral sensitivities are summarized in Table 4.1. The
diagnostics fielded were: a six-frame dual-channel MCP-based time-gated x-ray pinhole
(TGPH) camera with the upper channel filtered by 15 um Be and 1 um Mylar and the
lower channel filter by 15 um Be and 101 pum Mylar; a PCD detector filtered by 8 um Be;
an XRD detector filtered by 5 um Kimfoil; an AXUVHSS5 Si diode (EUV) with an integrated
0.15 um Al filter; a laser shadowgraph imaging system; a time-gated EUV spectormeter;
and a bare Ni bolometer. Power measurements were obtained by normalizing the XRD
signal to the calculated bolometer energy. Zero-time for electronic diagnostics was
chosen by fitting a line to the rising edge of the integrated current. The timings used in
images are taken relative to the peak XRD signal, i.e. 10ns before peak signal would be

written as -10 ns’.
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Table 4.1: Summary of diagnostics and filters used in planar array study.

Detector Resolution (ns) Filter Spectral range (eV)
TGPH Upper 3 15 um Be + 1 um Mylar hv > 1000
TGPH Lower 3 15 pum Be + 101 um Mylar hv >3100
PCD 0.5 8 um Be hv > 750
XRD 1 5 um Kimfoil 180 < hv < 280, hv > 700
EUV 0.7 0.15 pum Al + 25 pum pinhole 15<hv< 70, hv >240
Shadowgraphy 0.2 none 532 nm
Bolo 5 none 10 < hv < 6000
TGEUV 5 0.15 pm Zr 70 < hv < 300

4.1.2 Aluminum SPWA
Comparing results across several experimental campaigns is challenging due to
variations in the performance of Zebra over the last six years. However, current shape
and peak current on Zebra are relatively constant within a single campaign. The focus of
this study is radiation pulse shape and yields optimization. The optimal pulse shape
produces a high power initial burst containing the majority of the total energy. The
energy in the first peak is defined here as the bolo-normalized XRD integral from zero
until 10ns after peak power.

A summary of the load parameters, implosion parameters, and radiation yields is
contained within Table 4.2. Results from two identical shots, 797 and 801 are overlaid in
Figure 4.4. The shadowgraphy images in (b) indicate that the outer wires ablate and

implode before the inner wires and the array plane remains transparent. These images
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Figure 4.4: Comparison of two identicle Al SPWA (Zebra shot
797 and 801) illustrating a cascading implosion dynamic: (a)
Overlay of power-scale XRD and current data; (b) two laser
shadowgraphy images; (b) time-gated x-ray pinhole images;
(d) time-integrated x-ray pinhole image of photon energies
greater than 3 keV.
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are direct experimental
evidence of the simulated
cascading implosion dynamics
resulting  from  inductive
current division between the
wires. Time-gated pinhole
images in (c) show that the
plasma column begins to
radiate above 1 keV in a small
central region at -10 ns. This
indicates that the midpoint of
the pinch implodes slightly

faster than the portions near

the electrodes. As stagnation proceeds, the column is fully formed by 0 ns. The

stagnated column radiates uniformly between the anode and cathode. The early stages

of m = 0 and m = 1 instabilities growth are observed. Comparison with the time-

integrated pinhole image of photon energies greater than 3 keV in (d) shows a

correlation between the stagnated ‘necks’ (relatively low-diameter, highly compressed

stagnated plasma).
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Table 4.2: Summary of Al SPWA load parameters and radiation distribution.

Shot Material N Width D,, Diwg E, Etoot Epeak Ppeak timp Mass
(alloy) (mm)  (um) (mm) (k}/em) (ki/ecm) (kifcm) (GW/cm) (ns) (ug/cm)
489  AI(5056) 10 9 10 1 6.0 1.0 3.2 230 77 21
490  AI(5056) 10 9 15 1 4.8 1.2 2.9 208 75 48
561  Al(5056) 10 9 15 1 4.6 0.3 2.8 200 70 48
614  AI(5005) 10 9 15 1 43 0.2 2.5 205 77 48
796  Al(5056) 10 9 19.8 1 5.7 0.1 2.2 157 84 83
797  Al(5052) 15 14 15 1 5.0 0.1 3.2 295 102 72
801  AI(5052) 15 14 15 1 5.0 0.2 2.8 251 110 72
1012 AI(5056) 9  5.60 20 0.7 5.7 0.3 3.4 275 69 75
1013  AI(5056) 9  5.60 20 0.7 6.7 0.4 3.2 248 73 75
1014 AI(5056) 9 560 229 0.7 4.9 0.2 2.3 216 79 100
1015 AI(5056) 9 560 229 0.7 5.7 0.2 2.5 192 78 100
1016 AI(5056) 9 560 305 0.7 5.5 0.1 2.6 178 90 178
1017 AI(5056) 9  5.60 305 0.7 5.6 0.3 2.8 202 92 178
1287  AI(5056) 18  11.9 30 0.7 7.3 0.2 4.4 298 115 344
1931 Al 4/ 8 28/1 2 10.2 0.4 4.9 244 80 82
(5056)/W 1 0
1943  AI(5056) 8 49 178 0.7 5.5 0.5 1.7 141 68 54
2154  AI(5056) 8 4.9 305 0.7 6.9 0.1 3.1 258 97 153

These were the widest loads tested and they produced a single pulse with 60%
of the radiated energy emitted in the ‘first peak’. While the total energy detected was

only 5 kJ/cm, these loads produced the highest power of any Al SPWA tested.

A series of six consecutive Al SPWA experiments were performed as part of a
mass scan with the following parameters: N =9, w = 5.6 mm, and two shots for each M
=75, 100, 178 pg/cm. The XRD power data are overlaid in Figure 4.5 along with the load
currents for each shot. Despite the variation in the load currents, the first pulse for each

pair of identicle loads is similar in magnitude, timing, and duration. After stagnation the
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pulse shapes evolve very differently as a function of the unpredictable destabablization
and disintigration processes. The 75 pg/cm loads implode earliest and the heaviest loads
implode latest as expected. However, the average energy distribution, shown in Figure

4.6, is equal across these six shots to within experimental error. The peak powers
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Figure 4.5: Mass scan using six Al SPWA loads: 9 wires, 5.6mm width, two shots
per mass. Overlay of XRD power data: red, green, and blue signals are from 75
pg/cm, 100 pg/cm, and 178 pg/cm loads, respectively. Corresponding currents
and relative synchronizations are also shown.

observed for the 75 pg/cm loads were 30% greater than the 100 pg/cm loads and 37%

greater than the 177 pg/cm loads.

10.0 ; — 2 300
Figure 4.6: Energy distribution for Al SPWA mass scan data. E¢o: and Epear,
are the integrals of the power-normalized XRD signal from zero to 10% peak
power and 10ns after peak power, respectively. The Bolo,,., data is the total
energy measured by the bolometer.
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4.1.3 Tungsten SPWA

There are several significant differences between Al and W wire array z pinches.
Al has asignificantly greater ablation constant than W, which results in delayed
implosion times of W loads of otherwise equivalent parameters. The two materials also
behave quite differently as plasma. Al plasma is highly collisional due to relatively low
kinetic energy, i.e. the mean free path of the average Al ion is less than the
array dimension. In contrast, W is generally considered collisionless such that the mean
free path of the average W ion is greater than the array dimension. Therefore, W ions
within the pinch rely solely on electromagnetic pressure for confinement whereas Al
ions are confined by a combination of both electromagnetic and ion kinetic
pressures. The two materials also radiate in different energy regimes, which may be
significant in comparison with the spectral sensitivity of the XRD.

The difference is most noticeable at the lower limit of the XRD spectral
sensitivity: 180 — 280eV and above 700eV. The L-shell transitions for Al fall within a
narrow energy ranging from 65 — 116 eV, completely missing the XRD, whereas the W
O-shell transitions span 25 — 890 eV. Therefore, W loads will likely produce XRD signals
with longer risetimes than Al. This may be a contributing factor in the relatively low

power observed in Al pinches.
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Table 4.3: Summarv of W SPWA load parameters and radiation distribution.

Shot Material N Width D, Diwg E, Efoot Epeak Ppeak timp Mass
(alloy) (mm)  (um) (mm) (kJ/em) (k}/cm) (ki/cm) (GW/cm) (ns) (ug/cm)
1024 w 6 35 10 0.7 8.4 0.2 43 237 77 91
1025 w 6 35 10 0.7 8.8 0.1 5.2 277 76 91
1022 w 12 77 7 0.7 8.1 0.2 5.3 370 95 89
1028 w 12 77 78 07 8.4 0.2 4 370 100 111
1019 w 16 105 6 0.7 6.3 0.2 43 318 105 87
1027 w 16 105 5 0.7 7.5 0.1 4.2 346 104 61
1251 w 16 7.5 89 05 6.5 0.1 2.9 246 115 192
1252 w 16 7.5 89 05 6.7 0 3.5 252 124 192
1249 w 24 115 5 0.5 5.9 0.1 3.9 298 98 91
1250 w 24 115 5 0.5 6.5 0.2 3.8 294 104 91

The first set of data that will be discussed is a width scan from 3.5 mm to 11.5 for
0.5 mm and Djyg = 0.7 mm. Idealy, all loads fielded in the width scan would maintain a
constant implosion time. However, the majority of W SPWA loads were fielded prior to
the development of the Wire Ablation Dynamics Model (WADM), which was routinely
used to predict implosion timing in later experiments. Load designs, particularly the
mass to width ratio, were based on comparison to earlier data and were therefore
subject to undesirable variation in implosion timing. A summary of the load parameters,

implosion parameters, and radiation yields is contained within Table 4.3.

The bolo-normalized XRD data are overlaid in three frames of Figure 4.7 along
with the load currents for each shot. The two loads graphed in red (blue) were fielded
with Diwg = 0.7 mm (0.5 mm). The overlaid XRD for the 3.5 mm wide (a) loads produce a
main burst very early (~75 ns). Reproducibility is slightly reduced, particularly after the

main x-ray burst, but the total energy for these load were significantly higher than all
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Figure 4.7: Width scan of W SPWA loads showing an overlay of
power-normalized XRD and current data for shots shown in
Table 4.3: (a) with w = 3.5 mm; (b) w = 7.7 & 7.5 mm; (c) w =
10.5 & 11.5 mm.
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other loads within this scan
except the 7.7 mm SPWA with
Diwg = 0.7 mm. However, the
early implosion time
significantly reduced the peak
output to 250 GW/cm.
Results from ~7.5 mm loads
(b) exhibit similar pulse
shapes despite the variation
in implosion timing. The loads
with 0.7 mm D, stagnated
near peak current and
produced 370 GW/cm.

However, the analogous loads

for 0.5 mm Dy, Wwere
overmass and imploded near

120 ns significantly reducing

power and energy yields. Results from the longest loads tested (10.5 mm) (c) exhibit the

highest degree of reproducibility, even between Dj,, values, and the 330 GW/cm peak

power with relatively smooth, single pulse shapes.



A comparison of
the radiation distribution
of Diwg = 0.7 mm loads,
shown in Figure 4.8,
shows vyields remain

consistant in the foot,

peak, and total with peak

power dropping
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Figure 4.8: Power and energy distribution for W SPWA width scan.
See also Table 4.3.

significantly for the 3.5 mm loads. However, due to the variation in implosion timings,

more experiments are needed to conclude an optimal width from analysis.

4.1.4 Distributed Mass Results

Distributed mass arrays are an extension of the SPWA which utilize loads with

non uniform wire diameters in order to distribute the mass unevenly along the load

plane. This has the effect of accelerating the wire ablation of the smaller diameter wires

while retarding the ablation of the larger diameter wires: thus influencing the implosion

dynamics. The goal of this study was to optimize the SPWA and gain insight into the

energy balance of the stagnating plasma.



Table 4.4: Summary of Al distributed mass SPWA loads.
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Shot T N Dure (1m) Et Efoot Epeak Ppeak Timin Mass
o] e ; m
P wire 11 (k) (kfem) (Kifem)  (GW/cm) g(ns) (ug/cm)
801 Unifor 15 15 9.9 0.21 2.79 251 110.6 72
m
610 N 10 10, 12, 15, 17.8, 20 9.0 0.25 2.51 197 76.6 50
620 A 10 10, 12, 15, 17.8, 20 8.5 0.26 2.30 245 82.6 50
799 M 10 15,19.8,22.6,19.8,15 11.4 0.07 2.36 186 93.1 74
629 \Y 10 20,17.8,15,12,10 8.9 0.21 2.52 164 78.6 50
798 W 10 22.6,17.8,12,17.8,22. 11.1 0.03 1.96 140 92.1 76
6
800 WwWw 9 22.6, 15 alternating 10.9 0.05 1.93 162 94.6 73

Each of the loads used in this study were Al due to the availability of many viable

wire diameters. Table 4.4 contains a summary of the load parameters and yields and

Figure 4.9 shows the types of mass distribution loads tested. The various load types

were named according to the shape of the mass distribution. For example, the A-type

load in a) consists of ten wires total. The edge wires are 10 um with each subsequent
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Figure 4.9: Types of distributed mass loads studied: (a) The A-type; (b) the M-type; (c) the V-type; (d)
the uniform-type; (e) the WW-type; (f) and the W-type load. Embedded circle sizes represent

diameter of wires.
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pair of wires increasing in diameter: 12, 15, 17.8, and 20 um for the two central wires.

The V-type load shown in b) is the inverse mass distribution with high-mass edge wires

decreasing to a low-mass central wire pair. The M-type, W-type, and WW-type

(periodic) follow the same concept.
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Figure 4.10: Energy distribution of distributed mass Al

SPWA loads.
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Figure 4.11: Overlay of XRD power history of all Al SPWA
distributed mass loads.

The temporal energy
distribution is found by
integrating the bolo-normalized
XRD signal to key points in time.
The energy up to 10% of the
XRD signal Efoot, the energy to
10 ns past peak output Epeay, the
total energy Eiota, and the peak

power Pyeak are graphed in Figure
4.10 according to distribution
type and are compared with a
uniform load. The A- and V-type

loads produced the lowest E;, but

produced comparable Epeax and

the A-type produced the highest

power of all distributed loads tested. The W-, WW-, and M-type loads all produced

similar vyields. The distributed mass loads were undermassed and imploded early.
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Regardless, the energy yields of the distributed loads were comparable to the uniform
load. However, the Ppeax of the uniform load clearly outperformed all other load types

except the A-type.

An overlay of all XRD signals with synchoronized peak output is shown in Figure
4.11 in a power scale to illustrate the effect of mass distribution on XRD pulse shaping.
In general, these loads produced very little foot pulse radiation, i.e. ~1% of Eioa by 100
ns. In comparison with the uniform load, very little shaping was measured by the XRD

and the overall performance was decreased by the mass distribution.

4.1.5 Implosion onto Planar Gap
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the affect of an implosion

Gap-type Uniform 25

onto a planar gap, the two Figure 4.12: Comparison of Mo ‘gap’ (Zebra shot 809) and
uniform Mo SPWA loads (Zebra shot 795): (a) XRD power

central wires were removed history synchronized with current; (b) time-integrated
images of photon energies about
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from a N = 14 Mo SPWA. The Dj,g was 1mm and the resulting gap was 3mm for this
load. The goal of including the gap was to increase yields by creating a clear location for
the initial plasma to converge.

The results from the comparison between the uniform Mo and the gap-type Mo
loads, shown in Figure 4.12, indicate the gap-type load underperformed the uniform
load in every way possible. There were slight differences between the loads, i.e. the
gap-type load was 13mm wide and 60 pg/cm whereas the uniform load in this
comparison was 10 mm wide and 75 pg/cm. The mass difference between the loads
was chosen to account for the length difference in order to achieve a common
implosion time. However, another process inhibited the gap-type load implosion:
delaying the implosion time and drastically reducing the yields. This effect, studied in
detail in Section 4.2, is likely the result the global magnetic field penetrating between
the planes during the ablation phase. The magnetic field penetration acts to greatly
decrease convergence as shown in (b), which compares time-integrated pinhole images
of photon energies greater than 3 keV. The uniform load produced a broader radiation

zone with greater radiation density than the gap-type load.

In contrast to the results discussed in Section 4.2, the gap-type load did not
produce individual precursor columns on each side of the gap (secondary precursors) as
shown in (c), which is the enhanced time-gated image from -25ns relative to peak XRD
output. This is somewhat early for the observation of the secondary precursor, so it is

possible that it formed later. However, the pulse shape differs strongly from those
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observed with secondary precursors. It is likely that the magnetic potential within the
gap was overcome by the kinetic pressure of the coronal plasma sometime prior to
stagnation. Once the yields performance of gap-type loads was noted, no further

experiments were persued.

These results indicate uniform SPWA loads outperform the exotic mass
distribution loads tested in total energy and peak power. No significant pulse shape
variations were observed except the gap-type loads in which the pulse shape was sub
optimal due to magnetic field penetration within the gap. The distributed interwire-gap

load may vield interesting results in the future.

4.1.6 Bright Spot Formation during Implosion Phase

The typical XRD-registered emission from a SPWA load remains at noise level
until several nanoseconds prior to stagnation and time-gated x-ray images during this
time are completely blank for most materials. There are a few notable exceptions, brass
and Ti, which form bright spots on the cascading bubble fronts as shown in Figure 4.13.
These images were obtained before emission was detected with the XRD and required
high MCP gain to register on the time-gated imager. Additionally, the TGPH was

adjusted to 3 ns interframe time with only 2ns exposure.
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Figure 4.13: Time-gated >1keV emission of brass (top)
and Ti (bottom) of SPWA viewed perpendicularly to the
wire plane. The brass load was Zebra shot 810: N=10,
Diwg =1 mm, M = 79 pg/cm. The Ti load was Zebra shot
812: N=5, D;,;=2 mm, M = 78 pg/cm. The anode is at
the top of each image.
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The brass load produced
clearly observable clusters of bright
emission near the axis by -27 ns. As
the system evolves over the next
10 ns, short-lived local emission
flashes near the oringal wire

positions.

The Ti load produced a
column of axial emission and chains
of local emission eminating from
the outer wires by -27 ns.

Additional bright spots form on the

other wires until a large emission region is assembled similar to a precursor column

formed during the cylindrical wire array ablation phase. The specific mechanism

responsible for this radiative process requires additional study.



4.2 DOUBLE PLANAR WIRE ARRAYS

Initial investigation of DPWA precursor
formations revealed a two-step process
(Kantsyrev 2008). First, an axial precursor forms
50 ns prior to peak output and then a pair of
off-axis emission regions form 15 ns prior to
peak x-ray output (secondary precursors), each
observed above 1000 eV. The axial precursor
radiates weakly, if at all, in this spectral regime,
but the secondary precursors are composed of
bright parallel columns spanning the full 20 mm
anode-cathode similar to

gap previously

observed ‘local’ precursors in fragmented
cylindrical wire arrays (Bott 2007). This effect
was originally attributed to the independent
implosion of each plane. The goal of this section
is to expand the understanding of the
formation of the precursor structures in DPWA
loads.

The Wire Ablation Dynamics Model

(Section 2.3) simulation of experimental results

(a)

Q00 g CO00

OOOOOOO
e o990 8
&

®o

(b)

(c)

Figure 4.14: End-on WADM simulations of
the global magnetic field configurations
and early ablation dynamics for three
different Al DPWA loads at half current:
(a) Zebra shot 2165 (w =9 mm, A = 6 mm,
@ = w/A = 1.5); (b) Zebra shot 1963 (A = 6
mm, ¢ = 1.1); (c) Zebra shot 1965 (A = 6
mm, ¢ = 0.58). Position of the array wires
and ablated plasma filaments are show by
black and grey symbols respectively.
Contour lines represent the magnetic field
topography.
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(Kantsyrev 2009) show that the open configuration of the DPWA allows for interaction
between the global magnetic field and the streaming coronal plasma to a degree
dependent on the aspect ratio (width to interplanar gap) of the load, i.e. the degree of
global magnetic field penetration. The aspect ratios divide DPWA loads into three
groups: the high aspect ratio loads exclude the global magnetic field, which only allows
for axial mass accumulations; the low aspect ratio loads allow for the global field to
magnetically isolate each plane until the final implosion with only off-axis mass
accumulation; and the intermediate aspect ratio, in which the global field interacts with
the plasma flows while allowing for the formation both axial and secondary precursors
in addition to early off-axis mass accumulations. It was found that the secondary
precursors are a consequence of the cascading ablation process and forms by an entirely

different mechanism than the off-axis mass accumulation observed at earlier times.

20.0 500
@Foot energy (kJ/cm)
@Peak Energy (kJ/cm) T
4.2.1 Implosion Dynamics 160 [ @TomEner (o w =
= eak Power I <> 8
. . £ 120 T 300 %
The type of DPWA implosion =S t =
2 _
o 8o I{200 £
o
dynamics observed is a function of <
4.0 H 100 [}
@
the global magnetic t raphy. Th 0.0 0
e gOb g etic Opog ap y € 0.58 1.10 1.50

Aspect Ratio

field penetration between planes, Figure 4.15: Average power and energy values for each

aspect ratio of all loads considered. “Foot Energy” is the

energy in the foot defined as the integral from zero to

the point at which the XRD signal begins to rise into the

main pulse, “Peak Energy” is the energy integrated from

described by the aspect ratio ®. As ® ;o1 to 10ns past peak output, “Total Energy” was
measured by the bolometer, and “Peak Power” is the
XRD power normalized to the bolometer.

shown in Figure 4.14, can be
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becomes very low the DPWA loses inductive coupling and becomes two isolated SPWA

loads. As ® becomes very high the gap between planes closes and becomes one SPWA.

Here we focus on the results of DPWA loads with 0.6 > ® > 1.6. Interesting plasma

dynamics occur within this parameter space that show promise for pulse shaping while
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Figure 4.16: Shot 2165 Al DPWA Al (5056): A =6 mm, M =
66 ug/cm, and ®=1.5; (a) Experimental signals for shot
2165: current (thick grey), EUV (thin grey), XRD (solid
black), and PCD (dotted black) with timing marks for time-
gated pinhole (grey squares) and shadowgraphy
diagnostics (black circle); (b) Time-gated pinhole images
filtered for E > 1000 eV (top) and E > 3000 eV (bottom)
with anode on top fielded at 45deg; (c) Shadowgraphy
fielded parallel to wire planes with anode on top.

maintaining high yields and compact
size. The summary of yields as a
function of aspect ratios is shown in

Figure 4.15 and Table 4.5.

4.2.2 High Aspect Ratio DPWA
Loads ($>1.3)

The high aspect ratio load
regime, ® > 1.3, produces an early
axial precursor and, later, secondary
WADM

precursors. End-on

simulations in Figure 4.16

(a)
indicate the global magnetic field is
effectively excluded from the
interior of the array in this regime
of ®. The shadowgraphy image in

(c), taken of an Al DPWA with & =
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Table 4.5: Summary of power and energy data for all shots
considered. ¢ is the aspect ratio of the load, E,, is the total
energy measured by the bolometer, P, is the peak power,
Efoot is the energy in the foot defined as the integral from zero
to the point at which the XRD signal begins to rise into the
main pulse, and E,., is the energy integrated from zero to 10
ns past peak output.

o Etotal Ppeak Etoot Epeak
(kJ/cm) (GW/cm) (kJ/cm) (kJ/cm)
1965 0.58 8.0 260 2.5 4.8
1966 0.58 8.1 280 3.4 5.5
2163 0.58 7.8 270 2.7 4.9
1963 1.10 7.8 380 1.9 5.0
1964 1.10 8.5 350 1.6 4.8
2164 1.10 8.5 400 2.5 5.6
2165 1.50 7.9 350 0.5 4.9

1.5 at -51 ns relative to peak output, shows an axial precursor. Time-gated
pinhole images fielded at 45° in (b) indicate that the secondary precursors form at -18ns
and moves to axis over 8- 10 ns. The XRD in (a) begins rising rapidly along with the
formation of the secondary precursors indicating an increase in plasma temperature to

100eV-200eV. The PCD is relatively flat until the secondary precursors coalesce on axis.

After -12 ns, the time-gated pinhole images show evidence of axial mass arrival
and faint 3000 eV emission. Before then, the secondary precursors radiated up to 50
GW/cm from two off-axis plasma columns 1.6mm in diameter. The classical resistivity of

this system can be estimated by Eq. 4.1 (Velikovich 2002).

3

n=1.03x10"2Z,In AT, > [Q cm] Eq. 4.1
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The resistance for each column is n = 120 mQ assuming: Z,= 8, InA =15, T. = 100 eV, a
path length of 2 cm, and a combined cross sectional area ~4 mm?. At 1.0 MA, the
secondary precursors would produce a combined ohmic heating power of 30 GW/cm.
Thus, Spitzer resistivity is likely the primary source of radiation from the secondary

precursors early in the implosion phase.

The total magnetic energy coupled to this load was 2 kl/cm assuming a 9 mm
initial ‘radius’ and a 0.5 mm final radius., but the total energy yields for this load were

7.9 kJ/cm and 350 GW/cm.

4.2.3 Low Aspect Ratio DPWA Loads (¢ < 0.7)

Loads fielded with & < 0.7 allow the global magnetic field to penetrate to the
axis and produce a potential saddle point between the planes, as shown in (c) of Figure
4.17 (i.e., the planes begin to lose their inductive coupling and implode independently).
Since the global magnetic field is initially able to fully penetrate to the array axis, the
axial precursor formation is inhibited. This is observed in the four shadowgraphy images
(d) compiled from three identical shots with the indicated timings. The first two images
were taken near 0.5 MA, at which time the radiation was only observed by the EUV and
XRD diodes. During this time, there is no observable mass accumulation on axis, which is
consistent with simulated magnetic topography (c). Simultaneous spectroscopic study,

along with a comparison to synthetic spectra derived from a non-LTE kinetic model (Gu
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2008, Safronova 2008) of Al with various plasma conditions to identify the most
prominent Al EUV spectral features in the 45 - 65 A wavelength range, is shown in Figure
4.18 and Table 4.6. The intensity ratio between the neighboring ions Al IX and Al X, the
two most prominent ionization stages, indicates an electron temperature and density
near 60 eV and 10 cm?, respectively. This result is consistent with the relative

radiation detected by the EUV and the XRD (i.e., all emission is hv < 180 eV).

-20ns  -14ns° -Bns

-48ns ~ -1 -1ins

Figure 4.17: Shot 1965 DPWA Al (5056): A = 6 mm, M = 81 pg/cm, and ¢ =
0.58. Timings are relative to peak XRD power. (a) Experimental signals for
shot 1965: current (thick gray), EUV (thin gray), XRD (solid black), and PCD
(dotted black) with timing marks for time-gated pinhole (gray squares) and
shadowgraphy diagnostics (black circles). (b) Time-gated pinhole images
filtered for E > 1000 eV (top) and E > 3000 eV (bottom) with anode on top
fielded at 45°. (c) End-on WADM simulation of shot 1965. Dark circles
represent the stationary wire cores, the light gray circles represent the
streaming coronal plasma, and the lines represent the magnetic field
topography. (d) Plane-parallel shadowgraphy with anode on top. The first
image was taken during shot 2163, the second during shot 1965. The last two
images were taken during shot 1966.
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The latter two images in

Figure 4.17 (d) were taken at

nearly 1 MA and show that there is
1.00

no observable mass accumulation

on axis between -18 ns and -11 ns,

Intensity, au
[=]
pr
L

0.50 4

the time wire ablation is expected

to be completed. All diodes =82 - pos

50 55

Wavelength, A

measured an increased power
Figure 4.18: Shot 2163 DPWA Al (5056): A = 6mm, M =
81ug/cm, and ® = 0.58. Experimental time-gated EUV
spectra from -50 ns superimposed at the top with
. . lineout graphed below in the same scale (solid black
and the time-gated pinhole camera |ine). Relevant synthetic spectra from Al IX (solid grey)
and Al X (dashed black). Modeled transitions are
(b) shows emission hv > 1000 eV. numbered 1 -5 (see Table 4.6) and are shown relative to
the experimental spectra with vertical dotted lines.

output, a foot pulse, to 55 GW/cm,

This indicates an increase in plasma

temperature to 100 — 200 eV before any observable mass arrives on axis.

Table 4.6: Summary of atomic transitions identified and numbered in
Figure 4.17. Wavelengths under FAC refer to the results of the Flexible
Atomic Code (FAC; Gu 2008) for comparison with tabulated values from
the National Institute of Standards and Technology (NIST).

Transitions Wavelength (A) lons

FAC | NIST

1s*2s2p” - 1s’2s2p3d ~ 60.63  60.59
1s%2s2p - 1s°2s3d 59.21 59.11  AIX
1s%2p® - 1s°2p3d 57.06 57.34  AlX
1s2s2p - 15°2s3d 55.34 5538  AlX
1s%2s2p - 1s°2p3p 5429 54.12  AlX

VN H|W|IN| R
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The classical resistivity of this system is similar to the high aspect ratio estimates:
n = 120 mQ for each column and a combined ohmic heating power 25 GW/cm at 0.9
MA. The magnetic energy coupled to the individual implosion of each plane can be
estimated using the strip approximation (Kantsyrev 2007) for single planar wire arrays.
The change of inductance for each plane to the point of the formation of the secondary
precursor is negligible (0.05 kl/cm) assuming the final radius to be the secondary
precursor radius of 0.8 mm, the current parameter of Zebra a = 0.68, and a maximum
current 0.45 MA. Thus, classical ohmic heating was likely the primary source of the

power emitted during the foot pulse.

The final pinhole image, taken at -8 ns, shows axial emission above 3000 eV and
corresponds to the rise of the main x-ray burst. The total yield of this load was 8 kJ/cm
and 270 GW/cm. The estimated magnetic work on the system is 1.7 kJ/cm, assuming a 6
mm initial radius and a 0.5 mm final radius. The magnetic work does not explain the
total yield, nor the energy in the first peak (see Table 4.5). However, the average
difference between the energy in the first pulse and the foot energy is 2.2 kl.cm:

comparable to the magnetic work done on the system.

4.2.4 Intermediate Aspect Ratio DPWA Loads (0.7 < ¢ < 1.3)
Double-planar loads fielded within the intermediate aspect ratio regime were
also shown to produce secondary precursors. These structures are shown in the time-

gated pinhole image in Figure 4.19 (a) fielded at 45° at -18 ns of an Al DPWA with ® =
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Figure 4.19: Zebra shot 1963 DPWA Al (5056): A = 6mm, M = 66
ug/cm, and ®= 1.1; (a) time-gated pinhole images filtered for E >
1000 eV (top) and E > 3000 eV (bottom) with anode on top fielded
at 45deg; (b) experimental current pulse and signals from the XRD,
PCD, and EUV detectors (arbitrary units). Synchronizations of time
gates in plot (a) are shown versus the time axis in plot (b) by vertical
dotted lines. The implosion trajectories x(t) of the innermost wires
(see also Figure 4.20) are shown according to the WADM
simulations in plot (b).
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1.05. The distance
between these secondary
precursors were 4.4 mm
at -18 ns and 3.2 mm at -
12 ns indicating an
approximate implosion
velocity of 200 um/ns. An
overlay of the
experimental current and
radiation signals with a
WADM simulation of the
position of the innermost
wires of the array (b)

indicates that the

innermost wires are expected to remain stationary until -24 ns (i.e., the implosion phase

would begin at -24 ns). The secondary precursors can only be imaged at -18 ns,

indicating that it only forms during the implosion phase. The average yield was 8.3

kJ/cm at 380 GW/cm. The shadowgraphy images taken between -60 ns and -24 ns, in

Figure 4.20 (a), show that a pair of off-axis mass accumulations form prior to the axial

precursor. These columns are parallel, uniform, stationary structures that span the full

2cm anode/cathode gap prior to the implosion phase of the array. The magnetic field

topography (c) shows significant global field penetration into the interior of the array at
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Figure 4.20: Shot 1963, 1964, and 2164 DPWA Al (5056): A = 6 mm, M = 66 ug/cm, and ®= 1.1; (a)
Plane-parallel laser shadowgraphy images with indicated timings. The first, second, and third images
were from shot 2164, 1963, 1964 respectively; (b) Time-gated pinhole images of emission hv > 1000
eV fielded at 45° from the shadowgraphy line of sight from shot 1963; (c) Positions of the array wires
(black symbols) and current filaments representing the ablated plasma (grey symbols). The global
magnetic topography is shown by the contours. The simulated distributions of mass and current
densities are shown in plots (d) and (e) respectively.
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-48 ns. Within this intermediate aspect
ratio regime, the array sufficiently shields
the axial region from the global magnetic
field to allow for the formation of an axial
precursor, yet still allows enough
penetration for the streaming coronal

plasma to interact with the magnetic field

and accelerate within the array.

3-2-101 2 3
X [mm]

The velocity map in Figure 4.21

simulates this array at -50 ns and shows Figure 4.21: End-on WADM simulation of the 2D
velocity distribution of the ablated plasma flow at t
=-50 ns of shot 1963 DPWA Al (5056): A =6 mm, M

this interior acceleration to 100 um/ns
=66 ug/cm,and ®=1.1.

towards the points of convergence. The

four lower-inductance edge wires carry the majority of the current, shown in Figure 4.20
(e), causing the injection of mass into the array interior. The simulated density map (d)
shows that the injected mass converges off axis at 120 - 130°, which corresponds to the
position of the off-axis mass accumulations 1.5 mm from the axis. The inductively

estimated current in this region at -48 ns is 10 kA/mm?>.

The wires successively ablate and stream towards the axis, changing the array
aspect ratio. However, the existence of an axial precursor during this time prevents the
global magnetic field from isolating each plane as shown with low aspect ratio loads.

The axial precursor and off-axis mass accumulations are observed in the same positions
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until -24 ns. The current density near the off-axis mass accumulations at -24 ns remains

low—30 kA/mm?.

The four innermost wires finish ablation at -24 ns, at nearly peak current, and
initiate the final implosion phase of the array. The mass and current densities become
concentrated 1.5 - 2.5 mm from the axis forming the secondary precursors. The
estimated current density for these formations jumps to 300 kA/mm?. This corresponds
to the time-gated pinhole images at -18 ns, which show the secondary precursors are

separated by 4.4 mm.

During the implosion phase, secondary precursors were detected near the same
location as the off-axis mass accumulations. However, these two structures are
unrelated and only coincidentally form in a similar location. The off-axis mass
accumulations were the result of converging plasma flows during the ablation phase
whereas the secondary precursors were the result of high current density transferred
from the innermost wires to the imploding plasma at the initiation of the implosion

phase.

The foot pulse for these loads produced 90 GW/cm. Spitzer resistivity for each
plasma column was n = 310 mQ using the same assumptions from section i and
accounting for the combined crossectional area of 1.6 mm?. The combined ohmic
heating power was 60 GW/cm; thus, resistive heating is likely the source of the radiated

power emitted from the secondary precursors.
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The total magnetic energy was 1.7 kJ/cm assuming a cylindrical configuration with initial
radius of 6mm and final radius of 0.5 mm. The average difference between the energy

in the first peak and the foot was 3.1 kJ/cm: twice the magnetic energy.

4.3 EVIDENCE OF RADIATION ASYMMETRY

Another beam line was added to the core diagnostic suite of radiation detectors
to explore the potential of asymmetrical radiation distribution of planar-type loads. The
upgraded configuration utilzes four XRD diodes with identicle filters: one pair on each
beam line oriented perpendicularly. Early results from perpendicular XRDs fielded on a
W SPWA, shown in overlaid power scale with current and TGPH images in Figure 4.22,
indicate the presence of radiation asymmetry is most notable on the rise of the main x-

ray burst. The perpendicular

XRD measures soft x-ray 250 : 1.20
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AW l fjl
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This is likely the effect of Time,s

Figure 4.22: W evidence of asymmetry shot 1625 SPWA with
radiation emminating from perpendicular XRD (green) and parallel XRD (blue). Inset is time-
gated pinhole images of emission hv > 1000 eV (top) and hv > 3000

the axis being reabsorbed by eV (bottom) fielded at 45",

trailing mass.
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The most significant asymmetry is observed for Al SPWA, shown in overlaid power
scale with current and TGPH images in Figure 4.23. The perpendicular XRD measured
nearly 100 GW/cm higher peak power than the parallel XRD. The pulse shapes are
similar for each orientation, but the perpendicular x-ray flux significantly exceeded the
parallel. In addition, the perpendicular bolometer measured 10 kJ/cm compared to 7.4
kJ/cm measured by the parallel bolometer. Given that Al produces exhibits very strong
opacity affects; this result substantiates the hypothesis that trailing mass opacity is a
significant factor driving this radiaiton field asymmetry. However, no model currently

exists to calculate the specific mechanisms for this effect. These results have significant
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Figure 4.23: Evidence of asymmetry in perpendicular XRD signals for Zebra shot 2154: Al SPWA N =
8, Dy = 0.7 mm including time-gated x-ray pinhole images filtered for photons E>1keV (top) and
E>3keV (bottom).

impact on the results discribed in Section 4.1, because that data set was acquired plane

parallel prior to the addition of a perpendicular beamline.
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CHAPTER 5: CONCLUSION

In this dissertation, the implosion and radiation dynamics of wire array z-pinches
were investigated. Several types of wire arrays were examined at both the Zebra and
COBRA pulsed power facilities: the compact cylindrical, the combined nested cylindrical,
the single planar, and the double planar wire arrays. The goal of this study was to
combine experimental analysis, spectral modeling, and simulations to better understand
new wire array configurations with potential applications to inertial confinement fusion

studies.

Radiation output 10 eV > hv > 30000 eV was imaged, diffracted, and recorded
with temporal and spatial resolution to assess fundamental plasma parameters.
Implosion dynamics were further studied using optical shadowgraphy and streak
imaging. A new diagnostic was designed and fielded specifically to study the time-
evolution of the extreme ultraviolet (EUV) spectral emission during the ablation and
implosion phases. This time-gated EUV diagnostic operated in an extremely hostile
environment including: high velocity debris, strong mechanical shocks, sudden vacuum
changes during operation, energic ion beams, and hard x-ray radiation in excess of 50
keV. Each diagnostic hazard was considered in the design process and the spectrometer
elements remained intact throughout experiments. The diagnostic utilized a filtered 25
um slit, a focusing blazed grating diffraction element, and a multichannel plate oriented
roughly perpendicularly to the Rowland circle to create and capture the spectra for

analysis.
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Analysis of the nested cylindrical wire array (CWA) comprising of combined
materials yielded original results on the effect of ablation on implosion dynamics
(Williamson 2009). The nested CWA loads tested contained eight wires of both Al and SS
(304) wires that were uniformly distributed in one of two concentric cylindrical arrays.
Experiments were performed at the COBRA facility at Cornell University. The results
specifically attribute the differences between the implosion dynamics of Al/SS or SS/Al
(inner array /outer array) combinations to the ablation properties of those materials.
The absolute ablation rate ratio between Al and SS was experimentally determined to
be near 1.5. This ablation rate imbalance coupled with the large interwire gaps of the
NCWA loads tested, which allowed significant current to flow within the inner array,
produced a unique implosion dynamic: the inner Al wire array was observed to implode
before the outer SS array for the first time. This mode of implosion was named the
ablation dominated regime. The SS/Al loads imploded in the conventional transparent
mode; the outer Al array imploded through the inner SS array, which caused a fast
current switch to the inner array, then the inner array imploded on axis. Using the
WADM we were able to determine that the uneven current partition between the inner
and outer arrays coupled with the high ablation rate ratio was sufficient to explain the

two types of implosion observed.

The ablation properties of the materials used can fundamentally impact the
performance of the load. These ablation properties can even dominate conventional

current-partition-driven implosion dynamics in nested CWA loads. Future load design
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techniques could be developed to exploit the ablation properties of wire materials for

tailoring implosion dynamics to optimize radiation sources on multi-MA machines.

Results from compact CWA loads show yields comparable to the highest
observed with other configurations. However, the primary parameter for this increase
was determined to be the decreased interwire gap allowed by the decreased diameter,
not the value of the diameter itself. Yields of the 3 — 6 mm diameter compact wire
arrays scaled with increased current at values significantly lower than the ideal
guadratic relationship. This effect was attributed to the greatly increased mass required
to produce an implosion time near peak current. These results were in agreement with

previously published results (Deeney 1990, Jones 2008).

Much better results were obtained from single planar wire array (SPWA) loads.
The SPWA loads produced yields as high as 15 kJ/cm for tungsten despite the minimal
kinetic energy available to the load via the change of inductance mechanism. A material
scan reveals nearly linear scaling of yields with average ion number. This new type of
load developed and studied on Zebra at the University of Nevada Reno as a radiation
source within our group, exhibits a cascade type implosion caused by the inductive
current division between the wires. In this new implosion paradigm, the instabilities
typically observed in cylindrically symmetric loads, such as the Magneto Rayleigh aylor
(MRT) acceleration instabiltiy and azimuthally correlated instabilities, are greatly
reduced. Each wire within the array is at a different stage of implosion such that the

outermost imploding wires, replete with MRT bubble-spike structures, are only allowed
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to accelerate to the next wire which was typically 700um away, thus reseting the
instability growth rate. With no azimuthal current pathway, the current continues to
cascade inward until the final stagnation. The compact size and high yields of this load
type make it an attractive candidate as a radiation driver for many applications;

however, pulse shaping requirement for ICF applications has not yet been observed.

The implosion dynamics of the double planar load configuration are complex and
unique, but also allow for pulse shaping with high yields. Three regimes of implosion
were studied differentiated by the aspect ratio, defined here as the array width divided
by interplanar gap, of the loads. In each aspect ratio regime, so-called secondary
precursors were observed. These structures are off-axis mass carrying high current
densities during the implosion phase that radiate about 1lkeV due to the classical
resistive heating. Early shaping of the radiated foot pulse is obtained from the

secondary precursors.

Each double planar load implodes with a similar cascading ablation process
observed in the single planar loads, except the double planar streaming coronal plasma
converges on the axis between wire planes. The high aspect ratio load shields the array
interior from any significant interaction between the global magnetic field and the

coronal plasma. Minimal foot pulse emission was observed for this type of load.

Low aspect ratio loads allow for strong global magnetic field penetration that

magnetically confines the ablated plasma from each plane off axis until the ablation of
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all wires is completed. No axial precursor formation was observed, but the secondary
precursors produced foot pulse emission with one third of the total yield during the
implosion phase. The resulting stagnation produced slightly lower power, but
maintained comparable efficiency to other Al DPWA loads. The low aspect ratio load

produced the most foot pulse energy of the loads tested.

Intermediate aspect ratio loads allow the global magnetic field to penetrate into
the interior of the array without disrupting the formation of the axial precursor. The
resulting magnetic produces additional coronal plasma acceleration within the array
toward two off-axis points of convergence. The secondary precursor radiated foot pulse
emission, about one quarter of the total yield on average, and finally stagnated with

comparable efficiency to the other two load regimes.

Foot pulse radiation was emitted from the secondary precursors in the 200eV <
hv < 1000eV energy range in all aspect ratio categories due to high current densities
during the implosion phase. Rough estimates of the Ohmic heating account for about
half of the radiated power during the foot pulse. The duration of the foot pulse appears
to be proportional to the mass of the secondary precursors. The magnetic energy
coupled to the load is neglible until the secondary precursors coalesce on axis. Once the
primary implosion reaches the axis, the magnetic energy approximately accounts for the
energy production during the first peak. However, the total yields possible from classical
heating and magnetic work combined can only account for 2-4kJ/cm of the measured

8kJ/cm.
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The results of my graduate study, including those presented within this
dissertation, have been published and presented [coauthor (author)] in 27 (3) refereed
articles, 7 (1) conference proceedings, (3) seminars at national laboratories, 11 invited
coference presentations, 50 (5) oral presentations, 3 (3) graduate seminars, and 64 (7)

posters.
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APPENDIX A: PROCESSING ZEBRA DATA ACQUISITION FILES

A.0 OVERVIEW
The techniques used to process the raw data output files resulting from the data

acquisition at the Zebra experimental facility were developed over many campaigns. The

goals for this development were to:

e Combine and synchronize all the scope data

e Account for detector attenutation and calibration

e Perform critical calculations

e Graph scope data and collect calculations for easy general access for each shot

e Collect shot parameters and other useful data in a summary for all shots in each

campaign

The following macros and formulae were all written for MS Excel in order to
maintain compatibility with the user groups. The general process uses a template which
is updated for each campaign to account for new or removed diagnostics. The macro,
which is located in the summary spreadsheet, opens the template, saves it as a
processed file in the processed data folder, and then copies the data into in. Many
calculations are built into the template, which are then deleted once the specific
purpose is served. This significantly reduces the file size, time required to open the file,
and processor power required to operate on the file while increasing mobility and ease
of access. The calculations performed within the processed file are then moved
internally or copied by the macro into the summary spreadsheet. This process
concentrates the useful shot data within the first tab (labeled output) and the summary
for fast analysis. This process can be used for a single shot or automatically applied to
groups of shots. This is particularly useful when an error needs to be corrected or a

calculation needs to be updated.
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A.1  Summary spreadsheet

Zebra Campaign 12

2136 | 2010/04/13| OPWA-sk28deg W 10/10 Laser(01) 5 1/6 16.0 13.0 1115 26 055
2137 |2010/04/14| OPWA-skiGdeg W 10/10 Laser(01) 5 16 202 15.7 103 26 0.58
2138 |2010/04/14 TWPA W £/g/e Laser(01) | 5/12.7/5 0.7/2 278 15.7 84 125 0.58
2139 |2010/04/14 TPWA w 6/12/6 Laser [01) 5/6/S 0.7/3 235 148 97.5 111 101

Figure A.1: Example of shot summary used for each campaign.

The summary spreadsheet is an important analytical tool. It contains a nearly
exhaustive list of all shot parameters, detector information, and experimental
configuration for all shots within a given campaign. The Global Parameters tab of the
Campaign 12 shot summary, example shown

in Figure A.l1, contains data that must be
Table: Mass per Wire per cm

input by hand (Shot #, Date, Configuration,

Material |Density g/cm3 |Diameter (um) |Mass{ug)/wire*cm

etc) as well as data calculated by the macro A 27 :gg 51
. . C 125 33

and copied over (Bolo data, implosion timing, 135 39
15.0 48

load current, etc). The next tab (Signal Data) 17.8 67
19.8 83

contains detector information, such as peak o -
. 25 107

voltage, an integral break down, and power 29 1
280 166

calculation if applicable, for each detector. f’;’g 1;_}
This tab is also filled while the macro operates 2 .

on the processed file. The third tab, Figure A.2: Example WireMass tab: linear
WireMass, calculates linear wire mass Wwire mass densitv calculations for
density for any material and diameter combination that is available. The spreadsheet
does this simply by calculating the volume of a cylinder with the same diameter as the
wire and multiplying by the density of the material. The data for Al is shown in Figure
A.2.

The rest of the tabs are either for reference (the B-Dot Calibration, B-Dot setup,

Diode Calibration tabs) or for supporting the macro that compiles the data into the

processed file.
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A.2 Macro interface and use
The macro interface, shown in Figure A.3, is imbedded within the Generator tab

of the summary spreadsheet. The elements of this interface are: Range of Shots to
process, which uses the two input parameters to determine which rows of the Global
Parameters tab to loop through. For example, in Figure A.1, shot 2136 is located on the
8" row. To process this shot enter “8 to 8” after Range of Shots to process and then
click Begin. The Begin button initiates the macro used to process shots during a
campaign. The Recursive Edit button must be programmed before use; it does not
accept any input from the summary spreadsheet. This macro opens a dialog box where

the user is asked to select files. The files are opened individually and the

Range of Shots to process: 37 to 37
Begin
True or False

Screen Updating? FALSE
Disable overwrite? FALSE ; :
v I
Print output page? FALSE Recursive Edit
Close Files? FALSE

Figure A.3: Macro interface located on the Generator tab within the summary spreadsheet.

preprogrammed operations are performed. The files are then saved and closed. This
macro is typically used for formatting or reducing file sizes.

The four true-false options are useful, but not essential to the operation of the
macro. The Screen Updating feature of MS Excel displays the files that are being
operated on, which for this macro produces a series of flashing data files and then
switching around the processed file and the summary. Selecting the False option
suppresses this flashing and speeds the processing. However, it also makes the macro
operator and the computer look idle to anybody that happens to be looking. Use the
True option around supervisors and visitors. The Disable overwite feature controlls the
macro’s ability to save over existing files. The Print output page options will print the
first tab of the processed file, called output, on the default printer. The close Files

option instructs the macro if the user want the files closed on completion.



A.3  Macro code “Raw_Data_Fill”
Option Explicit
Sub Raw_Data_Fill()

Dim MainWB As Workbook
Dim DataWB As Workbook

Dim RawDataWB As Workbook
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‘Shot Summary
‘Processed file

‘Raw data acquisition file

Dim setupArray(0 To 200, 0 To 1) As String ‘All shot-specific parameters:

detectors, filters, attenuation
Dim PathArray(3) As String
Dim RawData(11) As String
Dim RawArray(11) As String
Dim Header(14, 2) As String

Dim SNarray(12, 2) As String
threshold

Dim OutputArray(6, 2) As String
going to summary

Dim SyncArray(10, 2) As String

Dim FileName As String

Dim ShotRow As Integer
Dim Shot As Integer

Dim StartRow As Integer
Dim EndRow As Integer

Dim i As Integer

‘Template, raw data, and save locations
‘Raw data file names

‘Raw data file format
‘Shot #, material, date, configuration, etc.

‘Signal to noise defines ‘good’ signal

‘All calculated data from processed

‘Calculated synchronization data

‘Saved filename of processed

‘Loop counter

‘The shot number
‘Input from generator tab
‘Input from generator tab

‘Loop counter
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Trrrrnnnnnnnnnnnnnnnnnnn e n

Begin the Magic

TR n

Set MainWB = Application.ActiveWorkbook ‘Names summary MainWB

StartRow = MainWB.Worksheets("Generator").Range("E5").Value ‘Define
StartRow as input from Generator tab

EndRow = MainWB.Worksheets("Generator").Range("G5").Value ‘Define
EndRow as input from Generator tab

‘Apply Screen updating option from generator tab

Application.ScreenUpdating = MainWB.Worksheets("Generator").Range("D8").Value

'Loop through Shotrow

For ShotRow = StartRow To EndRow

‘Fill arrays with for loops using reference table located within the Ref tab of summary.
Some arrays are for packaging data, while ‘others are source-destination mappings.

"""'Fill Signal to Noise Array"""

'Col O:info, Col 1:Spreadsheet Values

Fori=0To 12
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SNarray(i, 0) = MainWB.Worksheets("Ref").Cells(i + 2, 14).Value

Next

"'""Fill Setup Array'""
'Col O:info, Col 1:Template locations
Fori=0To 199
setupArray(i, 0) = MainWB.Worksheets("Setup").Cells(ShotRow, i + 2).Value

setupArray(i, 1) = MainWB.Worksheets("Ref").Cells(i + 2, 4).Value

Next

LA RN RN R RN RRRRRRARRRRE)
i

"'"Fill Header array

LA RN RN RN RN RRRRRRRRRRRE)

'Col 0:header info, 1:Template Location (destination), 2:MainWB col

Fori=0To 13
Header(i, 1) = MainWB.Worksheets("Ref").Cells(i + 2, 9).Value
Header(i, 2) = MainWB.Worksheets("Ref").Cells(i + 2, 10).Value

Header(i, 0) = MainWB.Worksheets("Global Parameters").Cells(ShotRow, Header(i,
2)).Value

Next
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LA RN RN RN RN RRRRRRRRRRRE)

"'""Fill Output Array"'"

'Col O:info, Col 1:Template locations

Fori=0To5
OutputArray(i, 0) = MainWB.Worksheets("Ref").Cells(i + 2, 19).Value
OutputArray(i, 1) = MainWB.Worksheets("Ref").Cells(i + 2, 20).Value & ShotRow

Next

””llFi” Sync Arrayllllll
Fori=0To9
SyncArray(i, 0) = MainWB.Worksheets("Ref").Cells(i + 2, 24).Value

SyncArray(i, 1) = MainWB.Worksheets("Ref").Cells(i + 2, 25).Value

Next

”HllFi“ RaW Arraylllllll
Fori=0To 11
RawArray(i) = MainWB.Worksheets("Ref").Cells(i + 2, 28).Value

Next



121

'Shot number

Shot = Val(Header(0, 0))

'Round Values

Header(7, 0) = CInt(Header(7, 0))

'Path & Filenames: ThisWorkbook.path is the directory containing summary
PathArray(0) = ThisWorkbook.path & "\Raw Data\"
PathArray(1) = ThisWorkbook.path & "\Template_XIl.xIsx"

PathArray(2) = ThisWorkbook.path & "\Processed Data"

FileName = PathArray(2) & "\Zebra" & Shot

'Fill RawDataArray: Future upgrade- Add error handling for missing file
Fori=0To 11
RawData(i) = PathArray(0) & "Z_SHOT" & Shot & "\Z_SHOT" & Shot & RawArray(i)

Next

'Set workbooks and save template as new shot file

Application.DisplayAlerts = MainWB.Worksheets("Generator").Range("D9").Value
‘Apply Disable overwrite option

Workbooks.Open(PathArray(1)).SaveAs (FileName)  ‘Renames the template file
to Zebra###.xlsx format
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Application.DisplayAlerts = True

Set DataWB = Workbooks.Open(FileName) ‘Name the processed file as DataWB
object

""Input Header information"""
'Col O:header info, 1:Template Location, 2:MainWB col
Fori=0To 13

DataWB.Worksheets("Set-up").Range(Header(i, 1)).Value = Header(i, 0)

Next

'Loop to fill raw data into DataWB

Fori=0To 11

Set RawDataWB = Workbooks.Open(RawData(i))

Select Case i
Casels=0

DataWB.Worksheets("TDS#1").Range("A4:C2502").Value =
RawDataWB.Sheets(1).Range("A2:C2500").Value

Casels=1

DataWB.Worksheets("TDS#2").Range("A4:E2004").Value =
RawDataWB.Sheets(1).Range("A2:E2000").Value
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Casels=2

DataWB.Worksheets("TDS#3").Range("A4:E2004").Value =
RawDataWB.Sheets(1).Range("A2:E2000").Value

Casels=3

DataWB.Worksheets("TDS#4").Range("A4:E2004").Value =
RawDataWB.Sheets(1).Range("A2:E2000").Value

Casels=4

DataWB.Worksheets("TDS#5").Range("A4:E2004").Value =
RawDataWB.Sheets(1).Range("A2:E2000").Value

Casels=5

DataWB.Worksheets("TDS#9").Range("A4:E2004").Value =
RawDataWB.Sheets(1).Range("A2:E2000").Value

Casels=6

DataWB.Worksheets("TLS#2").Range("A4:Q2004").Value =
RawDataWB.Sheets(1).Range("A2:Q2002").Value

‘DataWB.Worksheets("TLS#2").Range("C4:E2002").Value =
RawDataWB.Sheets(1).Range("K2:M2000").Value

Casels=7

DataWB.Worksheets("TLS#2 Zebra").Range("A4:A2004").Value =
RawDataWB.Sheets(1).Range("A2:A2002").Value

DataWB.Worksheets("TLS#2 Zebra").Range("B4:G2004").Value =
RawDataWB.Sheets(1).Range("F2:K2002").Value

Casels=8

DataWB.Worksheets("TDS#8").Range("A4:E2004").Value =
RawDataWB.Sheets(1).Range("A2:E2000").Value

Casels=9
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DataWB.Worksheets("TLS#1").Range("A4:Q2004").Value =
RawDataWB.Sheets(1).Range("A2:Q2000").Value
Casels=10

DataWB.Worksheets("TDS#11").Range("A4:C10002").Value =
RawDataWB.Sheets(1).Range("A2:C10000").Value

Casels=11

DataWB.Worksheets("TLS#3").Range("A4:Q10004").Value =
RawDataWB.Sheets(1).Range("A2:Q10000").Value

DataWB.Worksheets("TLS#3 Grp2").Range("A2:A10004").Value =
RawDataWB.Sheets(1).Range("A2:A10000").Value

DataWB.Worksheets("TLS#3 Grp2").Range("B2:G10004").Value =
RawDataWB.Sheets(1).Range("H2:M10000").Value

DataWB.Worksheets("TLS#3 Grp2").Range("Q2:Q10004").Value =
RawDataWB.Sheets(1).Range("Q2:Q10000").Value

End Select

RawDataWB.Close (False) ‘Close don’t save

Next

Fill in Setup Data
Fori=0To 199
DataWB.Worksheets("Set-up").Range(setupArray(i, 1)).Value = setupArray(i, 0)

Next



125

'Set current start time to zero. All the current sync factors in the template must be set to
zero and this macro copies data over the zero. We have to do this to avoid the circular
reference of the updating template

Fori=0To9

DataWB.Worksheets("Set-up").Range(SyncArray(i, 1)).Value =
DataWB.Worksheets("Current Sync").Range(SyncArray(i, 0)).Value

Next

'Set Timings: This group of commands pulls the crucial timing data from four scopes so
that the tabs may be deleted

DataWB.Worksheets("Set-up").Range("D35").Formula = DataWB.Worksheets("Set-
up").Range("D35").Formula & "+" & DataWB.Worksheets("TDS#9").Range("E2").Value
'TGPH

DataWB.Worksheets("Set-up").Range("D48").Formula = DataWB.Worksheets("Set-
up").Range("D48").Formula & "+" & DataWB.Worksheets("TLS#2").Range("M1").Value
'TGSP

DataWB.Worksheets("Set-up").Range("E48").Formula = DataWB.Worksheets("Set-
up").Range("E48").Formula & "+" & DataWB.Worksheets("TLS#2").Range("N1").Value
'"TGEUV

DataWB.Worksheets("Set-up").Range("C74").Formula = "=-68-C69+" &
DataWB.Worksheets("TDS#8").Range("C2").Value 'Laser

DataWB.Worksheets("Output").Range("D45").Value =
DataWB.Worksheets("Output").Range("D45").Formula 'litter (make independent of
TDS9 so we can delete that tab later)

'Integrals and Peak V: This group of commands goes through each diagnostic and
integrates it, then sends that data to the Signal ‘Data tab within Summary

‘The Integrator tab is built into the template. This spreadsheet automatically integrates
the signal, determines the percentages of ‘energy distributions, and peak voltage.



126
DataWB.Worksheets("Integrator").Range("H3:12001").Value =
DataWB.Worksheets("TDS#3").Range("K5:0L2003").Value 'PCD1
SNarray(0, 1) = DataWB.Worksheets("Integrator").Range("B20").Value

If DataWB.Worksheets("Integrator").Range("B20").Value > SNarray(0, 0) Then
'signal to noise ratio

MainWB.Worksheets("Signal Data").Range("E" & ShotRow & ":H" &
ShotRow).Value = DataWB.Worksheets("Integrator").Range("A5:D5").Value

MainWB.Worksheets("Signal Data").Range("]" & ShotRow).Value =
DataWB.Worksheets("Integrator").Range("C14").Value

Else

MainWB.Worksheets("Signal Data").Range("E" & ShotRow & ":H" &
ShotRow).Value = "s:n <" & SNarray(0, 0)

End If

‘Several pages deleted: Repeat for each diode signal. To speed up processing, these
calculations may be skipped.

‘Check the experimental signal to noise ratio against the Snarray value. Set the signal to
zero if too noisy. Normalize if the signal ‘is good.

'TDS 3
If SNarray(4, 1) > SNarray(4, 0) Then

DataWB.Worksheets("Set-up").Range("H6").Formula = "=.75/" &
DataWB.Worksheets("TDS#3").Range("H2").Value 'XRD 2

Else
DataWB.Worksheets("Set-up").Range("H6").Formula = "0"

End If



127

‘Several pages deleted: Repeat for each scope channel.

"'""Fill output array: Send bolo, implosion timing, load current, etc back to summary

LA RN RN NN RN RN AR RRRRRRRRE)

Fori=0To5

i

MainWB.Worksheets("Global Parameters").Range(OutputArray(i, 1)).Value =
DataWB.Worksheets("Output").Range(OutputArray(i, 0)).Value

Next

'Delete tabs for smaller files

Application.DisplayAlerts = False

'‘DataWB.Worksheets("Current Sync").Delete
and synched.

'DataWB.Worksheets("TDS#8").Delete
not needed

'DataWB.Worksheets("TDS#9").Delete
not needed

'DataWB.Worksheets("TLS#2").Delete
not needed

'DataWB.Worksheets("Integrator").Delete

Application.DisplayAlerts = True

‘Tab with every current graphed, fit,

‘Laser timing pulled by macro: tab

‘TGPH timing pulled by macro: tab

‘TGSP timing pulled by macro: tab

‘Tab not needed

If MainWB.Worksheets("Generator").Range("D11").Value = True Then
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DataWB.Close (True)

End If

Next

End Sub
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A.4  Template example
The template is purely a structure that the macro fills with data. Over the

evolution of these processing techniques, it became clear that separating all the unique
data of each shot from the template (with the SetupArray in Section A.3) makes the
processing much more efficient for the operator and users. This need was highlighted
during recent experiments in which a member of my research group, now Dr. Shrestha,
needed to change the attenuators on the faraday cup diagnostic each shot. If this
information is input directly to the template or otherwise not a part of the macro
creation process, then each shot must always be considered individually. Now, the
template is built to contain everything needed for a campaign. If-then statements can
be added to trim the extras from groups of shots, i.e. from Zebra shots in standard
configuration during a campaign in which the LCM configuration will also be used. Thus,
the customized macro-template combination finalized by the end of the campaign can
completely reprocess the entire campaign without modification or consideration for
individual shots.

An example of the Output tab of the template is given in Figure 4. The output
graph in template contains every diode and timing signal. Without shot data, the graph
is @ mess. Examples of the graph after processing can be found throughout Chapters 3
and 4 of this thesis. This tab is a summary of the shot with complete energy, timing, and
current data. The title of the graph “Zebra Shot #--------: -: -: -“ is the concatenated
header with standard puntuation. With the header information, the title contains the
input shot parameters pulled from Global Parameters within the summary file. There
are several tabs shown at the bottom of Figure 4: Output is summary discussed above,
LCM Graphs is the tab specifically for graphing the 9-12 LCM differential B-dot signals,
Setup contains all the reference data for the shot, and the other tabs shown are simply
scope data. Each scope gets its own tab. The raw data is copied by the macro into the
far left columns. The template structure separates the scope channels into signals with
independent timing, attenuation factors, and normalization constants (data contained in

the Setup tab), which are then graphed in the Output tab.



130

A B c D E F l G H 1 J | K L " N o P
Zebra Shot# -

1.25

17T M
—— XRD #2(5p Kimfoi) {

—— PCDO#2(2y Be)
1 i ——ouew

@ TGPH Mon1 i

® TGP Mont 0.90
© LaserFiber H l

0.75 H — sidiodes vy

Faraday Cup l \ ] 0‘70§

1.10

s —— XRD #3(5p Kimfo

= — RO ‘\l g ! i [l | | I | ‘ I g

] e XRO w4 ! | L £

5 i 0.503

@ —Ew i

—Euv#2 i | | P -
0.25 | — ;
Max Current ) T 0.30
& TGEWV . i I K
I ; A
o 0.10
I o A ' § I i
i
-0.25 . 2 -0.10
-1.00E-07 -5.00E-08 -1.00E-21 5.00E-08 1.00E-07 1.50E-07 2.00E-07
Time, s

36 Bolo #1 (i) 27.98 Peak Current Summ.
7 Bolo #2 (i) 22.43 Load Bdotz 13814
38| TGPH Bias o Load Bdots 15816
39 TGPH Delay [ns] ) Load Bdots 17818
40 TGSP Biaz (V] ) [ 2vg Load Currant (44) |
41 TGSP Delay (ns} o Bottom Bdots 13814
42 Laser o Bottom Bdots 15216
43 Load Mass jug/cm} - Bottom Bdots 17818
44 51 Current|
45 Jiteer Time [ns) 22 Top Bdotz 13814
46 | Bolo #1 pulse width [ns] 332 [ TopBdos 15816
47 Bolo #2 pulse width [ny 85 TopBdets 17418 X
48 [ e puisevigmnins) |~ 385 | | AvgTopcuraneinty) | 3138
49
50
51|
52
53
541
55
56
5T

M 4+ M| Output  LCM Graphs < Set-up - TD5#11 < TDS#1 ~TDS#2 -~ TDS#3 < TDS#4 -~ TDS#5 “TDS#9 - TLS#1 - TLS#2 -~ TLS#3 Grp2 - TLS#3 . TLS#2 Zebra

Figure A.4: Output tab from the Zebra campaign 12 template including LCM and non-LCM
shots. Not all tabs are shown.
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Figure A.5: Example from current sychronization tab showing the
data and integrated current waveform from TDS 9 with a line fit to
the rising edge of the current.
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There are three useful tabs that are not shown in Figure A.4: Current Sync,
Energy, Integrator. The Current Sync tab, shown in Figure A.5, graphs the current from
each scope used in the processed file, taking into account the cable delays, and fits a line
to the portion of the current between 30% and 60% of maximum. The time intercept of
this line is then calculated and subtracted from the time of the current signal in order to
set the current start time to zero; this is the ‘sync value’ for TDS #9. These values are
calculated automatically and simultaneously within the template during the macro
operation. Once the macro packages the ‘sync values’ into the SyncArray, discussed in

Section A.3, this tab serves no further use and is deleted before saving the final file.

The Energy tab s

closely associated with the tabs Sample Bolo Signals
containing the bolometer data. 45

The bolometer operates on the (

principle that the observed > 30

voltage drop was proportional ;E}

to the energy flux. That 15

constant of proportionality is

different for each number o(.)ooabo 5.00E-06 1.00-05
bolometer element and is Time, s

Figure A.6: Example of raw bolo signal (blue) and current

stored within the Energy tab. monitor (red).

That information is
automatically pulled by the VLOOKUP Excel function and used to calculate the radiated

energy.

The raw bolo signals shown in Figure A.6 show the bolo current monitor voltage,
which is multiplied 20 to retrieve the actual bolometer current, and the bolo signal
during a shot. The voltage drop near 4.00x10°s corresponds to the change in bolometer
resistance due to the x-ray flux of the z-pinch experiment. A series of logic tests in tabs

TDS#1 and TDS#11 automatically determine the bolo voltage drop, the bolo current, and
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the inferred radiated energy. However, once this data is copied onto the output tab,

these bolo tabs can be deleted.

Integrals (V*ns) Input Data Row  Zeroed Signal Range Find Integral
Total Foot Peak  Peak+10 Altl Alt2  Power |-4.456-07) 0.49) 3 014 1 182602
184.76 200 130.33  150.86 13033 130.33 0.62] -4.44€-07 0.27] a -0.07 2 8.82603
184.76 1% 71% 82% 71% 1% 0.62[ -4.446-07 0.45) 5 0.11 3 1.00E-03
-4.436-07) 0.24) 6 -0.10 4 166E-02
Bolo (ki) 27.98 -4.43E-07 0.51] 7 017 4  561E-02
-4.426.07 0.40) 8 0.05 4 866502
-4.426-07) 0.64) 9 0.29 5 151802
-4.41E-07) 0.11] 10 -0.23 s -L14E801
Row signal (V) -4.41E-07] 0.12) 1u -0.23 6  -3.658-02
Startint 519 | 4.45-02 -4,40E-07 0.4 12 0.08 6 534502
Endint 817 9.26-02 1 | ] -4.40E-07 0.48) 13 013 6 354502
Peak 696 | 410 ¥ 14 0.01 6 432602
Peak+10 716 Input Signal 1 0.17 7 960603
Foot 535 | 5.00 16 -0.13 7 -3.656-02
AL 69 17 -0.02 7 -8.375-03
A2 696 | 400 — T 18 -0.01 8  8.26E-02
. 300 e 13 0.34 9 838602
S:Nratie 12 19 2 20 -0.01 10 2.808-02
dt  5.005-10 | & == 2 0.12 10 9.056-02
Noise” 3.43£-01 | 100 ! End 2 0.24 11 342802
| m —reak 2 -0.10 11 670802
200 ] 2 -0.16 12 -3.22602
Reflection Checker T | 100500 700 90 1100 1300 1300 2 0.04 13 -3.06E-02
Row Check 719 1| A Tie 2 -0.16 13 -4.86E-02
Peak Check 0 43I U3y, 27 -0.04 14 9.606-03
Int Check 51.45 1 -4.32E-07 0.42) 28 0.07 14 6.556-02
Reflection Warnings 2 -4.32E-07| 0.53 29 0.19 15 9.60E-03
-4.31E-07] 0.19) 30 -0.15 15 -5.13602
-4.31E-07) 0.29) 31 -0.06 15 -5.13602

Figure A.7: Integrator tab automatically finds and integrates signals.

The Integrator tab uses several simple logic tests to determine the range of the
signal to integrate: first find the maximum of the signal, then the first point on either
side of the maximum that crosses the axis. Additional capability automatically integrates
up to 10% of the maximum signal or 10 ns after the maximum signal. Each detector
signal is copied into the Input Data section (yellow), the data are automatically
integrated to the left in percentages and absolute values, and the desired information is

copied into the OutputArray, discussed in Section A.3.
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