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ABSTRACT

Almost all well-known x-pinch x-ray radiation machines are large, based on a conventional
Marx generator, and lack portability. The literature suggests that a current rate of rise of
1 kA/ns or more is required for "good" x-pinch radiation performance, which, for
reasonable current rise times, translates to a current requirement of 100 kA or more. Those
requirements are difficult to achieve in a limited volume, if one wants to build a compact
machine without the use of traditional Marx generators, pulse-forming lines, and

transmission lines.

In this work we describe a new, compact and portable x-pinch driver based on two "slow"
LTD bricks combined into one solid unit. The short-circuit tests demonstrated the required
1-kA/ns current rate-of-rise and x-pinch shots confirmed "good" x-pinch radiation

performance and revealed the potential for many x-pinch applications.

XiX



1 INTRODUCTION

1.1 Overview

An x-pinch x-ray radiation source has many proven applications in plasma
backlighting, phase-contrast imaging of soft biological objects, characterization of inertial-
confinement-fusion capsules, and more. However, there are specific electrical
requirements one must satisfy to achieve a "good" x-pinch radiation performance.
Specifically, the current rise rate delivered to a low-inductance x-pinch load has to be at
least 1 kA/ns. For reasonable current rise times that translates to at least a 100-kA peak-

current requirement.

It is fairly simple to satisfy the aforementioned requirements and build an x-pinch
radiation machine based on conventional Marx generators and pulse-forming lines, when
there are no limitations in driver size and cost. Indeed, many such machines were built and
are widely used in x-pinch experiments. However, in most cases such installations are
bulky, expensive, contain insulating oil, require de-ionized water, and reside in large
universities and laboratories. A few small pulsed-power drivers are known. Almost all of
them are based on new low-inductance capacitor and switch technologies, but even more
drivers are needed. The purpose of this work is to develop a new, compact and portable x-
pinch radiation source generator. We investigate the possibilities behind the driver design,
describe its fabrication, perform detailed driver testing, and characterize its x-pinch x-ray
performance. Our 2-LTD-brick x-pinch driver is very compact and portable, contains no

oil, is inexpensive, and can be easily relocated to where x-pinch radiation source is needed.



1.2 X-pinch x-ray radiation source and its applications

In its original configuration, the x-pinch x-ray radiation source (in which the
crossing and just touching of two thin, 5 to 50 um, wires forms the letter X, hence the
name, X pinch) was first introduced in 1982 by Zakharov et al. [1]. Later, four or more
wires were used, simple or nested configurations were tested, while the name "x pinch" has
been retained for these generic configurations. The x-pinch load is placed in the anode-
cathode gap of a high-current pulse generator and the initial current is divided among all
x-pinch wires. The total current combines in the region where the wires cross, where,
because a higher local magnetic field configuration, a few-hundred um-long z-pinch
plasma column is formed. After column implosion, one or more, so called, "hot spots” (also
known as a "bright spot”, or "micro-pinch™) are formed in the middle of the wire
intersection region. Such bright spots are reliably produced in predictable locations (within
a few hundreds pm-long z-pinch plasma column) with predictable times (with +2 ns time
jitter). A single-wire explosion, in contrast, randomly generates hot-spots at different
locations and times along the entire wire length. Figure 1.2-1 shows time-integrated
pinhole images of a single wire z pinch [2] (on the left) and a two-wire x pinch [3] (on the
right). The random locations of bright-spots are seen along the entire z-pinch wire length,
while only one or two bright-spots are observed in a small wire crossing point for x-pinch
images. The #1, #2 and #3 x-pinch images use different x-ray filters placed in front of
radiography film, and a) and b) represents different wire materials and diameters (two, 18-
um W wires for a), and two, 25-um Mo wires for b). The z-pinch image presented on the

left is performed using XP pulser (480 kA, 100 ns), and x-pinch images presented next



done using the PIAF (250-kA peak current, 170-ns rise time in this configuration) LC

generator.
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Figure 1.2-1 Z-pinch (left) and x-pinch (right) time-integrated pinhole images.

These x-pinch "hot spots™ are believed to be among the brightest laboratory soft x-
ray (1-10 keV) sources [4]. At the same time, the radiating size of a hot-spot is extremely
small (a few pum), and the radiation pulse is extremely fast (ps time scales). Such radiation
parameters are hard, if impossible, to achieve simultaneously in all other known x-ray
radiation sources. The hot-spot formation can be theoretically understood in the
approximation of radiative magnetohydrodynamics (RMHD). It can be shown, that if the
pinch current exceeds some critical value, the radiation energy loss will dominate the Joule
energy deposition, and z-pinch plasma column will undergo radiation collapse. It can also
be shown, that such radiation collapse and hot-spot formation occurs under conditions close
to Bennett equilibrium [4]. The Bennett equilibrium simply describes the balance of

magnetic- and plasma-kinetic pressure, and it can be expressed as:



2Nk(T, +T)) = (Z—;) 12 (1.2-1)

where N is the electron or ion density per unit length, k is the Boltzmann constant, Te and
Ti are electron and ion temperature, plo IS a vacuum magnetic permeability, and I is the total
pinch current. The derivation of the Bennett equation for z-pinch geometry is presented in

Appendix A.

When the pinch current exceeds a critical value, radiation losses will dominate over
Ohmic heating, the plasma temperature will drop, and radiation collapse will take place.
Because of MHD instabilities, the collapsing plasma column will be disrupted, and one (or
more) hot-spot will be formed. For the case of a completely ionized plasma, the critical

current is called the Braginsky-Pease current given by:
Igp = 0.22V2(Z, + 1)/ Z, (1.2-2)

Here, Z, is the nucleus charge and A is the Coulomb logarithm (~10). For high-Z materials
(such as x pinches), the ratio (Z+1)/Z is approximately equal to one, and Igp approximately
equals to 700 kA, which is independent on the x-pinch wire materials and mass. Obviously,
that such a high current can only be achievable in a large pulse-power generators. In the
case of partially ionized plasma, the critical current strongly depends on the linear mass of
the wire and can be on the order of several tens of kA [4]. It is important to emphasize, that
such a relatively small current can be produced with even a very small pulsed-power

generator, and hot-spot can be formed at this case.

A "hot spot" is thought to be a high temperature (> 500 eV), small sized (~ 1-2 um),

near solid-density plasma object with a ps life time. Figure 1.2-2 presents MHD simulations



[5] of x-pinch explosion using the 3D GORGON code. The left picture shows 3D surface
of constant density (red), mass density contours (color) and synthetic radiographs (grey) of
the x-pinch evolution just before (28 ns), during (30 ns) and just after (32 ns) the radiation
collapse. The formation of plasma jets, micro-Z pinch column, and two dislike plasma
electrodes can be clearly observed from simulations. The right picture plots the plasma
parameters from different models [5] with a time relative to radiation collapse. The
development of the extreme plasma conditions with radius of about 2 pm, with density of
near solid density, and with temperatures of about 2 keV are predicted from these set of

simulations.
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Figure 1.2-2 MHD simulations of "hot spot" formation [5]. Left is 3D surface of constant
density (red), mass density contours (color), and synthetic radiographs (gray). Right is
radius, peak density, temperature, and x-ray power versus time before radiation collapse.

Some detailed studies [6] [7] [8] [9] of x-pinch dynamics were performed at Cornell
University using the XP facility (470 kA, 100 ns). Five radiographs of 17-um Mo-wire x
pinches [8], just before and after the x-ray burst, are presented in Figure 1.2-3 and Figure
1.2-4, correspondingly. Two x pinches were mounted in parallel between two electrodes of

the pulser, so each x pinch served as backlighter x-ray source for point-projection x-ray



imaging of the other. The formation of a 200-300-pm-long, 100-um-diameter z-pinch
plasma column between two, dense-plasma electrodes ("mini-diode™) can be clearly seen
at the intersections of x-pinch wires (Figure 1.2-3), with times given relative to the moment
of the x-ray burst. Starting with t = -1.9 ns image, the m=0 ("sausage") instability starts to
develop, leading to formation of a very small diameter neck, less than 1 ns before the

intense x-ray burst.
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Figure 1.2-3 Radiographs of an x-pinch implosion just before the x-ray burst.

The radiographs of the final stage of x-pinch dynamics just after the x-ray burst are
presented in Figure 1.2-4. In this stage, the whole column is disappearing within about 2 ns
after the x-ray burst moment. It can be noted, that x-pinch implosion involves only the x-

pinch crossing area, while the outside region remains almost unchanged.

t=4+0.2 ns t=+0:3 ns t=+Q.5 ns t=;0_.6 ns t=+1.7ns vt=+2.0 ns

&
i

T mm

T mm

Figure 1.2-4 Radiographs of an x-pinch implosion just after the x-ray burst.



Typical x-ray diode (XRD) signal [3] from x-pinch burst is presented in Figure
1.2-5. The signal was produced in a 25-um-diameter Mo-wire x-pinch shot, and one can
see a short-duration, single-peak radiation pulse generated in this shot. On the right we
have two x-ray signals for the same shot, but with different filters placed in front of each
XRD. The full-width at half-maximum (FWHM) are equal to 1.5 ns for XRD1 signal (Al

1.6 um + Mylar 0.9 um), and 2.5 ns for XRD2 signal (Mylar 3 pum).
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Figure 1.2-5 A typical x-ray XRD signal together with x-pinch current (left), XRD1 vs.
XRD2 pulse duration (right)..

X-pinch x-ray pulse duration measurements are often limited by the time resolution
of the available instrument, cable bandwidth, and the digitizer system. For example, the
1.5-ns value observed with XRD1 signal in Figure 1.2-5 was already limited by the XRD
time resolution. (Higher bandwidth XRDs are possible.) Diamond photoconducting
detectors (PCD) can increase the time resolution of measured signal to about 250 ps [10],
and a Kentech fast streak camera up to 5-10 ps [11].Table 1.2-1 summarizes some x-pinch
x-ray pulse-duration measurements. It can be seen that the duration of the measured signal

depends on the x-pinch composition (wire masses and diameters) and the photon range.



But, in many cases (highlighted with red), the measurements were limited by the detector
time resolution.

Table 1.2-1. Experimental data on the duration of the x-pinch x-ray burst.

Driver X pinch Detector Filter Puls_e Ref
duration

Mylar 3 um (230-290 + >800¢eV) | 2.5ns
PIAF Mo 2x25 um XRD [3]
AL 1.6 + Mylar 0.9 pm (>700 eV) | 1.5ns

*
Mo 2x13 um + | PCD Be 100 um (> 1 keV) 300 ps 0
NiCr2x25pm | (diamond) | 15 5 1 (> 2.5 kev) 250 ps*
Kentech slow Be 165 um (> 2 keV) 400 ps
2xMo 2x17 pm streak camera
XP Be 165 um + A1 40 um (> 5 keV) <80 ps
Be 50 um (>1.8 keV) 50-100 ps
2xMo 2x17 um [11]

+ -
Kentech fast | B¢ 0 Hm+Al80pum(>5keV) | 510ps

streak camera

Be 50 pym (>1.8 keV) 15-40 ps
2XW 2x13 pm

Be 50 yum + Al 80 um (> 5 keV) | 3-15ps

*PCD signals are from a 13-um-diameter, Mo x pinch.

Yet another unique feature of x-pinch x-ray radiation sources, along with their ps
pulse durations, is the um radiation spot sizes. (These two numbers are clearly related.)
Time-integrated radiographs of radiation spots obtained using 5-um pinhole camera from
25-um Nb x pinch [12] are presented in Figure 1.2-6 (left). Spot sizes from 20 yum to 100
um were observed for radiation above 1.5 keV, however, only 5-um source size (pinhole-
limited) was observed for radiation above 6 keV. Figure 1.2-6 (right) shows a high-
resolution image of an exploding 25-um W wire using 25-um Al x pinch [12]. Spatial

structures as small as 3 pm to 4 pm were observed in this experiment.
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Figure 1.2-6. Radiographs of a 25-um Nb x pinch obtained using 5-um pinhole camera
(left). Radiograph of exploding 25-um W wire from 25-um Al x pinch (right).

Table 1.2-2 presents more examples of x-pinch

radiation source-size

measurements. Spot sizes as small as a few pm were observed in many cases, which,

indeed, were already limited by instrument resolution (red color highlighted).

Table 1.2-2. X-pinch radiation source size measurements.

Driver X pinch Diagnostics instrument E;rfgrgy Source size | Ref
PIAF W2xigum | 0m  pinhole 200-um aperture | J 5 4pers 1214 pum | [3]
penumbral images
Al 2x25 um x 4 magnification image of test object 3-5 keV 3-4 um [12]
Nb 2x25 um X 90-120 magnification image of test 1.33-2 keV/ 1.3-2 um
object
> 1.5 keV 20-100 pm
XP . . .
varied 5-pum aperture pinhole camera image
> 6 keV 5 um
Mo 2x17 um | Linear Bragg-Fresnel lens > 5 keV 3 um
W 4x17 um Fresnel diffraction slit experiment 2.7-49keV | 1.5 um [13]

The central event of the evolution of all x pinches is an almost instantaneous x-ray

burst (Figure 1.2-3 and Figure 1.2-4) with pulse duration as small as a few ps (see Table




1.2-1), source size as small as a few um (Table 1.2-2) and, continuum and line radiation
[8] [12] [14] [15] in soft and hard x-ray region. The fact that one or more radiation spots
are always formed in a predictable location (within the 100-200 pm z-pinch plasma
column), in predictable times (with 2-ns jitter), along with its unique x-ray characteristics,
make x pinches a better choice in many applications in plasma physics, biology and others,

which we briefly referenced in Table 1.2-3.

Table 1.2-3. Applications of x-pinch x-ray radiation.

Application Reference

Radiography of other x pinches [6]1 [7] [8] [9] [10] [11]
Radiography of single exploding wires [2] [12] [16] [17] [18] [19] [20]
Radiography of wire array z pinches [2] [21] [22]

Phase-contrast imaging of soft biological objects [13] [23] [24] [25]

Study of CH foams inside wire array z pinches [26]

Study of inertial-confinement-fusion capsule shells [27]

1.3 Pulsed-power high-current x-pinch drivers

For a long time, a conventional pulsed-power device for driving an x-pinch load
was a high-voltage Marx generator coupled with one or more pulse-forming lines and

transmission lines to compress an initially long (few ps) pulse from the Marx output into a
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short (a few hundred ns) pulse at the load. For example, the XP pulser operating at Cornell
University, consists of a 10-stage Marx generator, 4 coaxial intermediate storage
capacitors, 3 coaxial pulse forming lines, one self-breaking gas switch, and 8 self-breaking
water switches. It was built about 20 years ago and can deliver about 450 kA with a 40-ns,
10-90% rise time to a low inductance load. Recent progress in the development of low-
inductance, high-current capacitors [28] [29] [30] and switches [31] [32] [33] [34] opens
up big opportunities in the design of new pulsed-power generators, which can directly
supply a high-current pulse to a low-inductance x-pinch load. For example, PIAF, built at
Ecole Polytechnique, France, is a LC generator, based on total of 6, low-inductance 180-
nF, 50-kV capacitors connected in parallel, which can deliver a 250-kA, 180-ns high-

current pulse to an x-pinch load.

We summarize some known pulsed-power, high-current x-pinch generators in the
Table 1.3-1 below. The table is divided in three sections; section 1 combines all pulsed-
power generators with current amplitude delivered to x-pinch load below 1 MA, section 2
— with current amplitude above 1 MA, and section 3 is a special section which contains all

well-known small-sized x-pinch pulsed-power generators.
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Table 1.3-1. Overview of some known x-pinch pulsed-power high-current generators.

Name Location Technology | Parameters | Ref.

x-pinch drivers below 1 MA

Light-11-A Ch!na Institute of Atomic Energy, Marx 200 KA [35]
China

PPG-1 Tsinghua University, Beijing, China Marx 400 kA 100 ns | [36]

Llampudkeri Pontifical Catholic University, Chile Marx 400 kA 260 ns | [37]

LION Cornell University, NY Marx 470 kA 80 ns [38]

XP pulser Cornell University, NY Marx 470 kA 40 ns [39]
x-pinch drivers above 1 MA

MAIZE University of Michigan, US LTD 1 MA 100 ns [40]

COBRA Cornell University, NY Marx 1 MA 95 ns [41]

ZEBRA University of Nevada, Reno Marx 1.2 MA90-ns | [42]

MAGPIE Imperial College, London Marx 1.4 MA 240 ns | [43]

. Institute of Northwest Nuclear LTD

QiangGuang-1 Technology, China 2MA 80 ns [44]

S-300 Lebedev Physical Institute, Russia Marx 23 MA150ns | [45]
small-sized, table-top

X-pinch pulser University of California, San-Diego Marx 80 kA 50 ns [27]

table-top Tsinghua University, China Marx 100 kA 60 ns [23]

PIAF Ecole Polytechnique, France LC 250 kA 180 ns | [46]

GenASIS University of California, San Diego LTD 250 kA 150 ns | [47]

SPAS Institute of High Current Electronics, LC 300 kA 200 ns | [48]
Tomsk

Compact Institute of High Current Electronics, LC 650 KA 390 ns | [49]

Tomsk

12




"Marx (technology)" in the table above assumes that pulsed-power generators are
based on one or more oil-insulated Marx generators, pulse-forming and transmission lines
to compress and deliver pulses to x-pinch load, and gas switches. All such pulsed-power
systems are able to deliver a large, fast-rising current to a low-inductance, x-pinch load and

have, for decades, generated a huge amount of x-pinch research around the world.

"LC (technology)" in the Table 1.3-1 assumes that generators are built based on
new low-inductance capacitors and switches which can directly deliver a high-current pulse
to a low-inductance x-pinch load without a need of transmission lines. Sometimes, two
capacitors and a switch are placed into one solid unit, called a "brick", and then the whole
pulsed-power driver is assembled based on linear transformer driver (LTD) architecture.

We classify such a driver as "LTD (technology)".

When one wants to build a pulsed-power generator with a current amplitude in
excess of 200 kA delivered to x-pinch load and when there are no limitations in available
cost and space, it is a reasonable choice to build a pulsed-power system based on a
conventional Marx generator and transmission line, but in general, all such installations are
bulky and expensive to build, maintain and operate. Pulsed-power generators based on new
low-inductance capacitors and switches offer many advantages compared to conventional
Marx-based systems, which we briefly summarize in the Table 1.3-2. What is most
important, such new technologies allows one to design and build compact, inexpensive x-
pinch drivers which can in many cases replace pulsed-power systems based on

conventional Marx generators.
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Table 1.3-2. Comparison of pulsed-power x-pinch drivers’ technologies.

Marx technology

LC technology

need to compress initially long pulse and to
deliver it to a low-inductance x-pinch load

directly deliver high-current pulse into a low-
inductance x-pinch load

oil-filled Marx generators

no isolating oil

water transmission lines

no transmission line

gas switches

gas switches

low efficiency

high efficiency

bulky, expensive to build, maintained, and
operate

small-sized and inexpensive

fixed to one location

can be designed to be portable

1.4

""Good" x-pinch radiation performance requirements

By "good" x-pinch radiation performance we understand that only one bright

radiation spot is formed, in predictable location and at a predictable time. These source

characteristics are unique (not possible simultaneously in other known radiation sources).

The radiation spot size is very small (a few um), the radiation pulse is very fast (less than

1 ns), and the radiation power is huge (GW). The x-pinch driver overview (see Table 1.3-1)

and the literature [41] [48] suggest that a minimum current rate-of-rise, dl/dt, of 1 KA/ns is

required for such "good" x-pinch radiation performance. If current rate-of-rise is below this

value, no such bright radiation spots can be detected in any experiments irrespective of the

current amplitude [48].
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For any reasonable current rise time, the 1-kA/ns requirement translates to a current
amplitude of about 100 kA or more. Such a current amplitude correlates well with our
earlier discussions (see equation (1.2-2) and text below) where only ~ 200 kA is required

for "hot spot” formation in the case of incompletely ionized plasma.

One way to satisfy these current requirements (> 1 kA/ns, > 100 kA) is to build a
large scale machine, where currents in excess of 500 kA are generated on 100 ns and less
time scale. Such machines are based on standard Marx generators, with compression and
pulse forming lines, are built worldwide (see Table 1.3-1), and the current rate of rise is
usually much larger than the critical value of 1 kA/ns. However, it is hard to exceed the 1-
kA/ns current requirement, if one wants to build a small-sized x-pinch pulsed-power
machines with a "good" radiation performance. Only a few such small-sized pulsers have
succeeded in overcoming this current-rise-rate requirement and almost all of them are

based on new capacitor and switch technologies, as can be seen in Table 1.3-1.
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1.5 Project goal and tasks

Several, small-scale x-pinch pulsers have been developed but more are needed. We
propose to develop and demonstrate a new, compact and portable x-pinch radiation source
based on two, slow LTD bricks combined into one single unit and to demonstrate "good"
x-pinch radiation performance. The current rate-of-rise delivered to a low-inductance x-
pinch load must be at least 1 kA/ns with a peak current amplitude of at least 100 kA. To

achieve these requirements we propose to:

1. Develop an x-pinch driver electrical model based on two, slow LTD bricks and estimate
its main electrical characteristics (peak current, rise time, current rate-of-rise and

inductance).

2. Design and fabricate a driver based on two, LTD bricks. Develop and calibrate pulsed-

power, high-current diagnostics.

3. Perform short-circuit tests on the 2-LTD-brick driver and show that it satisfies the
1 kA/ns current rate-of-rise requirement. Determine the total internal inductance of the

driver.

4. Perform x-pinch driver tests and evaluate its x-pinch radiation performance.

Such an x-pinch driver configuration has never been tested, but, conceptually, it has
the promise to be compact and to be portable, so the driver can be easily relocated to
practically anywhere a bright, fast and small x-pinch radiation source is needed. As far as

we know, no such compact and portable x-pinch radiation sources currently exist.
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2 THEORY

2.1 Evolution of our driver design approaches

Initially, it was planned to non-destructively convert the Idaho State Induction
System (ISIS) Marx generator into a low-impedance pulsed-power x-pinch driver. While
it was technically possible to do so and simulations showed that such a system could deliver
up to 300-kA peak-current with 70-ns, 10-90%, rise-time, a series of potential problems
were discovered. Simulations showed that a negative reflective wave is formed inside the
system, which can damage one of the pulse-forming-line (PFL) switches. To operate safety,
damping resistors would have to be placed after the PFLs but, with a penalty, the maximum
current at x-pinch load would be limited to about 200 kA. Taking into account this result
and some other factors (time, effort and cost, needed to switch between the ISIS x-pinch
operation mode and the normal operation mode of ISIS), the decision was made to design
and build a new, stand-alone x-pinch driver. This initial idea was reported [50] [51] and

briefly outlined in Appendix B.

Recent progress in the development of low-inductance, high-current capacitors and
switches opens up opportunities in the design of compact, high-current pulse generators
for driving low-inductance x-pinch loads. Such a design approach offers many advantages
(see Table 1.3-2) when compared to traditional, Marx-based generators, and a few such
drivers have been developed (see Table 1.3-1). To get a feeling what can be expected from
these new capacitor and switch technologies, we designed a compact x-pinch driver, based

on only four, fast high-current capacitors. Our simulation shows [52] that the driver can
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supply about 180-kA peak-current with a 150-ns time-to-peak into "matched" x-pinch load,

which is briefly outlined in Appendix C.

Our final design is based on two, "slow" LTD bricks (a total of four capacitors and
two switches) combined into a one, solid unit. This design was reported recently [53] [54].
It can be described by a simple RLC circuit with four, fast 140-nF, 100-kV capacitors that
store up to 2.8 kJ initial energy. The short-circuit-load tests [55] [56] confirm the required
1-kA/ns current-rate of rise and shots with x-pinch loads [57] [58] [59] [60] [61] reveal its
potential for x-pinch applications. The size of our driver is only 0.7x0.3x0.3 meters and it
weighs about 90 kg. Our 2-LTD-brick x-pinch driver is compact and portable, contains no
oil, and can be easily relocated to where x-pinch radiation source is needed. As far as we

know, no such portable x-pinch drivers exist.

2.2 RLC circuit and matched load approach

For a small-sized generator without a long transmission line, the lumped-
component approximation, L.« A, can be used, where Lc denotes typical driver
dimensions, and A denotes typical wavelength of interest. Indeed, the typical time scale for

small-sized generator is about

T=L/c=@3m)/(3x10° ?) — 10ns, (2.2-1)

which is much smaller than the typical current rise time of pulsed-power driver (see Table

1.3-1). Such lumped circuit approximation allows one to simplify the driver description,
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and the whole generator, including x-pinch load, can be described as a simple series RLC

circuit. (Presented in Figure 2.2-1.)

S1 L1

T TN

C1 R1

Figure 2.2-1. Simple series RLC circuit.

The equation governing the behavior of an RLC circuit has a form

d?i di i
— = (2.2-2)
L e +R i + c 0

with initial conditions i(t,) = 0 and V.(t,) = V,. The general solution of this equation can

easily be found (see derivation in Appendix D) as:

V,
i(t) = ﬁe‘“tsin(u)t) (2.2-3)
where o= R/ZL and W = \/1/LC — R2/4L2 (2.2-4)

There are, usually, three general cases to be considered, depending on the value of

oscillation constant m:
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Overdamped (» < 0): R > 2,/L/C (2.2-5)

Underdamped (® > 0): R < 24/L/C (2.2-6)
Critically damped (o = 0): R =2,L/C (2.2-7)

The solutions of Equation (2.2-2) for three different cases (2.2-5), (2.2-6) and
(2.2-7) are plotted in Figure 2.2-2 in arbitrary units. For the underdamped case (a) the
current has oscillatory behavior with a small decay constant, so it undergoes several
oscillations before it reaches zero. In the overdamped case (b) the current reaches
maximum value and then decays to zero. Here, the decay constant is large and the peak
current is small. In the intermediate, critically damped case (c), the current also reaches

some peak value but it decays faster compared to overdamped case (b).
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Figure 2.2-2. RLC circuit current for tree cases (a) underdamped and (b) overdamped and
(c) critically damped;
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The time to peak t, and peak current ip can be found by setting the first derivative

of general current solution (2.2-3) to the first zero, so:
t, = 1/(0 arctan(®/y) (2.2-8)

V,
lp = ﬁ e_a/(o arCtan(w/(x)Sin[arctan(w/a)] (22'9)

By setting the first derivative of (2.2-3) to the second zero, the time to peak current reversal

tmin and the corresponding minimum peak current imin can be found, which are:

200
1 2.2-10
tmin = 1/ arctan (az — 2) (2.2-10)
Vo —ay arctan(ﬂ) 20w
i =—pg /® oZ-w?/sin [arctan (—)] (2.2-11)
R ) a? — w?

The last equation (2.2-11) allows one to estimate the maximum reverse current which is

important in selection of circuit capacitor.

The “critically damped" r = 2,/L/c (also known as "critically matched" load) case
and, its close analog, r = /L/C (called "matched" load) case are both important in design
of small-sized pulsed-power drivers [62] [63], and we consider them in more details below.
The solution for both cases is plotted in Figure 2.2-3 and some quantitative relations are
derived then, but, as it can be seen from the plot, a pulse generator with a “matched” load
is, in general, able to produce higher pulse current as compared to the “critically matched”

case, and it is more suitable for design of x-pinch radiographic machine [62].
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Matched vs. critically matched load

— — — (a) critically matched
15 (b) matched

—_
o

Current (arb. units)
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Figure 2.2-3. "Matched" load versus "critically matched™ solutions.

In both cases, the decay and oscillation constants o and ®, correspondingly, are

simplified to:
"matched" load w= 0.86\/% and o= 0.5\[% (2.2-12)
“critically matched" w=0 and a= \E (2.2-13)

S0, the ratio w/a becomes independent of L and C. The time to peak current (2.2-8), the
peak current (2.2-9) and the peak voltage vpe.. = R x i, fOr "matched” and “critically

matched" load can be estimated as summarized in Table 2.2-1 below:
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Table 2.2-1. "Matched" vs. "critically matched" load cases.

"Matched" R = /L/C "Critically matched" R = 2,/L/C
tpeak = 1.21VLC tpeak = VLC (2.2-14)
| Vo _ v,
ipeak = 0.55 N ipeak = 0.37 N (2.2-15)
Vpeak = 0.55Vj Vpeak = 0.74 V (2.2-16)

As can be seen from (2.2-15), for given L and C, the "matched" load gives about
50% higher peak current and a slightly higher peak power compared to “critically matched"
load, and so, it is more suitable for design of x-pinch drivers where a high current of 100 kA
or more is desirable. The "critically matched" load gives, in general, higher load voltage
(2.2-16) and is more suitable for design of compact high-voltage accelerators. The
expression (2.2-14) and (2.2-15) for time to peak and peak current can also be used to
estimate the driver total inductance L, if the total capacitance C is known (that is usually
the case) and the experimental conditions are close to "matched"” (or “critically matched™)
load cases.

Given (2.2-14) and (2.2-15), the current rate of rise (0-100%) can be estimated as:

(ipeak> _ 0.55V,/+/L/C _oas)e (2.2-17)
tpeak matched 1.21\/L_C L
= 0.37— (2.2-18)

<ipeak> _ 0.37Vp/4/L/C V,
cr.matched VLC L

tpeak
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The last two expressions give a feeling how to get at a higher current rate of rise,
which is important in design of x-pinch radiation machine. As it was discussed earlier, the
driver current rate of rise should be at least 1 kA/ns to have a "good" x-pinch radiation
performance. As can be seen, the current rate of rise is proportional to initial charging
voltage Vo, independent of the total capacitance C, and inversely proportional to the total
inductance L. Obviously, to design a "good" radiation x-pinch machine, one wants to
maximize Vo and to minimize L, but, in general, the "matched" load gives about 22%
higher current-rise-rate value compared to “critically matched" case.

The energy transferred to a load R by the time t can be estimated by integrating the

instantaneous load power:

t
B = f 12Rdt (2.2-19)
0

and it is plotted for "matched" and "“critically matched" loads in Figure 2.2-4.

Energy transfered to a load

25 — = =
- -
s
m Ve
=271 // — — — (a) critically matched
:f (b) matched
2
& 15
>
3 /
)
c 10
I /
/)
| y/
STy
/
O 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

time (arb. units)

Figure 2.2-4. Energy transferred to a load in RLC circuit.
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As can be seen, the energy transferred to a load by the time to peak is about 40%
of the total energy initially stored in capacitors for the both cases. This value is important
to keep in mind, as x-pinch radiation burst usually occurs at the time just before peak
current, and, if a driver design is based on "matched" (or close to it) load, this value gives

the best capacitor-to-load efficiency at the moment of x-ray burst.

At the end, we briefly discuss the short-circuit case as it is important for driver

testing and characterization. The short-circuit condition is given by:

R « 24/L/C, (2.2-20)

with the solution plotted in Figure 2.2-5.

Short-circuit oscillation
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Figure 2.2-5. Short-circuit load current oscillations.
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The time to first peak, time to first zero and peak current can be estimated as:

t, = 1.57VLC (2.2-21)
t, = 3.14VLC (2.2-22)
i, =Vo/ /L/C (2.2-23)

Given the total driver capacitance C and initial charging voltage Vo, and using
either of three expressions above, one can estimate the total driver inductance L from the
experimental short-circuit test data. However, the expression for time to first zero (2.2-22)
is more preferable, as a zero-crossing point can be estimated with a better accuracy from

the experimental data.

We briefly discussed the lumped RLC circuit with emphasize on “critically
matched" and "matched"” load cases and derived some useful expressions, which can be
used to estimate the driver time to peak (2.2-14), peak current (2.2-15), peak voltage
(2.2-16) and current rise time (2.2-17) and (2.2-18). The last, "matched" load case is more
suitable for x-pinch driver design, as it gives a higher peak current (see 2-15) with faster
current rate of rise (see 2-17 vs. 2-18). We also derived a few expressions (2.2-21), (2.2-22)
and (2.2-23) which can be usefull for driver characterization in short-circuit testing. All
these formulas are for estimates only, and, in general, a driver circuit simulation has to be

performed to predict the driver performance or to analyse its experimental data.
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3 METHODS AND MATERIALS

3.1 Description of the "'slow" LTD/NRL brick

The proposed final design of our compact and portable x-pinch driver is based on
two, "slow™ LTD bricks [64], which were generously loaned to us by the Naval Research
Laboratory (NRL). These bricks were originally built for NRL by Ktech Corporation. Such
(or similar) LTD bricks are usually arranged in circular-in-plane geometry around a
magnetic core inside a LTD cavity to drive a low-inductance load. More LTD cavities can
be later stackable so as to add voltage [40] [64].

The general view of one LTD/NRL brick is shown in Figure 3.1-1. It consists of
two, low-inductance, 140-nF GA 35465 capacitors, connected in parallel, and one
multichannel, multi-gap switch in series with each pair of capacitors. The capacitors are
potted in 3M Scotchcast 8 epoxy, and gas, trigger, and charging feedthroughs are made
through penetrations in the epoxy. The brick is about 25-cm wide, 40-cm long and 15-cm

high.

Figure 3.1-1. The LTD/NRL Brick.
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A view of the LTD/NRL switch is presented in Figure 3.1-2. It has 5 channels, 7
gaps per channel, and has resistively enforced voltage grading from the HV electrode to
ground. The individual gaps are 6 mm. The switch is designed to operate slightly above 1-
bar absolute pressure with dry air. The switch has a very low, less than 10-nH, inductance
value and it has a measured jitter of < 10 ns. This switch design gives the LTD/NRL brick
its excellent rise time and allows the brick to directly drive a low-inductance load [64].
However, the best jitter time and inductance values are achieved when bricks are charged
to greater than 80 kV. If the charging voltage is less, the switch inductance can be larger

and the whole brick operation is less predictable and stable.

Figure 3.1-2. The LTD/NRL brick switch.

The electrical characteristics of the brick capacitor and switch are briefly
summarized in Table 3.1-1. The rated capacitor peak current is about 50 kA/cap and the
max peak current (fault) is 75 kA/cap. Because each brick is comprised of two capacitors
connected in parallel, the total brick current normally should not exceed 100-110 kA/brick

and, in any case, may never exceed more than 150 kA/brick. The rated/maximum voltage
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reversal of each capacitor is 10/80%, which is good enough for most pulsed-power
applications. The capacitors/switch resistance is low and can be usually neglected. The
"bare" (base) inductance of capacitor and switch is about 10 nH, but when placed in epoxy,

the inductance is increased to about 16 nH and 20 nH for capacitor and switch, respectively.

Table 3.1-1. Electrical parameters of brick capacitor and switch.

Parameter GA 35465 capacitor LTD switch
Capacitance 140 nF

Approx. base/in-brick inductance 10/16 nH 10/20 nH
Resistance 8 mQ 20 mQ
Rated voltage 100 kv

Rated/max voltage reversal 10/80 %

Rated/max(fault) peak current 50/75 kA

The electrical circuit of LTD brick is presented in Figure 3.1-3. Two capacitors are
connected in parallel with following switch in series. The total brick capacitance is 280 nF,
and the total brick inductance is about 28 nH. Such a low brick inductance allows one to

successfully drive many low-inductance loads, including an x pinch, for example.
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Figure 3.1-3. The LTD/NRL brick electrical circuit.

One LTD brick can supply about 100-110-kA maximum peak current into a low-
inductance load with rise time depending on the load inductance. For x-pinch applications,
usually more than 100-kA peak current is wanted, and to successfully drive an x-pinch load
a minimum of two LTD bricks have to be used. Such a driver model based on two, "slow"

LTD/NRL bricks will be discussed in the next sections.

3.2 Electrical circuit of the 2-LTD-Brick driver

As it was mentioned earlier, a minimum of two LTD bricks is needed to
successfully drive a low-inductance x-pinch load. Our final design was reported elsewhere
[54] [55] [56] and is based on two, LTD bricks placed in parallel inside a single housing.
The mechanical design will be discussed in the next sections and here we concentrate on

electrical model and simulations of our 2-LTD-Brick driver.
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The electrical circuit of the proposed 2-LTD-brick x-pinch driver is presented in
Figure 3.2-1. Two LTD bricks are simply connected in parallel with the switch sides facing

to a common ground and capacitor sides connected to the load.

Lextra

28nH

Lload
10nH

Rload
0.24

PUL SE(0V 60kV Ons 1ps 1ps 10us)

PULSE{0V 60kV Ons 1ps 1ps 10us)

.tran 1us uic
.model SW SW(Ron=0.01 Roff=100MEG Vt=50kV Vh=0)
.ic V{NOD1)=100kV

Figure 3.2-1. 2-LTD-brick x-pinch driver electrical diagram.

The total capacitance of our 2-LTD-Brick driver is 2 x 280nF = 560 nF so the

driver can store a maximum total energy of,

1
E=5CV2 =281 (32-1)

when it is fully charged to 100 kV.

One brick inductance is about 28 nH, and inductance of two bricks connected in
parallel is simply a half this value which is about 14 nH. The inductance of the x-pinch

load is estimated to be about 10 nH with a resistance of 0.24 Q. These numbers correspond
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to an x-pinch load comprised of two, 11-mm-long, 40-um-diameter Mo wires in the initial
“cold” state. The real values will be different depending on the electrical parameters of the
real expanded, “ionized” wire state.

The tricky part is to estimate the extra inductance of the driver, Lextra, Which is
strongly dependent on driver geometry and can be only properly estimated when the driver
dimensions are known. We will jump ahead and look at the driver drawings, which are
discussed later in chapter 3.4, to estimate this driver extra inductance. The extra inductance
is comprised of the inductance of bricks placed inside a finite metal volume (bricks-in-
housing), inductance of header section, and inductance of vacuum section without x-pinch
load (vacuum section). Each section is approximated by a coaxial transmission line for ease

of calculation with the inductance in nH given by:

I'p
Lload =2hln—
ra

(3.2-2)

where, h is a section length in cm, ra is a section inner diameter, and ry is a section outer
diameter. The dimensions of each driver section and the results of the inductance

calculations are presented in Table 3.2-1.

Table 3.2-1. Extra inductance of driver for different sections.

Driver Section Ra (mm) | Rp(mm) h (cm) L (nH)
one brick-in-housing 124 178 54.6 40
Header part 1 section 127 178 0.64 0.4
Header part 2 section 25 178 1.3 51
Vacuum section without load 25 32 4.1 2.0

As can be seen, the total inductance of header and vacuum sections is only about

7-8 nH, and, the extra inductance of a brick placed inside solid metal volume is about 40 nH
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(and about 20 nH for both bricks in parallel). So, the total extra inductance can be estimated
to be about 28 nH. This value should be considered an estimate only and has to be
measured. The driver electrical circuit model has to be updated, which will be discussed
later in chapter 3.6.

Given two brick’s inductance of 14 nH, extra driver inductance of 28 nH, and the
x-pinch load inductance of 10 nH, the total driver internal inductance (without x-pinch

load) and total driver inductance (including x-pinch load) can be estimated to be:

Linternal = Lbrick\2 + Lextra = 28\2 + 28 = 42 nH (3.2-3)

Liotal = Linternal + Lioagd = 42 + 10 = 52 nH (3'2-4)

3.3 The Screamer code and simulations of 2-LTD-Brick
driver

The Screamer computer code [65] was chosen to perform circuit simulations and
to predict a behavior of proposed 2-LTD-brick x-pinch driver. Screamer was originally
developed at Sandia National Laboratories in 1985 as a special purpose circuit code to
simulate single module accelerators. It is written in Fortran 77 with a few Fortran 90
extensions, and it is highly optimized for speed and efficiency. Construction of a Screamer
input file is very user friendly and many formats of output files are available for post-
analysis of circuit parameters.

Screamer V.3.x (and earlier versions) solves electrical circuit problems with series
and parallel elements with restricted in-line topology. The circuit is built by specifying one

main branch and secondary branches directly attached to a main one. No branch-in-branch
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connections are allowed. Such a limited Screamer topology allows one to very efficiently
simulate a large circuit with very large numbers of circuit elements and nodes with
excellent time resolution. A more powerful version of Screamer V.4.0 [66] was recently
developed, which allows for unlimited branch-in-branch topology, but still preserves most
of the original efficiency and speed.

The Screamer circuit elements are organized in blocks (sections) connected in
series to form a single branch. A =-section block and its subsets, mainly used in design of
2-LTD-brick driver, are presented in Figure 3.3-1. In addition to static elements, Screamer
provides the user with capability to specify variable elements, including many switch
models, diode models, gas-puff models and many more models that are specific for pulsed-

power applications.

00 — oW

R L

. 2 2 R L,

I C}, H:? (‘_'3 &
n-Section RL in Series
~ l AN l
R, c, -
. . Adder
RC to Ground

Figure 3.3-1. Screamer mt-section block and subset.

A Screamer model of 2-LTD-brick driver circuit was developed and presented in

Figure 3.3-2. The first RC-to-ground section represents the total driver capacitance. The
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following five RL-in-series sections break apart the total driver inductance for different
driver sections (bricks, switch, bricks-in-housing, header and vacuum sections). The last
two RL and RCG sections represent the x-pinch load inductance and resistance values. The

screamer input file with all input parameters for 2-LTD-brick driver model is given in

Appendix E.
Driver total X-pinch load X-pinch load
capacitance section section (L) section (R)

U

) _ J L
1 T G s M 1

Capacitors Switch Bricks- Header Vacuum
section section in- section section
housing

section

Figure 3.3-2. Screamer model of 2-LTD-brick x-pinch driver.

Screamer simulations of the x-pinch load current (red line) and the x-pinch load
voltage (blue line) from a 2-LTD-brick driver are presented Figure 3.3-3. As can be seen,
the peak current delivered to x-pinch load is about 195 kA with about 214-ns time-to-peak
value when capacitors are fully charged to 100 kV. The maximum load voltage is about 47
kV with about -11-kV reversal at the load. The lower load voltage allows us to minimize
the unwanted bremsstrahlung radiation from e-beam [25], which follows very shortly after

x-ray burst from x-pinch "hot spot” is formed. Also, the lower load voltage makes it easy
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to design a load section, which allows one to use a smaller anode-cathode gap and, as result,

allows one to minimize the load inductance value.

2-LTD-brick driver simulation (100kV, 560nF, 52nH, 0.24 ©})
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Figure 3.3-3. Output x-pinch load current and voltage.

The capacitor’s voltage (blue dashed line) is also shown in Figure 3.3-3 to evaluate
the capacitors voltage reversal, which is important parameter to be considered in the driver
design. The maximum reversal voltage at bricks capacitors is about -24 kV, which is well

inside the capacitor 10-80% safety margin (see Table 3.1-1).

The current rate of rise (10-90%) can be estimated from the load output current
curve and is found to be about 1.5 kA/ns. To estimate the maximum absolute values of
di/dt, the numerical differentiation of the output load current was performed and presented

in Figure 3.3-4. The absolute maximum value of dl/dt is about 1.9 kA/ns. Both values of
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current rate of rise (10-90% and maximum at point) are above the critical 1 kA/ns
requirement, which has to be achieved in any high-current pulse generator in order to obtain
a good x-pinch radiation performance as it was discussed earlier.

2-LTD-brick driver simulation {100k, 5860nF, 52nH, 0.24 C1
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Figure 3.3-4. Output x-pinch load current rate of rise.

Figure 3.3-5 presents a Screamer simulation of the energy stored in all four
capacitors (dashed black line) versus energy transferred to x-pinch load (solid black line).
The x-pinch load current, for clarity, is also plotted (red line scaled by factor of 0.01). The
total energy initially stored in four capacitors is 2.8 kJ and, as can be observed, almost all
its energy is quickly transferred to x-pinch load. By the time of peak current, the energy
transferred to x-pinch load reaches the value of about 1.1 kJ, which is almost 40% of the
total energy initially stored inside the capacitors. As was discussed earlier in Chapter 2 and,
as can be seen from these simulations, the proposed driver is naturally very efficient and
almost half of the initial energy is transferred to the load by the time of peak current, when

the x-pinch radiation burst usually happens.
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2-LTD-brick driver simulation (100kV, 560nF, 52nH, 0.24 )
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Figure 3.3-5. Energy transferred to x-pinch load.

It is useful to verify the results of Screamer simulations using a simple RLC model
described in Section 2.2 earlier. The total resistance, inductance and capacitance of our 2-
LTD-brick driver (see Figure 3.2-1 and Appendix E) equal to 0.24 Q, 52 nH, and 560 nF,
correspondingly. Such values are close to "matched” load case of RLC circuit, and,

according to (2.2-14), (2.2-15) and (2.2-16), the peak current, peak voltage and time-to-

peak can be estimated to be:

ipeak = 0.55 X 100kV //52nH /560 nF = 180 kA  (3:3-1)

Vpeak = 0.55 X 100 kV = 55 kV (3.3-2)

tpeak = 1.21 X V52 nH x 560 nF = 206 ns (3.3-3)

which are in reasonably good agreement with Screamer simulations.
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Presented in this section, the Screamer model of 2-LTD-Brick driver is very simple
and allows for a fast calculation of many basic circuit parameters, needed for the driver
design and development. However, the model is based on a static switch description, which
is modeled with a simple RL-series block. A more sophisticated Screamer model of 2-
LTD-Brick driver, which incorporates Tom Martin’s variable-resistance switch model
[65], is presented in Appendix F, and an input deck for the Screamer code is shown in

Appendix G.

3.4 Mechanical design and fabrication

The mechanical design of our x-pinch x-ray generator is based on the general idea
to make the driver compact and portable and to minimize the total driver inductance. The
LTD bricks are usually arranged in a circular-in-plane geometry around a common load,
as described, for example, in [64]. We choose to place two LTD/NRL bricks inside one
single volume in side-by-side geometry. Such a configuration allows us to minimize the
total driver inductance, and to make the whole driver assembly compact and portable.

A general artist’s view of 2-LTD-brick x-pinch driver assembly is shown in Figure
3.4-1. Two LTD/NRL bricks are placed side-by-side inside a bricks housing with switches

facing the ground plate and the capacitors facing the load section.
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Figure 3.4-1. Artistic view of 2-LTD-brick x-pinch x-ray driver

The driver output plate drawing is presented in Figure 3.4-2. It is designed to press
the bricks down inside the housing, to connect a vacuum chamber to a plate, and to serve
as a return current pass to a ground. The Rogowski coil groove is made on the inner side
of the plate to monitor a total current passing through the driver load. Other diagnostics,

including B- or V-Dots, can be installed on this plate, if needed.
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Figure 3.4-2. The drawing of driver output plate.

The cross-section view of vacuum chamber is presented in Figure 3.4-3. It is
installed on top of the driver output plate and is designed to maintain the good vacuum
needed for x-pinch x-ray generation. It is composed of a ConFlat™ Cross 6" (15.24 cm) in
diameter, cylindrical body and two, 2-3/4" (6.99 cm) ConFlat™ output ports. One output

port can be used for x-ray diagnostics and the other port for imaging.
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Figure 3.4-3. The output cross-section view of 2-LTD-brick x-pinch driver.

The high voltage plate combines two bricks and feeds the output current into the
load section. A 3/4" (1.91 cm)-thick insulating acrylic plate is placed between the high
voltage and output plates. A 2" (5.08 cm) long, 2" (5.08 cm) diameter cathode section is
attached to the high voltage plate. The anode section is 1-3/4" (4.45 cm) long, has the 2-
1/2" (6.35 cm) inner diameter and has two output x-ray windows aligned with vacuum
chamber output ports. The insulator surface is at a -45° angle with respect to the cathode
and is shielded from UV from the source by a minimum of two bounces (two boundary
reflections).

As can be seen, the vacuum chamber is placed as close as possible to the LTD driver
bricks, and the load section length is minimized. All these steps allowed to us to reduce the

total inductance of header and vacuum flow sections. In addition, to further minimize the
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driver inductance, the anode-cathode gap was reduced to 6.3 mm. With such a small A-C
gap, the power feed must operate in the self-magnetically-insulated mode. The v X B
Lorentz force induced by a current pulse will turn back electrons emitted from the cathode
and stop the voltage breakdown in the inter-electrode space. The minimum operating

current, according to [46], can be estimated to be:

v V(kV) (3.4-1)

Ihin = 0.64 ————
i ln(Ra/Rb)
where Ra and R¢ are anode/cathode diameters. With the present geometry, the minimum

operating current becomes:

Lnin = 2.87/V(kV) (3.4-2)

At a maximum anode-cathode voltage of 55 kV (see Figure 3.3-3), for the magnetic
self-insulating principle to work, the minimum operating current becomes 20 kA. This is
well below the simulated above 195-kA x-pinch peak load current value.

All x-pinch driver parts were carefully designed using SolidWorks 2013 [67], a 3D,
solid-modeling engineering software package. All drawings (about 40 drawings) are stored
on the IAC backup server for easy access, if needed. Some driver parts and assembly
drawings are presented in Appendix F. The driver general view pictures are shown in

Appendix G.
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The whole driver is designed to be quickly assembled/disassembled for ease of
inspection and modification. The brick switches, for example, can be inspected by
removing the ground plate without taking apart a whole driver. All external driver supplies
(HV charging line, HV trigger line, and switch air line) can be connected after driver is
assembled through connections made in driver housing and ground plate. Such a design
makes the driver easily to relocate to any place where the x-pinch radiation source is

needed. The size of our driver is only 0.7x0.3x0.3 meters and it weighs about 90 kg.

3.5 High current diagnostics

3.5.1 Rogowski coil and calibration method

The calibrated Rogowski coil is extremely important for high-current pulsed
measurements. We spent a significant time and effort, to build a well-calibrated Rogowski
coil, which will be used in all future measurements. The basic principle of operation of
Rogowski coil is described in Appendix J. Here, we describe an electrostatically shielded,
non-integrating Rogowski coil with a very good signal-to-noise ratio, which was built as
suggested by Dr. Spielman [68]. A 24-AWG insulated copper wire (“magnet wire”
insulated with Kapton) was wrapped around the inner insulator of an RG223/U cable,
stripped of the outer insulation and shielding braid. There are total of 29 turns with exactly
1-inch spacing. The view of a Rogowski coil, before and after it was electrostatically

shielded with a Cu tape, is shown in Figure 3.5-1, on the left and on the right, respectively.
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Figure 3.5-1. An unshielded Rogowski coil (left) and a shielded Rogowski coil placed
around a calibration current pulse (right).

The inductance of the constructed Rogowski coil can be estimated as follow. The
outer diameter of RG223 insulating core is 0.295 cm, the diameter of 24-AWG Cu-wire is

0.51 mm, and so, the area A of one small Rogowski loop is:

A =1r? = 3.14 X ((0.295 + 0.051)/2)% = 9.4 X 10~° m? (3.5-1)

and, by (J-2), the mutual inductance, M, and the coil inductance, L, equals to:

H 1 1
_ _ -6 -6 12} — (3.5-2)
M (1.26 x 10 m) x (2.54 SETIE m) x (9.4 % 10-° m?) = 0.46 H

2

H 1 1
— — -6 - -6 2 = -
L (1.26 X 10 m) X (2.54 X 10-2 m) X (9.4%x107°m*) X 0.74 m = 13.5 nH (3.5-3)

The general view of our calibration set-up is shown in Figure 3.5-2. It consists of a
several main elements: 1) two General Atomics, fast, 20-nF, 35-kV capacitors connected

in parallel to store the initial energy; 2) a 6-KV power supply with 50-kQ charging resistor;
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3) a high-voltage ball switch and 4) calibration current viewing resistor (CVR). The
preliminary study of our Rogowski coil indicated that the calibration of the Rogowski coil
depends only slightly on the relative position of the Rogowski coil with respect to the
measured current. But to eliminate even this small calibration error, a metal conductor,
carrying the calibration current, was placed at the center of our Rogowski coil, as can be

seen Figure 3.5-1, on the right.

Figure 3.5-2. Rogowski coil calibration set-up.

A high-voltage ball switch was placed inside a specially designed oil-filled-cup, as
can be seen in Figure 3.5-3, on the left, which allowed to us to reduce the switch arc length
and to minimize the magnitude of the arc inductance and the arc resistance on the current
waveform. We used a T&M Research, 0.1038-Q CVR with NIST-traceable accuracy of
0.2% to calibrate the Rogowski coil. The CVR has been installed on the opposite side of
the ground metal plate and was connected to capacitors with a flexible wire of varied

length, as shown in Figure 3.5-3, on the right. By varying the length (inductance) of flexible
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wire, placed between CVR and capacitors, we were able to match the current oscillation
time with the expected x-pinch current-rise-time of our 2-LTD-brick driver. In this way,
the frequency content of the calibration current waveform matches that of the actual current

pulse.

Figure 3.5-3. Oil filled cup (left) and CVR resistor (right).

The data was collected with an 8-bit Tektronix TDS 5104 digital oscilloscope,
connected to the CVR and Rogowski coil by two, identical, 4-feet-long RG223/U cables.
The signal cables were placed inside a shielding braid (tri-axial configuration) to eliminate
any electrical noise and they were 50-Q terminated into 1-MQ scope inputs. It was found,
that the most appropriate charging voltage for our calibration set-up was about 2 kV. First,
it allowed to us to minimize a scope bit-error by maximizing the measured signal with
respect to the screen size. In addition, at this charging voltage, we were still able to measure
the CVR signal without using any attenuators, so the error associated with the attenuators

was eliminated.
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The "raw" CVR and Rogowski signals for one shot are presented in Figure 3.5-4.
As can be seen, the amplitude of the CVR signal was about 44.8 V, and the amplitude of
the Rogowski coil signal was about 1.3 V. The measured errors associated with these
signals were calculated to be about 0.61% and 0.87% for the CVR and Rogowski-coil
channels, respectively. These errors were evaluated as a ratio of standard deviation (SD)
of pre-oscillation noise data, evaluated in the time interval from -4,000 ns to -50 ns, when
oscillation is about to start, to the maximum amplitude of the corresponding signal. The
SD of the noise data for this particular shot were 0.272 V for CVR channel and 0.011 V

for the Rogowski coil signal.

CVR and Rogo raw data (Jan13 2015, 2kV, CVR 0.1038(2)
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Figure 3.5-4 CVR and Rogowski-coil "raw" data for single shot.

To reduce the error associated with the single shot described above, the
measurements were repeated, and then, the data was bin-by-bin averaged. The results of
bin-by-bin averaging of the 25 measurements of CVR and Rogowski-coil data are
presented in Figure 3.5-5. As can be seen, the quality (the noise amplitude) of the data was

increased significantly. The error for the averaged shot was calculated to be about 0.12%
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for the CVR data, and about 0.18% for the Rogowski-coil data. That is about 5 times less

than the errors associated with each single shot.

Average shot (Jan13 2015, 2kV, CVR 0.1038(2)
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Figure 3.5-5 CVVR and Rogowski-coil "raw" data for averaged shots.

To finally calibrate the Rogowski coil, we used the averaged shot, presented in
Figure 3.5-5. The calibration procedure was as follows. First, the CVR current was
calculated by dividing the averaged CVR "raw" data (black line in Figure 3.5-5) to the
0.1038-Q CVR resistance value, and the Rogowski-coil current (uncalibrated) was
calculated by integrating the averaged Rogowski "raw" data (red line in Figure 3.5-5).
Next, the uncalibrated Rogowski current was least-squares fitted to the CVR current, and
the calibration factor was found as a scaling parameter from a fitting procedure. Because
the x-ray x-pinch burst usually happens in the first-half of the current pulse, the least-
squares fit was done in this area of interest from 0 ns to about 1,000 ns.

The calibration results for the first two current cycles are presented in Figure 3.5-6.

The top picture shows the CVR current versus the uncalibrated Rogowski-coil current, and
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the bottom compares the CVR current with the calibrated Rogowski-coil current shape. As

can be seen, the agreement between the CVR and calibrated Rogowski current shapes is

almost ideal.
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Figure 3.5-6 Rogowski coil calibration data for averaged shot. Top is CVR vs.
Rogowski uncalibrated currents. Bottom is CVR vs. Rogowski calibrated currents.
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The Rogowski coil calibration factor was found to be 2.62 A/V-ns, and the error,
associated with this value, is discussed below. The total calibration error can be divided in

the following sub-errors:

1) Data errors. These type of errors were discussed and evaluated previously (see

notes to Figure 3.5-4 and Figure 3.5-5). They were initially equal to about 0.61% and 0.87%

for the single shot data, but were later reduced to about 0.12% and 0.18% for the averaged

shot, for the CVR and Rogowski-coil channels, correspondingly. In addition, it was found,

that after signal integration, the error associated with the Rogowski coil data was reduced

by the factor of about 10 and was estimated to be 0.017%.

2) CVR error. The CVR error was associated with the CVR calibration accuracy and

was equal to 0.2%.

3) Rogowski coil calibration error associated with the fitting procedure. This

error was found from the least-square fitting of the Rogowski-coil current data to the CVR

current data and was as low as 0.03%.

4) Instrumentation errors. These errors are usually hard to eliminate and hard to

recognize, but we designed the calibration experiment in a way, that would minimize all

possible errors of these kind. Below is a list off all instrumentation errors, which were

recognized and properly eliminated:

e First, we used electrostatically shielded RG-223/U cables, all the same lengths, to
eliminate any errors, associated with the cable length and attenuation.

e Second, we designed experiment in such a way that would eliminate the need for any

attenuators, so we would not need to calibrate them.
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e Also, the Rogowski coil was symmetrically positioned around the conducting metal
strip, so the error associated with the Rogowski coil position (finite loop spacing) was
also eliminated.

e In addition, the oil-filled cup was installed around the high-voltage spark switch to
reduce errors associated with the spark behavior.

e Finally, the error associated with the current rise time was minimized by making the
time-to-peak value in this calibration experiment about the same as expected in an x-
pinch experiment.

The only known instrumentation error left is the error associated with the oscilloscope

channel itself, which can be found in [69] and equals about 1.5%.

All these fractional percentage errors listed above (data, CVR, fitting and
instrumentation errors) should be summed in quadrature, so the final calibration error can

be estimated to be about:

J(0.122 + 0.0172) + 0.22 + 0.03% + 1.52 = 1.52% (3.5-4)
It should be noted, that the main contribution to the total Rogowski coil calibration error is
from the oscilloscope accuracy, and, while more measurements will reduce the data errors
by averaging additional shots, to reduce the overall calibration error, a better oscilloscope
accuracy will be needed. The accuracy of the CVR will limit the accuracy once the

accuracy of the oscilloscope is improved.

The Rogowski coil calibration factor can also be independently calculated from the

Rogowski coil design. The calibration factor between the Rogowski coil output signal, in
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V, and the measured current, in A, is simply 1/M (where M is the mutual inductance of the

coil), and is:

1A A (3.5-5)
/M= 0.46 v-ns_2'17v-ns

which is about 17% less than the value found from calibration measurements. The
discrepancy, probably, can be explained by the inaccurate calculated area, A, in the formula
3.1-4. Because of the small number of turns per unit length, and a circular bending of the
active length of Rogowski coil, the effective area A of a one small loop will be smaller,
and 1/M value will be larger. The calibration constant, 2.62 A/V-ns, found from

measurements discussed above, is used in all following driver shots.

3.5.2 B-dot anode-cathode section current monitor

After some of x-pinch tests were performed it was established that it might be
valuable to directly monitor the current flowing at the anode-cathode section in addition to
the current monitor performed with Rogowski coil, which was described in the previous
section. When driver operates with an x-pinch load, the acrylic insulating plate (see Figure
3.4-3) placed between the high-voltage and output driver’s plates will eventually flash
(breakdown) at the acrylic-vacuum interface preventing or limiting the total current
flowing to the load section. It is crucial to know if the total driver energy is properly
delivered to an x-pinch load at every shot.

To monitor the current flowing through the anode-cathode sections, a B-dot current
monitor was built and calibrated as described below. We used 0.36-cm-diameter semi-rigid

coaxial cable to fabricate a non-integrating, one-loop B-dot current monitor as it shown in
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Figure 3.5-7. It was installed inside the anode cylinder just below the x-pinch section with
a loop properly positioned a few mm below the inner surface of anode and filled with

epoxy.

Figure 3.5-7. B-dot current diagnostic design (left) and set-up (right).

The fabricated as described above B-dot current monitor was cross-calibrated with
Rogowski current monitor in a series of short-circuit shots performed with 2-inch-diameter,
1-inch-long brass cylinder load immersed in dielectric oil. As we do not need to precisely
calibrate the B-dot as we did with the Rogowski coil, just one shot was selected and B-dot
was cross-calibrated as shown below. The Rogowski and the B-dot signals, before cross-
calibration, are presented in Figure 3.5-8. The B-dot signal is about 50 times less in
amplitude then the Rogowski signal, and it appears, that it follows the shape of the
Rogowski signal quite well, but, as can be expected, it is a little bit noisy and more sensitive
to a higher oscillation frequency. If a higher quality B-dot signal will be needed, we could
reduce this noise by increasing the signal amplitude of the B-dot by using a larger area loop

and multiple turn loops.
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Figure 3.5-8 Rogowski and B-dot short-circuit shot data.
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The results of cross-calibration are shown in Figure 3.5-9. The Rogowski and B-

Dot signals were integrated and calibration was performed to match their first-peak current

amplitudes. The calibration factor for the B-Dot current monitor was found to be

121.5 A/V-ns for this particular shot.
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Figure 3.5-9 Rogowski and B-dot cross-calibrated currents.
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There were total of 3 shots performed at 60 kV and 4 shots performed at 70 kV of
initial driver charge and they are all in a good agreement with calibration factor found

above.

3.6 Revised and improved driver models

In the last section of this chapter we revise the developed 2-LTD-Brick’s driver
electrical model based on the measured total, driver internal inductance, and discuss some
reduction in a total driver inductance which can be made and how it may affect the
performance of future drivers. These discussions are based on the experimental work
performed and described later but these data are still more suitable to be shown in this

chapter.

3.6.1 Revised driver model

As will be shown later (Chapter 4.2.1), the measured total driver internal inductance
is estimated to be about 60 nH. This measured value represents the inductance of the whole
generator without driver load. In this chapter, we present the revised 2-LTD-brick x-pinch
driver model, based on measurements.

The revised driver circuit is presented in Figure 3.6-1. The extra driver inductance
element (blue circled) was modified to reflect the measured total driver inductance value

of 60 nH. As the brick’s inductance was estimated earlier to be about 14 nH (two bricks in
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parallel), the extra driver inductance has to be about 46 nH. All other driver model elements

are kept unchanged in these simulations.

Lload
10nH

Rload
0.24

PULSE(0V 60kV Ons 1ps 1ps 10us)

V2
()2

PULSE(0V 60kV Ons 1ps 1ps 10us)

i

.tran 1us uic
.model SW SW(Ron=0.01 Roff=100MEG Vt=50kV Vh=0)
.ic V(NOO1)=100kV

Figure 3.6-1. Revised 2-LTD-brick x-pinch driver electrical diagram.

Screamer simulations of revised 2-LTD-brick driver model are presented in Figure
3.6-2. The red line represents the output x-pinch load current, the blue line represents the
output x-pinch load voltage, and the dashed blue line shows the voltage measured on
brick’s capacitors. As can be seen, the driver, when it is fully charged to 100 kV, can supply
178-kA peak-current with about a 158-ns, 10-90%, rise time. The corresponding current
rate of rise (10-90), dl/dt, equals 1.1 kA/ns, and the maximum dl/dt equals to about
1.4 kA/ns. The maximum load voltage is about 43 kV with about -13-kV reversal. The
maximum reversal voltage at the brick capacitors is about -30 kV, which is well inside the

capacitor 10-80% safety margin.
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2-LTD-brick driver simulation (100kV, 560nF, 70nH, 0.24 1)
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Figure 3.6-2. Simulations of 2-LTD-brick driver (revised model) output x-pinch load
current and voltage.

3.6.2 Improved driver model

As it will be seen later from our experimental work (chapter 4 and 5), the developed
2-LTD-brick driver prototype works well and is amazingly stable. At the present time, the
HV insulation acrylic plate has thickness of 1.3 cm between the HV and output driver’s
plate, and the anode-cathode gap is 7 mm. One question that can be asked here is what
reduction in a total driver inductance can be made, and how it could affect the future
driver’s performance? Can we reduce the thickness of HV insulator and reduce the gap of
magnetically-insulated transmission line (anode-cathode gap)? What other driver parts can

be modified to reduce the total driver inductance?
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According to [70], the acrylic has dielectric strength of about 400 V/mil. Assuming
that a peak load voltage of 43 kV (see simulations Figure 3.6-2) is applied to an acrylic

insulator, the thickness of acrylic, in principle, can be reduced to:

43 kV

(3.6-1)
400 V/mil

=107 mil = 0.3 cm

As it was already discussed earlier in a mechanical design section 3.4, the minimum
operating current for a MITL equals:

JV(EKY)

(3.6-2)
In(R,/Ryp)

Iyin = 0.64

This relation can be reversed, to estimate the smallest anode-cathode gap for given

load voltage and the calculated load current:

0.64 x V43 kV
178 KA

(3.6-3)

In(R,/Ry,) = = 0.0236,

and, given the inner cathode diameter Ry = 2.54 cm, the outer radius can be estimated to
be Ra = 2.60 cm, which can potentially reduce the anode-cathode gap to about 1 mm.
Such a decrease in the acrylic thickness and a reduction in anode-cathode gap will
change the inductance of different parts of driver’s power flow section as described in
Table 3.6-1, where changes made compared to a previous calculations (see Table 3.2-1)

are highlighted by gray colors.

Table 3.6-1. Improved driver inductance at different power flow sections.

Driver Section Ra (mm) | Rp(mm) h (cm) L (nH)
Header part 1 section 127 178 0.64 0.4
Header part 2 section 25 178 1.0 3.9
Vacuum section without load 25 26 4.1 0.3
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In addition, the x-pinch load section inductance was estimated earlier to be about
10 nH, but with some modifications (reducing the x-pinch height, or changing the load
geometry) it can be reasonably reduced by factor of 2, resulting in the x-pinch inductance,
in an initial "cold state", of about 3-5 nH.

All these improvements discussed above can effectively reduce the total driver
inductance from about 70 nH, as it was assumed in a revised driver model, to about 60-

62 nH. Screamer simulations of this improved 2-LTD-brick driver model are presented in

Figure 3.6-3.
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Figure 3.6-3. Simulations of 2-LTD-brick driver (improved model) output x-pinch load
current and voltage.

As can be seen, the reduction in total driver inductance by 10 nH will increase the
total driver current from 178-kA to about 187-kA peak-current and reduce the current 10-
90% rise-time from about a 158-ns to about 144-ns. The corresponding current rate of rise

(10-90), dl/dt, equals 1.4 kA/ns, and the maximum dl/dt equals about 1.6 kA/ns.
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As can be seen, the improvements in the driver performance are not so significant
compared to the revised driver model discussed in a previous chapter, as the main
contribution to a total driver inductance comes from the bricks themselves and the extra
brick inductance located in a surrounding housing. However, if desired, only the extensive
driver testing and experimentations can validate the suggested future improvements of the
2-LTD-Brick discussed here. As experience shows, the driver failures can be unexpected

and unpredictable, and a fine tuning of driver configurations is always needed.

3.6.3 Summary of 2-LTD-Driver model’s circuit parameters

Table 3.6-2 bellow summarizes some electrical circuit parameters of the revised
(model with a real, experimental measured driver parameters) and improved (possible
reduction in a total driver inductance which can be made in a future) 2-LTD-brick’s driver
models and compares them with the initial driver model parameters discussed earlier in

Chapter 3.3.

Table 3.6-2. Initial, revised and improved 2-LTD-Driver model’s circuit parameters.

Driver parameters Initial model Revised model | Improved model
(chapter 3.3) (chapter 3.6.1) (chapter 3.6.2)

Initial charging voltage 100 kV 100 kV 100 kV

Total capacitance 560 nF 560 nF 560 nF

Extra driver inductance 28 nH 46 nH 36 nH

Total driver inductance 52 nH 70 nH 60 nH

Load peak/reversal current 195/-47 kA 178/-54 kA 187/-51 kA
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Load peak/reversal voltage 47/-11 kV 43/-13 kV 45/-12 kV
Sgﬁ’:;gors peak/reversal 100/-24 KV 100/-30 100/-27
Time-to-peak current 214 ns 255 ns 233 ns
Rise time (10-90%) 131 ns 158 ns 144 ns
Max dl/dt 1.9 kA/ns 1.4 kA/ns 1.6 kA/ns
Energy (@ Tpeak) 38% 38% 38%

Revised vs. initial models: The change in driver total inductance from 52 nH
(initial model) to 70 nH (revised model) results in a drop of the load peak-current from
195 kA to about 178 kA and in an increase of the current rise time (10-90%) from 131 ns
to about 158 ns. The load peak voltage is reduced from 47 kV to about 43 kV, and the
capacitor’s reversal voltage (max absolute value) increased from -24 kV to about -30 kV,
still keeping the capacitors inside its safety margins. What is more important, the
simulations show, that the driver is still able to deliver more than 1-kA/ns current rate-of-
rise into the low inductance x-pinch load, when it is fully charged to 100 kV.

Improved vs. revised models: The reduction in total driver inductance from 70
nH (revised model) to 60 nH (improved model) results in an increase of the load peak-
current from 178 kA to about 187 kA and in an decrease of the current rise time (10-90%)
from 158 ns to about 144 ns. The peak load voltage and the capacitor’s reversal voltage are
almost unaffected, still keeping the capacitors inside its safety margins. The overall
improvements in a total driver inductance can potentially increase the current rate of rise

by about 14%, slightly improving the x-pinch radiation performance.
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4 2-LTD-BRICK DRIVER SHORT-CIRCUIT
TESTS AND RESULTS

4.1 Driver initial tests and turn-ups

The 2-LTD-Brick driver described here had never been built and tested before. It
took an entire year to establish the proper driver configuration. A total of more than 210
short-circuit shots were performed, which are briefly summarized in Table 4.1-1 and
discussed below. All shots are grouped in series of tests, by the time when some particular
driver set-up was tested, or by some technical driver issue was resolved. For additional
reference, all shots performed during this initial testing period and their main parameters

are listed in Appendix L.

Table 4.1-1. Summary of 2-LTD-brick x-pinch driver initial test data.

Test Ne
Shot Vriver dl/dtmax Ipeak .
(total shots) Load Driver set-up tested and performance notes
ID* kA kA/ns kA
Date
Set-up: Common charging line;
Test 1(6) . . o
101 70 0.23 39 Notes: Driver pre-fire and one brick firing;
05/2014 ] o
Multiple sparking inside driver and load;
Set-up: Separate charging line;
Test 2(4) 1 Q HVR** p: >¢p o g. g . . .
06/2014 202 80 0.35 102 Notes: Pre-fire is eliminated, but bricks are fired not simultaneously;
Multiple sparking inside driver and at load;
Test 3(2) Set-up: Improved HV isolations;
301 78 0.31 42 . .
07/2014 Notes: HVR failure/explosion;
412 SW*** R1 80 0.62 158
417 SW R2>R1 80 0.75 159
Set-up: Trigger line is pushed behind the last trigger’s ball;
Test 4(44) | 422 SW R3>R2 80 0.63 151 ] ) o
Notes: Sparking at the end of trigger line is eliminated;
07/2014 | 427 SW R4>R3 80 0.59 129 ) o
All bricks are fired simultaneously;
433 SW R5>R4 80 0.59 121
444 SW R6>R5 80 0.56 103
Test 5(5) Set-up: Cu sheet installed between two bricks;
505 SWr** 80 0.87 174 .
08/2014 Two PT-55 trigger system;
Test 6(6) | 606 | Ni-wire load | 80 | 0.91 | 197 | Set-up: same
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Test Ne
Shot Variver | dl/dtmax Ipeak .
(total shots) Load Driver set-up tested and performance notes
ID* kA KA/ns kA
Date
08/2014
Brass Cylinder
728 80 0.97 212
(1" long, 1" 2)
729 40 AWG Cu 80 1.05 219
738 -50 0.45 114
Test 7(92) 747 -60 0.57 138 Set-up: Positive vs. negative power supply tested;
11/2014 756 -70 0.67 164 Notes:  All shots are consistent;
Brass Cylinder
757 50 0.28 60
(1" long, 2" 2)
774 60 0.76 160
783 70 0.91 189
792 80 1.07 222
Set-up: First driver’s major repair (brick’s cracks are removed and filed
with a new epoxy);
Improved brick/Cu sheet/brick isolating;
Test 8(4) o i
803 70 0.85 179 Improved under-angle charging line design;
Mar 2015 . . . .
Improved through-bricks trigger line design;
Notes: 1% driver’s major failure (multiple cracks in a brick’s epoxy);
Some shots are problematic again (not-simultaneous, lower signal)
933 60 0.60 144 Set-up: Improved trigger system (HV1000 pre-pulser instead of PT-006,
Test 9(39) 935 70 0.80 182 two positive PT-55 instead of two negative, through-bricks trigger line);
es|
i 937 80 1.04 221 Tested + 125 kV PS up to 90 kV
April 2015 . )
938 | Brass Cylinder 85 1.2 240 Notes: Some shots are problematic (pre-fire);
939 | (1"long, 2" 2) 90 13 254 Finally driver starts to pre-file even at lower, 30-40 kV, voltages
Set-up: Second driver’s major repair (cracks in brick’s capacitor is sealed,
brick’s cracks are removed and filed with a new epoxy);
Improved charging line (same plus thicker tubing);
Improved trigger line (same plus wider bricks trigger line holes);
1010 80 0.99 212 p _99 ( P i % )
Test 10(14) Driver mobility test at a new location;
1012 80 1.02 210
June 2015 Notes: 2" driver’s major failure (multiple cracks in a brick’s epoxy,
1014 80 1.03 213 ) ) i ]
cracks and oil leakage in one of the bricks capacitors);
Charging line thin tubing failure;
Sparking between end of trigger line and bricks housing;
Finally all shots are "good" and driver operation is stable.

*Shot ID- first digit is a test number, last two are the shot number;
**HVR - high voltage resistor load;
***SW - salted water load,;

For safety considerations, the very first driver tests Ne 1-3 were performed with 1-
Q high-voltage resistor (HVR) load installed between anode-cathode electrodes and
immerged in dielectric oil. Tests Ne 4 and 5 were performed with a salt-water load that

filled the anode-cathode gap and the lower part of the cathode feed. Test Ne 6 was done
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with a Ni-wire load, and tests Ne 7-10 was performed with a brass cylindrical short-circuit

load, both immerged in a dielectric oil.

As can be seen from the Table 4.1-1, many driver improvements were made and
many driver set-ups were tested, before a stable working driver configuration was
established. Below, we briefly discuss some critical driver elements (trigger line, charging

line, etc.), and how their different designs affected the driver performance.

4.1.1 Driver’s charging line performance

Two different charging line designs, common and separate, were tested in a series
of initial shots (tests Ne 1-2). The difference between the two charging designs are outlined
in Figure 4.1-1. As can be seen, in a case of common charging line, a common metal rod
was installed inside the brick housing to connect two HV brick electrodes on the switch
side, so all 4 capacitors can be charged simultaneously. In a case of separate charging line,

two bricks are charged independently by two separate charging lines.

+100 kV +100 kV
| | | |
IR g UL HVauil 1T
| | Cathode 1 1 Cathode
|| ) || )
" ~
e P
| | | |
_/ L Anode _/ 11 Anode
| | | |
1 1
4 I

Figure 4.1-1. Common vs. separate charging line designs. Left shows the common
charging line, right shows the separate charging line.
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The common charging line was designed to limit the total current passing through
each bricks in a case of a brick misfire, but the separate charging line is the most common
and straightforward one. Designs and simulation results of these two charging lines are
presented and discussed in Appendix K. Although, simulations show that a common
charging line is safer, practically, it results in driver pre-fires. An example of two shots,
one performed with a common charging line and other with separate charging lines, is

presented in Figure 4.1-2.
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Figure 4.1-2. Shot Ne 101 (top) with a common charging line. Shot Ne 301 (bottom) with
a separate charging line but with non-simultaneous brick firing.
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For shots performed with a common charging line (Figure 4.1-2, top), the driver is
self-triggered before the total charging voltage is reached. With a separate charging line
(Figure 4.1-2, bottom), the driver is always manually fired at the proper time, although
other triggering problems, not related to a charging line, were evident and will be discussed

later.

Some additional charging line issues (arcing at the ends of the charging lines,
charging line tubing failure, etc.) were found later, but they all were successfully eliminated

as it is discussed in Table 4.1-1, test Ne 8-10 notes.

4.1.2 Driver’s trigger line performance

The most common technical issues, observed in all our earlier tests, were non-
simultaneous triggering of driver’s bricks. The separation times between triggering of the
two bricks could vary significantly, as shown, for example, Figure 4.1-3. The top event
(shot Ne 202) shows a separation time of 200 ns between the brick’s triggering. And the
bottom event (shot Ne 302) shows a separation time of more than 1 pus between the brick’s

triggering.
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Figure 4.1-3. Shot Ne 202 (top) and shot Ne 302 (bottom) with different separation times
between triggering of the two bricks.

All driver triggering issues were usually related to one or more sparks observed
between the end of the trigger-line high-voltage cable and a vicinity of other driver
elements, which resulted in earlier firing of the corresponding brick. The technical issues
described above were usually resolved by pushing the trigger-line high-voltage cable
farther and farther away from the brick’s switch (as in test Ne4), or from the bricks housing

(as in tests Ne8-9), or by increasing the trigger-line output housing holes (test Ne10).
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In our earlier tests, one PT-55 is used to simultaneously trigger both driver’s brick.
Later, many other trigger set-ups were tested and compared: one PT-55 versus two PT-
55’s, positive versus negative PT-55, PT-003/006 versus HV-1000 pre-pulser, and more.
Figure 4.1-4 shows our latest trigger box design with HV-100 pre-pulser and two negative
PT-55 (left picture), and through-housing trigger-line design coming at the opposite side

of driver’s housing out (right picture).

Figure 4.1-4. An x-pinch driver trigger system: trigger box (left); end of the through-
housing trigger-line (right).

4.1.3 Driver brick failures and repairs

After extensive driver testing performed during tests Ne 1-7, a series of driver issues
started to develop: bricks started to fire non-simultaneously and even started to self-fire at
a low charging voltage again as it was observed in our earlier tests Nel1-3. The driver was
taken apart, and some severe cracks were observed in the brick epoxy in the vicinity of the
brick’s-charging line-switch location. Figure 4.1-5 shows examples of such cracks

observed outside and inside of the brick’s epoxy.
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Figure 4.1-5. Cracks developed in a brick’s epoxy: left is outside and right is inside.

All epoxy cracks were carefully cut out and refilling back with 3M Scotch-Cast

electrical epoxy. Figure 4.1-6 shows brick before and after they were repaired.

Figure 4.1-6. Bricks before (left) and after (right) repair.

After bricks were repaired, the driver was reassembled and tested again in a series
of shots of test Ne 9. Unfortunately, the driver failed the second time during this testing
period. It was taken apart and inspected again. After all epoxy cracks were removed, a

further series of cracks was found in one of the brick capacitors as shown in Figure 4.1-7.
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Figure 4.1-7. Cracks in a brick’s capacitor: front crack (left), top crack (right).

The capacitor cracks were sealed under heat, the bricks were repaired back with
epoxy, and the driver was tested again (test Ne 10). All shots were good; the driver operation
was stable; and no more driver failures were observed after the second, brick repairs. Later,
the whole driver was moved without being disassembled to a new location (see Figure

4.1-8). Afterwards, the driver performance was reproducible, reliable, and stable.

-

Figure 4.1-8. 2-LTD-Driver’s movement to a new location.
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4.2 2-LTD-Brick driver short-circuit test performance

Tests Ne 1-4 all were an initial, preliminary testing, designed to eliminate common
problems associated with the fabricated 2-LTD x-pinch driver. Many issues, such as a
multiple arcing inside the driver, pre-fires, and non-synchronized brick triggering, were
addressed and resolved. Several configurations of charging and trigger lines were tested
and the best for our driver were chosen. After a proper driver set-up was established, a
series of tests were performed to estimate the main x-pinch driver electrical characteristics
as discussed in the following sections. Test 6 was designed to measure the total, internal
driver inductance and to estimate the driver resistance. Test 7 was performed to measure

the driver behavior at different initial charge voltages.

4.2.1 Measurements of driver total internal inductance

Results of test Ne 6 are discussed below. A 1.48-cm-long, 2.9-mm-diameter Ni-wire
load was installed in the anode-cathode gap, and immerged into a dielectric oil. The bricks
were initially charged to 80 kV. The Rogowski coil "raw" signal and integrated current for
short Ne 3 are presented in Figure 4.2-1. The maximum current rate-of-rise, achieved in
this short, was about 0.84 kA/ns, the Rogowski peak current was about 185 kA, and the

rise time, 10-90%, was about 220-ns.
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Figure 4.2-1. 2-LTD-brick driver test data with wire load, 08/14/2014, short 3, 80 kV;
black line — Rogowski output current, kA/ns, red line — Rogowski current integral, KA.

The total current, measured in this shot, was compared with LTSpice [71]
simulations, and results are presented in Figure 4.2-2. First, in simulations, the driver
inductance was varied until a good agreement with measured oscillation time was achieved.
The inductance found in simulation, which matches the observed oscillation time
reasonably well, was about 69 nH. Next step was to vary the total driver resistance to match
the observed time-decay constant; the resistance was found to be about 42 mQ. In general,
a good match between the measured currents and the simulated currents was achieved,
however, simulations were not able to reproduce an initial, 80-kV capacitor charge voltage.
Most likely, there were some losses inside the driver, which effectively reduced the initial
voltage down to about 71 kV. After 5 ps, the experimental current starts to deviate from
simulated one. This can be explained by changes in the switch resistance, which starts to

increase at the end of the current pulse.
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Figure 4.2-2. Experimental current with LTSpice simulation; red line — Rogowski
current, 08/14/2014, short 3, 80 kV; blue (dotted) lines — LTSpice simulation.

The total internal inductance of our 2-LTD-brick x-pinch driver can be estimated

as follows. The inductance value found above, 69 nH, is the total driver inductance, which

includes the wire-load value. The wire load inductance in nH can be estimated as:

1

Lload = 2h ln;

0

= 9.12 nH

(4.2-1)

where, the wire length, h, is 1.48 cm, the wire radius, r1, is 1.45 mm, and the inner anode

radius, ro, is 31.75 mm. So, the total internal driver inductance should be equal to:

Lariver = Lmeasured — Lioad = (69 —9.12)nH =~ 60 nH
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4.2.2 Driver behavior at different charging voltages

A series of short-circuit shots, test Ne 7, were performed with a 2.54-cm-long, 5.08-
cm-diameter brass cylinder placed between load-section electrodes and immersed in
dielectric oil. The length of the cathode section was reduced to accommodate the load
length. The non-integrated, electrostatically shielded Rogowski coil was placed inside the
output plate and used to monitor the total load current. A total of 9 shots were performed

for each 60/70/80 kV charging voltage and results are shown in Figure 4.2-3.

2-LTD-brick driver short-circuit test (load is 2" x 1" brass cylinder)

200 =------ 1v ----------------- r -------- average current at 60 kV ----- '

average current at 70 kV

current, kKA

average current at 80 kv

time, ns
Figure 4.2-3. Short-circuit currents at different charging voltage. The load is a 2"-
diameter, 1"-long brass cylinder in dielectric oil.

Table 4.2-1 summarizes the peak-current, rise-time and max current rate-of-rise
values. As can be expected, the peak-current values increased, see (2.2-15), and the rise-
time values decreased, see (2.2-14), as we increase the driver initial charge voltage. The
maximum peak current is about 212 kA for 80-kV case with corresponding maximum dl/dt

of 1.1 kKA/ns.
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Table 4.2-1. Short-circuit-test data with a 2"-diameter, 1"-long brass cylinder.

total number date charge voltage, | peak current, rise time, max dl/dt,
of shorts kv kA 10-90%, ns kA/ns
9 Nov 26 60 148 215 0.7
9 Nov 26 70 181 209 0.9
9 Nov 26 80 212 207 11

4.2.3 2-LTD-Brick 1-kA/ns current rate-of-rise requirement

In summary, the main electrical parameters of our 2-LTD-Brick x-pinch driver (the
total driver internal inductance and resistance, test Ne 6) were evaluated and the driver
performance at different initial charging voltages (peak-current, rise-time, and current rate-

of-rise, test Ne 7) was characterized.

As was discussed in the introduction, the most important driver parameter, crucial
for all future x-pinch driver performances, is the current rate-of-rise. The measured dl/dt,
1.1 kA/ns, presented in Table 4.2-1 satisfies the minimum 1-kA/ns requirement that was
discussed in section 1.4. If the driver would operate at higher voltages, the current rate-of-

rise would only increase, scaling proportionally to the initial charging voltage.

From the data presented in this section, we conclude that one of the main objectives
of this work, which was to build and test a new compact and portable high-current pulse
generator with 1 kA/ns current rate of rise requirement, was successfully met. The last
section deals with testing a variety of x-pinch wire loads and evaluating their x-ray radiation

performance.
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5 2-LTD-BRICK DRIVER RADIATION
PERFORMANCE

5.1 Experimental set-up and x-pinch radiation diagnostics

The typical diagnostics arrangement used in our x-pinch shots is schematically

shown in Figure 5.1-1 and discussed below.

\ \
\
\'\
\ \ Image plate

>\ T _——_Im—g:%—__— — é

, X Pinch \ object o

Y

Figure 5.1-1. X-pinch diagnostics in a typical x-pinch shot.

X Pinch: The x pinch was installed at the center of the vacuum chamber between
the anode and cathode gap having a separation distance of about 1.34 cm and a wire-
crossing angle of about 70 °. The wires were first installed in parallel, and then were twisted
180° or slightly more to insure a proper "just-touching™ x-pinch geometry. The 2-LTD-
Brick driver was initially charged to 80 kV, the vacuum level in vacuum chamber was

below 107 Torr and the brick-switch air pressure was just above 1 atm.

X-Ray Diode: The filtered vacuum x-ray diodes (XRD), described elsewhere [72]

[73], were used as the primary diagnostics of x-pinch radiation and were mounted at the
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output flange at the end of the vacuum chamber’s output port. The source-detector distance
was varied from 20 cm up to 106 cm depending on the magnitude of the radiation signal.
The XRD is composed of a polished vitreous-carbon photocathode and a highly transparent
anode mesh in front of the photocathode to collect emitted photoelectrons. The
photocathode-mesh separation was about 0.52 mm, and all parts were mounted inside an

N-connector housing.

X-Ray filter and aperture: X-ray filters were placed in front of the XRD to protect
the detector mesh and photocathode from x-pinch debris and to select different energy
bands of measured x-ray radiation. The XRD filters were installed just before the XRD, for
shots with ID 100-500, and about 8 cm away from XRD with a magnet installed between
them, for shots with ID 500 and more. The XRD limiting aperture was always installed in-
front of the XRD anode mesh. The inner diameter of the XRD aperture was 0.98 cm in all

our x-pinch shots and used to calculate a solid angle for x-ray measurements.

XRD special housing: To accommodate all XRD, magnets, filter and limiting
aperture inside the output line of vacuum chamber, a special housing was designed as
presented in Appendix H and pictured in Figure 5.1-2 below. The filter was installed at one
end of the housing and the XRD was placed at the opposite end. The Neodymium magnet
was installed between them and served to cleanup any possible high-velocity electrons

before they could reach the XRD mesh-photocathode volume.
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Figure 5.1-2. XRD special housing general vi. .

Screen box: To protect our detection and recording system from electromagnetic
noise, a small, 60-cm x 60-cm x 60-cm screen box was built as pictured in Figure 5.1-3.
The screen box is double-shielded Faraday cage that completely isolates electromagnetic
noise from our detection system during the x-pinch shots. The Tektronix 4-channel, 1-GHz,
5-GS/s oscilloscope, the XRD bias box, the XRD bias power supply, and the external
battery were placed inside a screen box in the vicinity of the 2-LTD-Brick driver. All
diagnostics (Rogowskii, B-Dot, and XRD) were properly connected to our screen box with
a 10-feet-long wire-braid-shielded RG-223/U cables. The performance of our detection

system before and after screen box implementation will be discussed later in this chapter.

Figure 5.1-3. Double-shielded screen box. Front and back view.
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Data analysis code: All experimental data (Rogowskii, B-Dot and XRD scope
channel signals) were processed with a custom Matlab data analysis code, presented, for
reference, in Appendix M. The code allows us to analyze scope data from different
channels, subtract background noise, normalize, re-normalize and integrate signals, make

document-ready figures and print some shot statistics on the screen.

Current diagnostics: In all x-pinch shots, the output driver current was monitored
with the Rogowskii coil as described in Section 3.5.1. Starting from shot with ID 500, a B-
Dot current monitor was installed in a load section and was used as a second current
monitor to ensure that all driver energy was properly delivered to an x-pinch load in a
reasonable time as was described in Section 3.5.2. If the B-Dot signal starts to deviate from
the Rogowskii coil signal at some moment of time earlier than when the x pinch is formed,
the driver’s output acrylic insulator plate at vacuum-plate interface has to be cleaned. In
general, the 2-LTD Driver does not require any maintenance, but after some number of
shots a small deposit of wire material is seen on the acrylic vacuum insulator that can
prevent the total driver energy from reaching the x-pinch load. The minimum required

driver maintenance is described in Appendix N.

All x-pinch wire materials, geometries, and XRD filters, used in our x-pinch
experiments, are listed in Table 5.1-1. The shot ID number is a unique x-pinch shot
identifier composed from three digits: the first digit represents a set number, and the last
two are a shot number for each particular set. The common features of some of our
x pinches are discussed in a following section and a complete list of all shots performed

with our 2-LTD-Brick driver is presented in Appendix O.
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Table 5.1-1. Wire materials and XRD filters tested in x-pinch shots.

X pinch XRD filters Shots ID number*
80/120-um Cu wire x pinch
2x80-um Cu 127-um Mylar, 17-um Al, o . 100-111, 131-139, 146-148, 150-152, 154, 159-161, 504, 509-
12/50-pum Kapton, 2-pum Aluminized Kimfol 511, 625-627
4x80-um Cu 17-um Al, 50-um Kapton 112-115, 140
2x127-pum Cu 12/50-pm Kapton 142, 156
4x127-um Cu 12/50-pm Kapton, Al 1.5-um 116-129, 141, 149, 158
15-pm W-wire X pinch
12/50-pm Kapton,
2x15-pym W 1.5/2.5/4/17- pm Al, 201-258, 505-507, 512-513
25/50/100-um Fe
4x15-pm W 25-um Fe, 12-um Kapton 259, 508
50-um Mo wire x pinches
4x50-pm Mo 25- pm Fe, 12-pum Kapton 301-301, 501-503
Nilaco wire x pinches
2x30-um W 601-608, 628-652
2x20-um W 2-um Aluminized Kimfol 609-613
2x30-pm Mo 614-618
2x30-pm Cu 619-624, 653-658

*Shot ID- first digit is a test number, last two are the shot number.

5.2 XRD filtered response

The XRD spectral sensitivity (also known as XRD filtered response) can be
evaluated with Sandia x-ray radiation detector (XRD) code [74]. The XRD is an x-ray
detector design code, contains library for most common filters and XRD photocathode

materials, and allows for fast calculation of detector-filter package spectral sensitivity.

The XRD bare photocathode quantum efficiency (QE) for the polished carbon

photocathode, used in all our experiments, is shown in Figure 5.2-1.
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Figure 5.2-1. XRD bare quantum efficiency for polished vitreous-carbon photocathode.

The XRD bare photocathode efficiency is usually expressed in A/IMW, and can be

converted from quantum efficiency, QE, to detector response, R, as:

R [ﬁ] = QE [%] X Ey[leV] x 106 (5.2-1)

The XRD filtered response is simply a product of XRD bare efficiency, R(E), times

filter transmission, K(E) :

F(E) = R(E) x K(E) (5.2-2)

Example of calculations of XRD filter efficiency for 2-um Kimfol filter is presented

in Figure 5.2-2. The red line shows the fractional filter transmission curve, and the black

line represents XRD filtered response calculated according to (5.2-2).
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Figure 5.2-2. XRD polished carbon filtered response with 2-pum Kimfol window.

In this case, because the XRD bare efficiency is dropping logarithmically with
increasing energy (See Figure 5.2-1), the total XRD filtered response is mostly sensitive to
low energies photons, up to 3 keV. When a thicker filter is used, the total XRD response
will be only the fractions of A/IMW. Table 5.2-1 presents the maximum XRD filtered

response for several filter materials used in our x-pinch testing experiments.

Table 5.2-1. Maximum XRD filtered response for different filter materials.

Filter XRD Maximum response Fm, Energy at Fm,

photocathode A/IMW eVv

2-um Kimfol Polished Carbon 15.2 257
12-um Kapton Polished Carbon 1.36 1720
50-um Kapton Polished Carbon 0.41 2930
2.5-um Al Polished Carbon 6.35 960
4-um Al Polished Carbon 4.03 1150
17-um Al Polished Carbon 0.92 1560
25-pm Fe Polished Carbon 0.03 7104
50-pm Fe Polished Carbon 0.01 7112
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As can be seen, for example, when 50-um Fe filter is used, the maximum XRD
response is only 0.01 A/MW, which make it difficult to use and analyze XRD data. In

general, the thinner filter is used with XRD, the better the results are.

5.3 Preliminary x-pinch testing

To primarily test our 2-LTD-Brick driver with x-pinch load, a series of initial shots
were performed with 80/127-um copper (Cu), and 15-um tungsten (W) wire x pinches.
Even if all of those shots did not produce any useable data, it was a good experience to
have. First, many improvements in x-ray diagnostics were done, and second, it allowed us

to understand why these initial wires did not generated any good x-pinch data.

Screen box implementation: It happened, that almost half of our initial shots (47
to be precise) were performed without a proper electrical shielding of our detector system.
Figure 5.3-1 shows data for two typical 2x80-um Cu x-pinch shots performed without (top)
and with (bottom) a screen box. The Rogowskii signal (black line) was normalized to
kA/ns, and XRD signal (red line) was observed using a 12-um Kapton filter. As can be
seen, the screen box implementation allowed us to significantly improve the XRD signal-
to-noise ratio (up to 20 times), so XRD signal structure can be clearly observed now,

especially at earlier, up to 300-ns times.
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Shot ID 147, test 11150804, 2x80um Cu (notes: no screen box)
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Shot ID 148, test 11150806, 2x80um Cu (notes: screen box in this and all later shots)
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Figure 5.3-1. Screen box implementation: shot ID 147 no screen box (top), shot ID 148
with screen box (bottom). 2x80-um Cu x pinch.

Shots with 80/127-um Cu x-pinches: Figure 5.3-2 presents two typical shots
performed with 80-um Cu and 127-um Cu wire x pinches. As can be seen, a characteristic
di/dt dip is formed at about 60-70-ns after the start of the current for 2x80-um Cu x pinch,
and at about 160-ns time moment for a shot performed with a 2x127-pum Cu x pinch. Those

characteristic dl/dt dips are observed in all shots, shifted left or right in time, depending on
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x-pinch configuration and wire masses, and, most likely, can be associated with a with wire
plasma separation, when x-pinch diode starts forming, as it was discussed in the
introduction section. Regardless, the XRD signals were always small and wide, but not

high and narrow, as we expected.

Shot ID 161, test 11150811, 2x80um Cu (notes: screen box)
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Shot ID 149, test 1\150806, 4x127um Cu (notes: screen box)
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Figure 5.3-2. 2x80-um (shot ID 161) vs. 2x127-um (shot ID 149) Cu x pinches.

It appears, that 80/127-um Cu wires are not "good" choices for our 2-LTD-Brick

driver in order to generate a "good" x-pinch signal. More about how wire materials and its
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masses affect the x-pinch performance will be discussed in a section 5.4 later. In just one
case, a sharp XRD signal was observed on shot ID 154 with an 80-um Cu x pinch, as
presented in Figure 5.3-3. The peak XRD signal was 0.24 V with FWHM of about 2 ns at
the moment just before the dl/dt dip. We were not able to repeat this shot in any other trials,
and it is not clear why this nice signal was observed.

Shot ID 154, test 11150810, 2x80um Cu (notes: screen box, nice sharp XRD signal)
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Shot ID 154, test 11150810, 2x80um Cu (notes: screen box, nice sharp XRD signal)
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Figure 5.3-3. Shot ID 154 with 80-um Cu x pinches and 2-ns wide XRD signal.
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Shots with 15-pm W Xx pinches: To farther advance our understanding of x-
pinches from different wire materials, a series of shots were performed with two and four
15-um-diameter tungsten-wire x pinches, referred as 2x15-um W or 4x15-um W,

correspondingly, as described below.

Figure 5.3-4 presents typical 2x15-um W x-pinch shots performed with different
filter materials. The Rogowskii signal was normalized to kA/ns (left plots) and integrated
to a total current (right plots). The XRD signal was observed with 12-um Kapton (1% row),
2.5-um Al (2" row), 4.0-um Al (3" row), and 25-um Fe (4™ row) filter windows with

source-detector distance 90.2 cm, 105.9 cm, 49.5 cm, and 49.6 cm, correspondingly.
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Shot ID 244, test 21151105, 2x15um W (notes: ) Shot ID 244, test 21151105, 2x15um W (notes: )
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Figure 5.3-4. 2x15-um W x pinches with 12-um Kapton (1% row), 2.5-um Al (2" row), 4-
um Al (3 row), and 25-um Fe (4" row) filters.

The XRD signals, observed for all 2x15-um W x pinches, in general, have
complicated, not reproducible from shot-to-shot structures. Sometimes there was one, wide
XRD peak, sometimes a few, wide peak structures were observed, or more complicated

structures were developed at different moments of time.
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Just in a few cases, narrow, well-separated XRD signals were observed with 2x15-
um W x pinches, as presented in Figure 5.3-5 for shot ID 201. The XRD was filtered with
12-um Kapton window and source-detector distance was about 21 cm. The peak XRD
signal was 3.6 V with FWHM of about 2 ns at the moment of about 230 ns just before the
dl/dt dip was formed. The corresponding current value at the moment of current dip was

about 160 kA. Even though it seems to be a "good" x pinch, it was never reproduced again.
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-400 -200 0 200 400 600 800 1000 1200 1400 1600
time, ns
Shot ID 201, test 21150812, 2x15um W (notes: Kap inside XRD)
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- (0]
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Shot ID 201, test 21150812, 2x15um W (notes: Kap inside XRD)
T T T T
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Figure 5.3-5. Shot ID 201 with 2x15-pum W x pinch and 2-ns wide XRD signal.
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A few shots (ID 259 and ID 508) were also performed with a 4-wire x-pinch
geometry (referred as 4x15-pum W x pinch) and both of them, for reference, are presented
in Figure 5.3-6. For a first shot (ID 259), a clear dl/dt dip was observed, while for a second
one (ID 508) no such a dip was visible, and XRD signal had multiple, complicated
structures. The first shot was performed with 25-pum-thick Fe window in-front of XRD,

and the second shot was with 12-um Kapton window.
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Figure 5.3-6. Shots with 4x15-um W x pinches. 1D 259 (left) and ID 508 (right).
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As it was already with 80/127-pum Cu wire x pinches, the discussed here 15-um W-
wires x pinches are not a "good" choice for our 2-LTD-Brick driver as well. In a present
case, the wires are too thin, and cannot be successfully pinched into a "hot spot” and to
generate a sharp x-ray signal. Some shots (both with 80/127-um W and 15-pm W wires)
produced a sharp, about 2-ns wide, well-separate x-ray signal, which can be associated with
a "good" x-pinch radiation performance. However such shots are likely exceptions, rather
than a rule, and could not be repeated later. We will come back to this topic in a next

section.

5.4 Selection of ""good" x pinches for 2-LTD-Brick driver

It appears, that not all x pinches are able to generate a "good" x-pinch radiation
signal. First, x-pinch radiation performance is strongly correlated with the choice of wire
materials, wire geometries, and their masses [12] [75]. And, second, even if a proper x-
pinch configuration has been established for a one particular radiation driver, it might not

be a "good" choice for a different driver [41] [48].

Some authors suggest [48] that a simple scaling parameter, which can help to

predict a proper x pinches for a different drivers, can be used:

I%t?p

(5.4-1)

~ const

Here, 1 is the driver’s peak current, t is the time of X-pinch compression, M is linear mass
and p is a wire density, usually, in the moment of x-pinch radiation burst. Because the

actual state of the matter at the moment of x-pinch collapse is difficult, if not impossible,
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to evaluate, we will assume in all our next discussion, that the linear mass and density are

in an initial "cold" wire state.

The scaling parameter (5.4-1) was analyzed in a way similar to [48] and results of
these calculations are presented in Table 5.4-1. The data are grouped in a three different
sections: the first part of table shows data taken from [48] with some extensions for other
x-pinch drivers; the second part evaluates scaling parameters for shots performed with our
2-LTD-Brick driver discussed in previous sections; and a last, third part makes some

predictions, which x-pinch configurations would be "good" choices for our next shots.

Table 5.4-1. X-pinch scaling parameters for different radiation machines.

Material Driver X pinches L:\zei;;zﬁs 'tl'lr:se Clurlz'ear\n K A*r!ts/’lzg m Iug X % 10° Ref/notes
X pinches from different radiation machines
BIN 4x%20 129 36 240 67 05 [48]
XP 2x175 49 36 240 175 3.1 [48]
Mo XP 4x25 202 65 460 148 2.3 [48]
SPAS 4x30 291 180 250 155 25 [48]
PIAF 2x25 101 188 130 242 6.0 [46]
1LTD 4x13 55 130 110 262 7.1 [76]
Don 4x8 39 42 120 130 3.3 [48]
BIN 4x13 102 67 190 125 3.0 [48]
XP 2x10 30 58 70 134 35 [48]
W XP 2x175 93 45 250 122 2.8 [48]
XP 4x20 242 47 500 97 18 [48]
COBRA 19x25 1794 100 1000 56 0.6 [48]
SPAS 4x20 242 140 240 139 3.7 [48]
X pinches tested with 2-LTD-Brick driver in our initial shots
2x80 900 60" 377 2 0.001 shot ID 151
4x80 1801 85" 62" 3 0.001 shot ID 115
Cu 2-LTD 2x127 2026 100" 73™ 4 0.001 shot ID 142
4 x 127 4051 165" 116™ 5 0.002 shot ID 149
2x15 68 220" 160™ 518 51.6 shot ID 203
w LD | 4x1s 136 2000 | 131* 193 7.1 shot ID 259
Mo 2-LTD 2x50 403 dl/dt not observed
X pinches suggested for a 2-LTD-Brick driver next testing
2x25 88 200 130 296 7.8
Cu 2-LTD 2x30 127 200 135 213 41
2x35 172 200 140 162 2.4
2x25 101 220 140 305 9.6
Mo 2-LTD 2x30 145 220 145 220 5.0
2x35 198 220 150 167 2.9
2x20 121 240 160 318 19.4
w 2-LTD 2x25 189 240 165 210 8.5
2x30 272 240 170 150 4.3
* time at the moment of dl/dt dip;
** current at the moment of dl/dt dip.
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As can be seen, the scaling parameter (5.4-1) varies from just below 1 up to 7 for
setups listed in first part of the table. For radiation machines with a higher dl/dt (BIN, XP,
SPAS, etc.) the scaling parameters is usually low, and for radiation machines with dl/dt
close to 1 (PIAF and similar) the scaling parameter is usually higher.

It appears, that almost all our x pinches, tested so far with our 2-LTD-Brick driver,
were not "good" choices. For 80/127-um Cu wires, the scaling parameters were too small,
almost zero, and for 2x15-um W x pinches, the scaling parameter was too high, above 50.
The wires we tested were either too thick (80/127-um Cu) or too thin (2x15-um W) in order
to be properly pinched by our 2-LTD-Brick driver. The shots performed with 4x15-um W
X pinches seems to have a right scaling parameter, about 7, but for some other reasons, no

good x-pinch signals were "observed".

In a last section of table, we predict some x pinches, which could be "good" choices
for our 2-LTD-Brick driver. The most difficult part of the prediction is the unknown values
of time and current at the moment of "hot spot™ formation, which are hard to predict until
a real x pinch has been tested. Some reasonable values were assumed, and scaling
parameters were calculated for a few Cu, Mo and W wires x pinches. Some of these

x pinches will be tested and discussed in the following sections.

5.5 2-LTD-Brick Driver x-pinch timing performance

Based on anticipated "good" x-pinch radiation performance (see last section of
Table 5.4-1), 30-pm Cu, 20/30-um W, and 30-um Mo wire materials were selected for our

final x-pinch radiation performance testing experiment. The basic geometries and shots 1D
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numbers for these x pinches are briefly summarized in Table 5.5-1 and a complete list of

all shots performed is presented in Appendix N.

Table 5.5-1. List of shots with 20/30-um W, 30-um Mo and 30-pum Cu wires.

_ _ XRD
X-pinch config. - - Shots ID *
filter distance, cm | aperture, cm
2x30-pm Cu 2-pum Kimfol 105.9 0.98 619-624
2x20-um W 2-um Kimfol 105.9 0.98 609-613
2x30-um W 2-um Kimfol 105.9 0.98 601-608
2x30-um Mo 2-um Kimfol 105.9 0.98 614-618
* Shot ID- first digit is a test number, last two are the shot number.

A thin, 2-um-thick aluminized (about 1-nm) Kimfol filter was installed in front of
XRD with magnets placed between them as described in section 5.1. The filter transmission
curve and XRD filtered response are presented in Figure 5.2-2. As can be seen, the XRD-
filter is primarily sensitive to x rays from about 120 to 285 eV and from 400 up to 2400 eV
for 10% sensitivity threshold with the maximum sensitivity of about 15.2 A/MW at about

260 eV.

5.5.1 Shots with 2x30-pm Cu X pinches

A series of 6 shots were performed with 2x30-um Cu x pinches and some of them
are in Figure 5.5-1. The Rogowskii signal is normalized to kA/ns (black line, left plot) and
integrated to a total current (black line, right plot). The XRD signal (red line) is shown at
both, left and right, plots. As can be seen, sharp, well-separated XRD signals are always
formed about 200 ns after the start of the current. However, sometimes a second, more

powerful peak is developed immediately after the first one (shot ID 620 in the second row),
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or more complicated, multi-peaks structures are developed at later times (shot ID 624 in
the last row). Those later peaks do not seem to be reproducible and this load requires more

study.
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Figure 5.5-1. 2x30-um Cu x pinches with single-peak (shot 1D 619), two-peaks (shot
ID 620), and multi-peaks (shot 1D 624) structures.

In general, a sharp and fast XRD signals were always formed at 185-223-ns time
window after the current start. The signal width varied from 3 to 6 ns and the peak

amplitude varied from 6 t0 9.9 V.
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5.5.2 Shots with 2x20-pm W X pinches

A total of 5 shots were performed with 2x20-um W x pinches, and three typical
shots are shown in Figure 5.5-2. The situations with these x pinches are very similar to
those with 2x20-um Cu x pinches: a fast and bright XRD signal is initially formed at
predictable time (first row of Figure 5.5-2), sometimes more complicated multi-peaks
structures develop later in time (second row of Figure 5.5-2), and even first the peak
develops at a later time when second peak structures are more pronounced (last row of

Figure 5.5-2).
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Figure 5.5-2. 2x20-um W x pinches with single-peak (shot ID 609), multi-peaks (shot
ID 611), and a later peak (shot ID 612) structures.
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In general, out of 4 shots, except of shot with ID 612, when the peak of the XRD
signal was formed at a later time, sharp fast XRD signals were always formed at 146-165-
ns time window after the current start. The signal width varied from 3 to 8 ns and the peak

amplitude varied from 5.6 t0 9.0 V.

5.5.3 Shots with 2x30-pum W X pinches

A total of 33 shots were performed with 2x30-um W x pinches, 8 initial shots to
establish a timing performance, and 25 extra shots with an imaging plate that will be
discussed at the next section. All shots, except several problematic ones when no clear
XRD signal were observed, were included in timing performance analysis.

Figure 5.5-3 presents a few typical shots observed with 2x30-um W x pinch. Shot
ID 608 (first row of Figure 5.5-3) represents a "good" shot when a well-separated, about
3-ns wide XRD signal is formed just before the dl/dt dip at about 269 ns after the start of
the current at the level of about 162 kA. Shot ID 632 (second row of Figure 5.5-3) is an
example when secondary peaks develop immediately after the first peak. Shot ID 643 (last
row of Figure 5.5-3) is an example when a not so narrow first peak is formed and when

multiple XRD peak structures developed at a later time.
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Shot ID 608, test 6\160201, 2x30um W (notes: ) Shot ID 608, test 61160201, 2x30um W (notes: )
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Figure 5.5-3. 2x30-um W x pinches with single-peak (shot ID 609), three-peaks (shot
ID 611), and multi-peaks (shot 1D 612) structures.

In a series of 33 shots performed with 2x30-um W x pinches, a total of 22 shots
generated a fast and sharp XRD signal in the 219-359-ns time window after current start.

The signal width varied from 2 to 16 ns and the peak amplitude from 3.6 to 17.4 V.

5.5.4 Shots with 2x30-pm Mo X pinches

The best and the most reproducible x-pinch signals were formed with 2x30-pum Mo

x pinches. In a series of 11 shots, a total of 9 shots always produced bright and fast XRD
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peaks at 188-247-ns time window after current start. Typical x-pinch shots are presented
in Figure 5.5-4. As can be seen, a very bright and fast XRD signal (first and second rows
in Figure 5.5-4) is formed at about 200 ns after the start of the current. The width of the
observed peaks is about 2 ns and the peak signals are about 10.6 V and 15.9 V for shot
IDs 616 and 657, respectively. The shot ID 617 (third row in Figure 5.5-4) represents the
case when the structure from two peaks overlaps and the total measured pulse width is

about 6 ns.
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Figure 5.5-4. 2x30-pm Mo x pinches with single-peak (shot ID 616 and 627), and double-
peaks (shot ID 617) structures.

100



In general, the measured width of the observed XRD signals varied from 2 to 6 ns

and the peak amplitudes varied from 8.3 to 18.4 V. Sometimes secondary peaks were

immediately following after the first one, but minimal or no secondary structures were

developed in a later times as was observed with W and Cu x pinches.

5.5.5 Summary of timing performance of "'good" x pinches

Table 5.5-2 summarizes the timing performance for shots with 20/30-um W, 20-

um Mo and 30-um Cu x pinches. Only shots, when a clear first XRD signal was observed,

were analyzed, and for each shot, the XRD peak was selected when the maximum XRD

signal was observed. It usually the first XRD peak for 20/30-um W and 30-um Mo

X pinches, or can be a later peak for 30-um Cu x pinches, when secondary peaks can be

higher.
Table 5.5-2. X pinches timing performance.
X-pinch XRD peak XRD peak time, ns XRD peak current, kA
. - Comments
config. width
avg std range avg | std range
2x30-um Cu 3-6 197 17 185-223 149 9 140-164 | 5 out of 6 shots
2x20-um W 3-8 174 44 146-251 123 19 | 111-157 | 5 out of 5 shots
2x30-um W 2-16 270 29 219-359 164 7 144-175 | 22 out of 33 shots
2x30-um Mo 2-6 210 21 188-247 144 5 136-151 | 9 out of 11 shots

Figure 5.5-5 represents the timing performance for the different x pinches discussed

above, where for each x-pinch configuration, the average time when the maximum XRD

peak is observed and its standard deviation is plotted. As can be seen, the time interval,

when the first XRD peaks are observed, varies from about 150 ns up to 285 ns. That can
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be a useful tool, when a bright and fast x-pinch signal is needed to make images of different

rapidly evolving systems at different time stamps.

First peak x-pinch timing performance

2x30-um W - P———
2x30-um Mo - e
2%x30-um Cu [ P
2%20-um W [
1 1 1 1 1 1 1 1 ]
140 160 180 200 220 240 260 280 300
time, ns

Figure 5.5-5. Timing performance for 2x20-um W, 2x30-um Cu, 2x30-um Mo, and
2x30-um W x pinches.

The best performance was achieved with 2x30-pm Mo x pinches, when sharp 2-6-
ns wide XRD signals were always generated in the 190-250-ns time window after current
start. Such XRD signals, most likely, can be associated with one "hot spot™ formed at a

predictable location and a predictable time, as was discussed in the introduction.

The worst timing performances were with the 2x30-um Cu x pinches, when multi-
peaks structures were often formed in a later times. Such multiple structure can be, most
likely, associated with multiple "hot spots™ formation at a later times, which is common for

a low-Z wire materials.

The W x pinches seemed to perform as well as Mo x pinches, however, sometimes,
no XRD sharp signals were observed at all, or secondary x-ray peaks were formed
immediately after the first one. It looks like the wire diameter used for W x-pinch tests has

to be further optimized in order to achieve the better x-pinch timing performance.
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The fact that not all x-pinch shots always produced a bright and fast XRD signal
can also be related to the way how the wires touch, what is the twist angle between two
wires [77], what is the weight applied to wires, what is the wire material quality and purity,
and more. We attempted to study some of those possible correlations, but we cannot make

any sound conclusions at the present time.

5.6 X-pinch radiation power, energy and flux

To estimate the total radiation x-pinch power the following procedure was
developed. The XRD signal at each moment t, assuming isotropic source, is a convolution

of unknown x-ray spectrum S(E,t) with XRD filtered response F(E):

V(t) =500 x

yp—y j S(E,t)F(E)dE (5.6-1)

where V(t) is XRD signal in V;
a is XRD aperture area;
R is a source-detector distance;
S(E,t) is unknown source power spectrum in MW/eV;
F(E) is XRD filtered response in AIMW.

It has to be noted, that the unknown spectrum S(E,t), as it written in (4.2-2),

corresponds to some fraction of a total unknown source spectrum, visible with XRD
detector. If one want to estimate the absolute total source x-ray spectrum, it has to be
normalized to a total source area, which in many cases is unknown. For full description of

the integral, see [73].
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Replacing F(E) with its maximum values Fmax, We can rewrite (5.6-2) with a

following inequality:

a
V(£ < 500X o X Fo f S(E, t)dE

a (5.6-2)
=500 x W X Fmax X S(t)

Then the total x-ray radiation power at each moment t can be estimated as:

a
41TR?

S() = V(b /son/( ) JF oy (5.6-3)

where S(t) is unknown total power spectrum in MW;

The expression (5.6-3) gives a lower estimate of the total x-ray radiated power (in
MW) measured by XRD detector at each moment t. The true x-ray source power value will

always be higher.

The power calculation, performed according to (5.6-3) for shot ID 616 with 2x30-
um Mo x pinches, is presented in Figure 5.6-1. The source detector distance was about
105.9 cm, the XRD aperture diameter was about 0.98 cm and the corresponding solid angle
was about 6.7x10°. The XRD filter was 2-um-thick Aluminized Kimfol foil with the

maximum sensitivity Fmax of about 15.2 A/IMW at 260 eV as shown earlier in Figure 5.2-2.
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Figure 5.6-1. The minimum radiation power for shot ID 616 with 30-um Mo x pinch and
2-um-thick Kimfol XRD filter.

As can be seen, the measured power from the 30-um Mo X pinch on this particular
shot is about 2,616 MW for photon energies between 120 - 285 eV and 400 - 2400 eV.
(See Figure 5.2-2 for the sensitivity range.) This measured power is a lower bound of the
source power assuming all photons are emitted at 260 eV for a maximum XRD sensitivity.
The actual x-pinch radiation power will be only larger, but cannot be estimated with a

single XRD detector.

To estimate the total x-ray energy delivered near peak XRD power and during the
entire shot, the XRD power signal was integrated from 0 to 205 ns and from O up to
1000 ns, correspondingly. In addition, to estimate the total x-ray energy radiated during the
fast XRD pulse, the power curve at Figure 5.6-1 was also integrated from 202 to about
208 ns. The results of these integrations are summarized in Table 5.6-1. As can be seen,

there are at least 9.2 J of photons between 120 - 285 eV and 400 - 2400 eV delivered at the
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moment of radiation burst, and at least 44 J and 135 J of photon energies delivered at the

moment of XRD peak and during the entire shot, correspondingly.

Table 5.6-1. Total x-ray energy delivered at different time intervals for shot ID 616.

X pinch shot ID filter Time interval, ns at least energy, J
2x30 Mo 616 2-um Kimfol 202-208 9.2
2x30 Mo 616 2-um Kimfol 0-205 44
2x30 Mo 616 2-um Kimfol 0-1000 135

It would be also interesting to estimate the corresponding photon flux. For
simplicity, let say, all photons are at 260 eV at the maximum XRD sensitivity. Then, the

total number of photons delivered during the XRD pulse is:

hotons -
N, =9.2] X (0.62x10%eV/])/ 260eV = 2.2 x 1017ppuT (56 4)

As can be seen, our 30-um Mo x pinch is capable of delivering an extremely bright
radiation pulse with more than 10! low-energy photons per pulse, that opens up

possibilities for many applications when a high photon flux is desired.

5.7 '""Hot spot" radiation size prediction

As was discussed in the introduction, "good™ x pinches can be characterized by a
few unique radiation parameters, which are extremely difficult to simultaneously achieve
in other known radiation sources: the radiation pulse is fast (a few ns or less), the radiation
source size is small (a few pm) and the radiation power is large (GW or more).

In a few previous sections, we showed that our 2-LTD-Brick driver is capable of

generating a fast (2-4 ns) and bright (more than 2 GW) x-ray radiation pulse for shots
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performed with our best x pinches. We will discuss some direct measurements of the
radiation source size in a next section, however, the radiation "hot spot" size can be also

estimated using a simple scaling relation [27] as:

- 1_1_942_% (5.7-1)

where r is a "hot spot" size in um, I is the load current in kA and Z is an x-pinch wire atomic
number.

Table 5.7-1 presents the "hot spot™ radius predictions for 20/30-um W and 30-pum
Mo x pinches. The 30-um Cu x pinches often generate multiple radiation "hot spots”, and
are not included in this analysis. The current value corresponds to a moment in time when

the XRD peak power was observed for each particular x-pinch shot.

Table 5.7-1. "Hot spot” size predictions.

X-plr)ch shot ID Z Current I, kA hot spot radius, um
config.
2x30W 606 74 156 3
2x20W 611 74 112 5
2 x 30 Mo 615 42 136 8

As can be seen, the predicted "hot spot™ radii varies from 3-pum for 2 x 30-um W x-
pinches up to 8-um for 2 x 30-um Mo x pinches and are in a good agreement with some

direct measurements [3] [12] [13].
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6 X-PINCH IMAGING PERFORMANCE

After a proper set of x-pinch configurations was established and "good" radiation
performance of the constructed 2-LTD-Brick driver was demonstrated, a series of imaging
experiments were performed to further advance our understanding of x-pinch radiation
source parameters and to show some possible applications. We have used a pinhole camera
to measure the time-integrated x-pinch radiation "hot spot™ size, and a step-wedge filter to
evaluate a time-integrated spectrum in the energy range above 10 keV as described in the

following few sections.

6.1 Experimental set-up

The experiment set up in our typical imaging experiment is schematically shown in
Figure 6.1-1. The objects, which can be a pinhole camera, a step-wedge filter, or other
small objects under irradiation, were placed at the distance R1 from the x-pinch radiation
source. An imaging plate was usually installed at the end of the vacuum chamber output

port at distance R2 from the object.
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Figure 6.1-1. Source-object-plate arrangement in a typical imaging experiment.

The image was recorded with Gendex Phosphor Storage Plate (PSP) plate enclosed
inside one or several layers of Al thin foil and scanned with Gendex DenOptix QSD system
[78]. The spatial resolution of the Gendex PSP plate is reported [79] to be about 11 Ip/mm
(line pairs per millimeter) at DenOptix 600-dpi scan, but from [80] is usually limited to
about 100 um to 110 um of the best resolved object size. The image was initially processed

with ImageJ [81] and further analyzed with a custom Matlab code.

6.2 Pinhole camera image experiment

The pinhole camera can be used to measure the time-integrated radiation source
size of a small emitting object as described below. If the radiation source can be
approximated by the point-like object, the pinhole will form a sharp image as shown in

Figure 6.2-1.
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R1 R2

Figure 6.2-1. Point-size pinhole camera image.

When the source size is finite, but still small, the camera will still produce a pinhole

image, but with a penumbra, as schematically shown in Figure 6.2-2.

Figure 6.2-2. Finite-size pinhole camera penumbra image.

The magnification M of a pinhole camera, the pinhole image size b, and source

penumbray are related by simple geometrical relations:
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R4
b= Mxa (6.2-2)
= Mxx (6.2-3)

2x30-um W pinhole x-pinch images: The sizes of radiating sources can be
estimated by analyzing the density profile of the penumbra image for a given camera
geometry using relation (6.2-3). Figure 6.2-3 presents two, pinhole-camera images
obtained from 2x30-um W x pinches. The left picture shows a 1-mm-diameter pinhole
image (shot ID 632) located 71-mm away from a source, and the right corresponds to a
220-pum-diameter pinhole (shot ID 634) located about 72-mm away from a source with
magnification geometries of about 3.7 and 5.0, respectively. Both images were recorded

with Gendex PSP plate enclosed in 17-pum-thick Al foil.

Figure 6.2-3. 2x30-um W x-pinch images made with 1-mm (left) and 220-um (right)
pinhole cameras.
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A clear pinhole image can be observed each cases which indicates that the radiation
source size is much smaller than the pinhole diameter. Unfortunately, there were several
problems with each shot, which makes it difficult to analyze the radiation source size. First,
there were several XRD peak structures observed for the shot with 1-mm pinhole camera,
and, second, the PSP plate was heavily saturated at the pinhole area for 220-um pinhole
image. The density profile of 1-mm and 220-um pinhole images are shown in Figure 6.2-4.
The radiation source size can be only roughly approximated to be about 30-um or so, but
no multiple source structures can be ruled out due to the shot complications mentioned
above. Unfortunately, because of the limited supply of 30-um-diameter W wire, we were

not able to retake this data. This will be performed in future work outside this dissertation.
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Figure 6.2-4. Density profile of 1-mm (left) and 220-um (right) pinholes made with
2x30-pm W x pinches.

2x30-pum Mo pinhole x-pinch images: Figure 6.2-5 shows a 220-pum-diameter
pinhole camera image obtained with 2x30-um Mo x pinch for shot ID 657. The source-
object distance was 65 mm, and magnification of pinhole camera for this shot was about
5.5. The image was recorded with Gendex PSP plate enclosed in 17-um-thick Al foil. As
can be seen, a very bright and high-contrast image of the pinhole is clearly observed (left

image) with a density profile that is not saturated in the pinhole image region (right image).
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Figure 6.2-5. A 220-um-diameter pinhole image (left) and the density profile (right) from
2x30-pum Mo x pinch with 5.5X magnification.

The density profile of 220-um pinhole image was analyzed with the earlier formula
(6.2-3) to estimate the x-pinch radiation source size objects. The top plot presents the
density profile of the pinhole image normalized to unity, and the bottom plot represents the
derivative of the above density profile. The FWHM of the right-hand dip seen in the
derivative is ~120 pum, which corresponds to about 22-um radiation source size given the
magnification of the camera.

Density profile, shot ID 657, 03/25/2016
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Figure 6.2-6. A 220-um-diameter pinhole-image density profile (top) and its derivative
(bottom) from 2x30-pum Mo x-pinch with a 5.5 magnification.

Figure 6.2-7 shows exactly the same 220-um-diameter pinhole camera image from

2x30-pum Mo x pinch, shot ID 659, but with a magnification geometry of 10.3.
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Figure 6.2-7. A 220-um-diameter pinhole image and its density profile from 2x30-um
Mo x pinch with 10.3X magnification.

Again, by analyzing the density profile of the penumbra image, the radiation source
size for this case can be estimated to be:

120 ym/10.3 = 12 pm (6.2-4)

The small values of radiation source size makes the x pinch a very attractive tool
for high-resolution imaging of a small objects transparent to x-pinch radiation. As was
indicated earlier (see the introduction for other x-pinch radiation machines and Table 5.7-1
for "hot spot" size predictions), the radiation source size is likely much smaller then
evaluated here. Indeed, the penumbra size, we saw in our image experiment, was limited
by the Gendex PSP plate spatial resolution (about 100 pum to 110 um as was pointed in
section 6.1), and higher quality image plates would be needed for a more precise x-pinch
"hot spot" size calculation. In addition, the images obtained so far were time-integrated,
and the overlapping effects from a moving "hot spot", or, even from multiple "hot-spot"

objects, can blur the resulting image. Figure 6.2-8 presents a 220-pum-diameter pinhole
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image from 2x30-pum Mo X pinch (shot ID 656) when multiple spots can be observed. It is
also interesting to see, that a bright neck structure and the x-pinch jet are formed at about

240-um distance from the brightest "hot spot™ object.

Figure 6.2-8. A time-integrated 220-um-diameter pinhole image from 2x30-um Mo
X pinch.

6.3 Step-wedge spectrum deconvolution

A step-wedge-filter density profile can be described by the following convolution

integral of the unknown source spectrum and the step-wedge response function as follow:

E,

D;=A f S(E,t)F;(E)dEdt (6.3-1)

Eq

where
Di is the measured density profile from a step-wedge filter;
A is the normalization constant;
S(E, t) is an unknown source spectrum;

Fi is the response function of a step-wedge filter at particular step i;
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E: and E; are the integration limits.

The image-plate response function is assumed to be constant, and so, can be
included in a normalization constant A. The goal of this section is to evaluate the unknown

time-integrated spectrum S(E) at the energy range of the step-wedge filter sensitivity.

Figure 6.3-1 presents a typical step-wedge image obtained from 2x30-um W
x pinch at shot ID 651. The Al step-wedge filter was placed at the distance of about 36 cm
away from x-pinch radiation source, and the Gendex PSP image plate was placed just
behind the filter.

Figure 6.3-1. Al step-wedge image from 2x30-um W x pinch.

The step-wedge filter response function for each of the filter steps was evaluated
with XRD code [68] and presented in Figure 6.3-2.
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Figure 6.3-2. Al step-wedge response function.

The unknown spectrum in the energy range of the filter sensitivity was assumed to

follow the exponential law with unknown temperature T:

S(E) = Be kT (6.3-2)

where
hv is the x-ray energy in eV;
k is Boltzmann’s constant;

KT is the spectrum temperature in eV.
A series of simulations were run to evaluate the convolution integral (6.3-1)
assuming spectrum (6.3-2) and to compare it with measured density profile for shot ID 651

presented above. Results of this analysis for some initial range of temperatures T are

presented in Figure 6.3-3.
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Al step-wedge density profile, data vs. simulations
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Figure 6.3-3. Density profile simulations for a 2x30-um W x pinch.

As can be seen, the best fit to the experimental density profiles is observed when
the exponential spectrum with a temperature of (3.4+0.1) keV is assumed in simulations.
The error was evaluated by running the simulation with very fine temperature steps and by
selecting all simulations which fit the experimental bars. This approximation is valid in the

energy range of the step wedge filter sensitivity from about 9 keV up to 23 keV.

Figure 6.3-4 presents the density profile data for shot ID 653 performed with a
2x30-um Mo x pinch and we compare these data with simulations as described above. As
can be seen, the data can be fairly well explained when the exponential spectrum with

temperature T of about (4.5+0.2) keV is assumed in simulation.
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Al step-wedge density profile, data vs. simulations
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Figure 6.3-4. Density profile simulations for a 2x30-um Mo x pinch.

To conclude, we developed a method to evaluate a time-integrated spectrum at the
energy range from 9 keV to about 23 keV based on analysis of density profile function of
Al step-wedge filter. For 2x30-um W x pinches, the time-integrated x-ray spectrum can be
approximated by an exponential shape having a temperature of about (3.4+0.1) keV, and
for 2x30-um Mo x-pinches the temperature is about (4.5+0.2) keV. We expect a higher-Z
plasma to have a lower temperature due to radiative cooling, which is in qualitative

agreement with a present measurements.

119



7 CONCLUSIONS AND REMARKS

The main objective of this work was to develop and test a new, compact and
portable high-current pulse generator for x-pinch applications at the ldaho Accelerator
Center. Below is a brief summary of what has been accomplished and what can be done in

the future.

7.1 X-pinch driver development and simulations

The literature suggests the current rate-of-rise delivered to a low-inductance x-
pinch load must be at least 1 kA/ns with a peak current amplitude of at least 100 kKA. We
singled out these parameters as the main design criteria that our new high-current pulse

generator must satisfy to successfully drive an x-pinch load.

Three different designs for the development of an x pinch, plasma-radiation-source
generator at the Idaho Accelerator Center were initially considered: 1) an x pinch, plasma-
radiation-source generator that incorporates the existing ISIS Marx power supply and
pulse-forming lines (PFLs); 2) an x-pinch driver based on low-inductance capacitors and
switches; and 3) an x-pinch high-current pulse generator based on LTD technology. Each
of these different designs was carefully evaluated and reported [50] - [54], and the last

option was seen as the most promising one.

Our final design is based on two "slow", LTD bricks coupled to a low-inductance
x-pinch load. A simple electrical model of 2-LTD-Brick driver was developed and

SCREAMER simulations predicted that the LTD driver could deliver about 180-kA peak
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current into an x-pinch load with a 160-ns, 10-90%, rise time when it fully charged 100 kV.
The corresponding maximum current rate of rise is about 1.4 kA/ns, which is above the

required 1 kA/ns value.

7.2 Mechanical design and high-current diagnostics

Mechanically, we managed to place two LTD bricks inside one solid unit. Our
design minimizes the total driver inductance and makes it compact and portable. The driver
requires no oil or SFe—gas systems to operate, and can be easily relocated to a new
experimental site without being disassembled. The size of our driver is only 0.7x0.3x0.3

meters and it weighs about 90 kg.

We built electrostatically shielded, non-integrating Rogowski coil with a very good
signal-to-noise ratio and placed it inside our driver to monitor the total current delivered to
an x-pinch load. We developed a calibration method that allows us to calibrate our

Rogowski coil with accuracy better than 1%.

In addition, a B-Dot current monitor was fabricated and was installed in the inner
anode-cathode section, to directly monitor the current reaching the load. The B-Dot current
monitor was cross-calibrated with the Rogowskii coil. This allowed us to determine if all

driver energy reached the x-pinch load.

Many 2-LTD-Brick driver configurations (charging line, trigger line, etc,) were
initially tested, and many technical problems related to driver failures were solved. In
summary, after a lot of trial and error, a "good" working driver configuration was

established that delivered a high-current pulse to low-inductance x-pinch loads. After a
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stable, working driver configuration was established, more than 200 x-pinch shots were
performed without any driver failures. Once built and optimized, the driver was amazingly

stable in operation and required little or no maintenance.

7.3 2-LTD-Brick driver electrical characteristics

To estimate driver electrical parameters a series of short-circuit tests were
performed with 1.48-cm-long, 2.9-mm-diameter Ni-wire load installed in the anode-
cathode gap and immersed into dielectric oil. The total driver inductance and resistance
were evaluated by comparison the experimental data with LTSpice LCR model, and they
were found to be 69 nH and 42 mQ, respectively. After subtracting the wire inductance,
the total internal inductance of our driver was estimated to be about 60 nH. This small
driver inductance value allows for effective coupling of our driver to a low-inductance, x-

pinch load with the required 1-kA/ns current rate-of-rise.

In addition, to estimate the 2-LTD-Brick driver performance at different charging
voltages, a series of shot-circuit tests with 2.54-cm-long, 5.08-cm-diameter brass-cylinder
load was performed and was reported [55] [56]. It was found that the driver could deliver
about 150/180/210-kA peak-current when it was charged to 60/70/80-kV, respectively. The
corresponding current rise times, 10-90%, were about 215/209/207 ns and max dI/dt was

about 0.7/0.9/1.1 kA/ns.
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7.4 Summary of the driver’s x-pinch radiation performance

The radiation performance of the constructed 2-LTD-Brick driver was evaluated
for several different x pinches and reported [57] [58] [59] [60] [61]. A single x-ray diode
(XRD) with different filters was used as the primary diagnostic tool to monitor x-pinch
radiated x-ray power. A special method was developed to estimate the total x-pinch

radiation power and energy.

It appears, that not all x-pinch materials and configurations are "good" choices for
our 2-LTD-Brick driver at 80 kV. Shots with 80/127-um Cu and 15-uym W wires reveal
some potential problems and we addressed one method to select x pinches having a "good"
radiation performance. The wire materials were either too thick (for 80/127-um Cu
X pinches), or too thin (for 15-um W x pinches), and proper wire materials and their

thickness were selected, based on driver scaling parameters.

Shots, performed with 2x20-um W, 2x30-um W and 2x30-um Mo x pinches
revealed "good" x-pinch radiation performance with our new 2-LTD-Brick driver: fast and
bright XRD signals were always formed at a predictable time. The best x-pinch radiation
performance was achieved with 30-um-diameter Mo wires, when 2- to 6-ns wide XRD
signals were reproducibly formed in the 190-ns to 250-ns time window after current start.
The estimated x-pinch radiation power was at least 2-4.5 GW with a total x-ray energy
delivered during the radiation burst of at least 8-15 J for photon energies between 120 eV
and 285 eV and 400 eV and 2.4 keV. Shots with 2x20-um W, 2x30-um W x pinches also

performed well, but not as reproducibly as the 30-um Mo x pinches.
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Shots, performed with 2x30-um Cu wires, seem also to generate bright and fast x-
pinch radiation signals. However, a multiple XRD peak structure was often observed
immediately after the first x-pinch radiation peak. These multiple structures are not
reproducible from shot-to-shot and, often, the second or later XRD peaks have a higher

radiation power than the first peak.

7.5 Possible applications of a new 2-LTD-Brick x-pinch driver

The radiation sources, produced with our 2-LTD-Brick driver, are fast (a few ns),
bright (a few GW), and quite small (a few pm). So, many applications can be considered,

when all or some of these radiation parameters are needed. For example:

e A study of the dynamics of rapidly evolving plasmas. The time resolution of our x-
pinch signal is about 2-3-ns (or less) and the time windows can be varied for different
x pinches. We can study, for example, the dynamics of a single exploding wire. The
wire can be placed in a separate generator or can be installed in a same x-pinch driver

load.

e The x-pinch radiation source is bright and, potentially as small as a few pum. So, we can
take high-resolution, phase-contrast images of a range of small biological samples -

spiders, for example.

e And many more applications, where unique x-pinch radiation parameters can be

utilized individually or simultaneously.

In addition to the above applications, but even more significant, x pinches are a
very unique source of high-energy density plasma (HEDP), which can be relatively simply

generated in laboratory environments. Previously, almost all x-pinch installations were
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massive, costly, and were sited at large universities and national laboratories. Our new x-
pinch radiation source can provide new HEDP research opportunities at the lIdaho

Accelerator Center and many other places.

7.6 Final conclusion and remarks

Let us conclude, that we have been successfully developed and tested a new,
compact and portable high-current pulse generator to drive a low-inductance x-pinch load.
The short-circuit test data confirmed the desired 1-kA/ns driver parameter, and shots with
x-pinch load reveal the potential for x-pinch applications. Our best x pinches are able to
generate fast (a few ns) and bright (more than GW) radiation pulses from potentially small

(a few pm) "hot spot™ radiation objects.

Our pulsed-power design is elegant, works well, and is very reproducible. The
design could be improved. A new generation of capacitors have been developed by General
Atomics Electronic Systems that have a thinner profile and have a higher peak current.
Building LTD bricks using these new capacitors would yield a system with even lower
inductance and higher peak current. Such an x-pinch driver would deliver a dl/dt greater

than 1 kA/ns, deliver a higher peak current, and do so in a shorter rise time.

The vacuum power flow leading to the x-pinch load has not been optimized. The
height of the vacuum insulator, the local vacuum feed geometries, and the vacuum-feed
gaps can all be optimized. These changes would lead to a lower inductance driver and

further increases in x-pinch performance.
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While our x-pinch experiments demonstrate excellent performance with Mo
x pinches, the performance of tungsten and copper x pinches has been erratic. Significant
improvements in controlling the consistency and uniformity of the initial conditions of the

X pinch are needed.

It is clear that many more x-pinch experiments will be needed to fully characterize
the radiation performance of our new 2-LTD-Brick x-pinch driver. Even though it is easy
to operate and maintain, x-pinch shots are time consuming, and such a characterization will
require a significant time investment in the future. In addition, many questions could be
addressed in future x-pinch experiments, for example:

e What is the detailed radiation spectrum for different wire materials? What is the

spectrum from the hot spot, from the mini-diode, and from the bulk of the x-pinch

plasma?
e What are x-ray fluxes from line radiation for different x pinches?
e What are the best x pinches for point-projection radiography?
e How does one maximize the total x-pinch radiation yield?
e What are the current and dl/dt requirements as a function of x-pinch material?

e and more...

Finally, our new 2-LTD-Brick driver is very compact and portable. It has proven to
be very reliable and has a shot rate limited only by the replacement of the x-pinch load.
The excellent x-pinch performance suggests that many research projects using x pinches

may be possible in the near future.
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A THE BENNETT EQUILIBRIUM EQUATION FOR Z-
PINCH GEOMETRY

Start with the following two equations:

M
13
Vp=J]xB (A-1)
The first equation simply describes the balance of < >
gas kinetic and magnetic pressures. And the second B
one is Ampere’s Law in the differential form. For a
- - - - \‘-‘--_-_.-ﬂ
z-pinch geometry, the current flow is in axial
direction and magnetic field is in azimuthal, as Figure A-1 Plasma z-pinch
geometry.
shown in Figure A-1.
Given such a radial geometry, the first equation can be rewritten as:
0
9P _ _ jB (A-3)
or
The second one, using the Stock theorem, can be integrated to:
2nrB = pyl (A-4)
Substituting B from (A-4) into (A-3) we get:
op _ _Holj (A-5)

or  2mr
Integrating left part of (A-5) over r2dr by parts and substituting the Boltzmann expression

for the gas-kinetic pressure per unit volume p = nkT we get:
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0
fa—frzdr = —J 2prdr = —kTJ 2n(r)rdr (A-6)

where K is the Boltzmann constant, T is the plasma temperature, and n is the number of

plasma electrons or ions per unit volume.

Integrating right part of (A-5) over r2dr we get:

L
_“Ljirzazr __top (A7)
r 412

Equating (A-6) and (A-7) and defining N = [ 2an(r)rdr as a number of plasma electrons or

ions per unit length, we finally get the Bennett equilibrium equation:

2NKT = (ug/4mI?) (A-8)

141



B ADAPTATION OF THE ISISTO A LOW IMPEDANCE X-PINCH DRIVER

ADAPTATION OF THE ISIS INDUCTION-CELL DRIVER TO A LOW IMPEDANCE X-PINCH DRIVER

ABSTRACT

We summarize the work done to design a system to non-
destructively convert the Idaho State Induction System (ISIS)
induction cell driver (ICD) to a low impedance pulse power driver
for x-pinch applications. The simulation results show that such a
driver can supply about 300-kA peak current with about 70-ns
rise time (10-90%). However, simulations also show that the
negative reflective wave is formed, which can cause the
destruction of the ISIS ICD’s pulse forming line (PFL). Particular
attention was taken to simulate the effect of misfire of one of
the PFLs. To reduce the amplitude of this destructive wave, high
power damping resistors should be placed after the output of
each PFL. This would result in the maximum current achievable
by this driver to be limited to about 200-kA peak value.

I. IDAHO STATE INDUCTION SYSTEM (ISIS )

ISIS is a high-intensity, pulsed-power electron accelerator able
to supply about 80 GW of power in a 35-nanosecond pulse [1].
It was donated to the Idaho State University by Titan Pulse
Sciences, Inc. in 2002, and its primary purpose has been to
serve as a radiation source for radiation effect testing in
biological and semiconductor systems [2].

Figure 1:1SIS power supply.
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Figure 2: Electrical circuit of an 1SI1S-based x-pinch driver.

Il. LTSPICE SIMULATIONS:
300 KA X-PINCH DRIVER

(a)

—— x-pinch load current

Ttime {ns)

1000 1200 4400 1600 1800 2000 2200 2400

*+ The impedance transformer is
directly attached to the output of
each PFL.

The total inductance of the x pinch
and all connection lines is 26 nH.

After optimization of the
impedance transformer, such a
driver can supply about 320-kA
peak current with 70-ns rise time.

Figure 3a: current measured at the x-pinch load

A reflective negative wave is
formed traveling back to the PFL
switch.

This reflective wave will become
even worse, if one or more PFL
switches are not fired.

Voltage (kV)

Such a driver will probably not
survive for a large number of shots
due to possible damage to the PFL
switches.

(b) 1 Voltage after PFL switch (fire)
N Vollage after PFL swilch (misfire)

|
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Ttime (ns)

1000 1200

Figure 3b: voltage measured after PFL switch,
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11l LTSPICE SIMULATIONS:
200 KA X-PINCH DRIVER WITH DAMPING RESISTORS

To reduce the amplitude of this destructive negative wave, high-power damping
resistors (4.7 Q) are placed after each PFL before the impedance transformer. This will
reduce the amplitude of the reflective negative wave at the PFL switch location to the
appropriate value, so the x-pinch driver can be safely operated.

2004

) @

* High-power damping resistors 1504 |
(4.7 Q) are placed after each
PFL before the impedance
transformer.

x-pineh Ioad current

Current (kA)

A modified x-pinch driver can !
supply about 200-kA peak ol AR
current with 60-ns rise time, Yo

1000 1200 1400 1600 1800 2000 2200 2400
Ttime (ns)

Figure 4a: current measured at the x-pinch load

Fire: the amplitude of the negative

Voltage after PFL switch (fire) . .
reflective wave is almost reduced

Voltage after PFL switch (misfire)

ga
-

“‘“': to the zero value
. 14
2 1
2 1; i [ * Misfire: the amplitude of the
% -sn: JL negative reflective wave is 25 kv,
S '\‘ total duration of this wave is only

100 ns.

-]

This small negative reflective wave
will probably not damage the PFL
switches.

1000 1200 1400 1600 1B00 2000 2200 2400
Thime (ns)

Figure 4b: voltage measured after PFL switch.

IV. CONCLUSION

Taking into account these results and other considerations (time, effort and cost-
needed to switch between the x-pinch operation mode and the normal operation
mode of ISIS), the decision was made to design a new stand-alone, compact and

portable pulse-power x-pinch generator [6].
A
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I.  INTRODUCTION

The x pinch, pulsed x-ray radiation source (in which the crossing and
touching of two or more thin wires forms an “x”, hence, x pinch) has a great
interest for use in a variety of different applications including high-
resolution, point-projection radiography in plasma physics?#, phase-contrast
imaging of soft biological objects®, and for characterization of inertial-
confinement-fusion capsule shells®. To produce a bright, small, and fast
radiation burst, a pulse generator must be able to supply a large, fast-rising
current (2100 kA, =1 kA/ns)’ to a low-inductance x-pinch load. The
conventional pulsed-power driver for such a device is a high-voltage Marx
generator coupled with one or more transmission lines to compress an
initially long (few ps) pulse from generator’s output into a short (a few
hundred ns) pulse at the load. However, such installations®1° are bulky,
contain oil, and are expensive. Smaller pulsers, based on conventional Marx
generator designs, are available; however, the output current is usually less
than 100 kA%,

Recent progress in the development of low-inductance, high-current
capacitors'? and low-inductance switches'** opens up opportunities in the
design of compact, high-current pulse generators’>® for driving low-
inductance x-pinch loads!’ or even z-pinch loads!®. Such newer technologies
offer several advantages as compared to conventional Marx-based
generators, such as: lower system voltage, elimination of transmission lines,
and low inductance, which allows for effective coupling to low inductance
loads. In addition, the compact & portable high current pulse generators are
relatively inexpensive to build and thus can boost research opportunities at
small universities.

Il. ELECTRICAL DESIGN APPROACH

In our design approach, we are following the description introduced by M.
G. Mazarakis and R. B. Spielman?®. For a small generator without long
transmission lines, the lumped-component approximation can be used. The
whole generator with the load can be approximated by the simple RLC
circuit.

220 L
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A pulse generator with a “matched” load R = /L/C is, in general, able to
produce higher pulse currents with faster rise times compared to the

“critically matched” R = 2,/L/C case, and is more suitable for the design of
a radiographic x-pinch machine®

Roman V. Shapovalov

Idaho Accelerator Center, Idaho State University,

Pocatello ID 83209, USA (shaproma®@isu.edu)

lll.  DESCRIPTION OF COMPACT, PORTABLE PLASMA-RADIATION-
SOURCE GENERATOR WITH 180-KA PEAK CURRENT

We chose the General Atomics Electronic Systems fast-pulse-capacitor'?
35477 with the following characteristics: inductance L. = 10 nH, capacitance
C, = 100 nF, voltage rating V,, = 100 kV, peak current | = 50 kA and maximum
voltage reversal of 45% from V,,. Such a capacitor has a lifetime of 3 x 10°
cycles, a footprint of 102 x 152 x 241 (H x W x L) millimeters, an approximate
weight of 5.9 kg, and is double ended, so it can be naturally connected to a
switch in one single line. Four such capacitors could supply a maximum peak

current of 200 kA.

. .
sw | ] W —Tn SV‘l ™|
81" < 827" < 83~ ]
L1 50nH L2 50nH L3 50nH
Vo =100 kv Vo =100 kV Vo =100 kV
100nF 100nF 100nF
. - -

The x-pinch inductance can be roughly
approximated by two wires connected
in parallel. Taking two, 15-mm-long,
40-um-diameter Mo wires, the initial
total inductance of the x pinch will be
equal to 10 nH. The inductance of all
connection lines (header, lower feed,
upper feed, etc.) can be estimated to
be about 16 nH

5. A Pikuz et.al, “High-

L_feed
- 0
16nH
aw 3 |
s4 'L_x-pinch
[ 110nH
L4 " S0nH R_x-pinch
0.31
Vo =100 kV
100nF

Projected load peak current, voltage
and rise time (0-100%) are:

i =0.546293V, / R =176 kA
4

peak

i =1.2IWLC =150 ns

=Ri,, =55kV
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Design of a Compact, Portable Plasma-Radiation-Source
Generator at the Idaho Accelerator Center

Current, kA

INITIAL CONCEPT OF COMPACT AND PORTABLE PLASMA-RADIATION-SOURCE GENERATOR

Idaho State

UNIVERSITY

IV.  LTSPICE SIMULATION AND PROJECTED PERFORMANCE

We used LTspice! Linear Technology circuit simulation program to predict the
behavior of the high current low inductance generator. There were several
benefits in doing simulations. First, we verified the peak current, voltage, and rise
time, calculated above; second, we looked at the current and voltage behavior of
various separate circuit elements to predict how they are developed in time.

180 180 100
160 160 €0
40 3 4 &0
o - load's voltage b %
120 10a0's current 120 by
100 100

= i
80 L :

‘ o o

607/ .. '“; g g x
4 w3 B

S S
20 2] 0
] \ B ] o -—-
20 B 20 -10
40 2

T ™ T -0
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time, ns

0 100 200 300 400 500 60O 700 80O $00 1000
time, ns

Shot No. 205, 2 x Mo 25 p m, anode-cathode gap of 9 mm. XRD responses, Mylar
3 um filter (2°L. E. Aranchuk, Rev. Sci. Instrum. 75, 1 (2004))

The projected x-ray performance a1 .
from 25-pm Mo x pinch and from
a similar pulsed power generator " )
(PIAF 250 kA, 200 ns) is 100 mJ in
a pulse 1.5 ns FWHM, at a _200kA oy
photon energy harder than 1 keV a

0Os 20005 400ns. 600ns

V.  CONCLUSION:

We present the design of a compact, portable x-pinch plasma-radiation-source
generator capable of supplying 180-kA peak current with 150-ns rise time. The
rate of the current rise (10-90%) is found to be 1.5 kA/ns. A total of four, low-
inductance high-current capacitors are discharged simultaneously in parallel into
a low-inductance, “matched” x-pinch load. LTspice simulations shows the good
agreement with predicted peak current, voltage, and rise time values.

After construction and testing, such a device can be used in a variety of
applications including, but not limited to, high-resolution, phase—contrast imaging
of rapidly evolving small objects.
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D SOLUTION OF THE SECOND ORDER DIFFERENTIAL EQUATION FOR
RLC CIRCUIT

The second order differential equation which describe the behavior of series RLC

circuit is
d*i Rdi i (D-1)
et Ta e’
with initial conditions:
l(to) = O, and [/C(tO) = VO (D'2)
The general solutions can be found in the form:
i = AeSt (D-3)

where s is imaginary constant. The characteristics equation of (D-1) becomes:

52+§s+i=0, (D-4)
or.
s?+2as+ (a?+w?) =0 (D-5)
where:
a=R/  and  w =\/1/LC_R2/4L2 (D-6)

The solution of equation (D-5) is:

S12 = —atiw (D-7)
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Substituting (D-7) into (D-3), and working out the initial conditions (D-2), the

general solution of equation (D-1) becomes:

i(t) = LV_((;) e %sin(wt) (D-8)

with o and ® given by (D-6).
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E 2-LTD-BRICK DRIVER INPUT SCREAMER DECK

2-L.TD-Brick, ISU

12015-05-12 RBS

12016-05-16 RVS

|

Time-step 0.25e-9

Resolution-time 2¢-9

End-time 2e-6

Number-prints 5

Execute-cycles all

Grids no

Echo-setup no

Max-points 3001

|

! 2-.TD-Brick model includes:

! Two bricks section:

I' - 140 nF per capacitor, two capacitors per brick

I' - 10 nH base inductance per cap

I' - but higher with surrounding epoxy and plastic volume, 16 nH
I - one output switch (two switch in parallel)

| Power flow section

! Load section

|

I'Total C = 560 nF

'Total R = 0.252 Ohm

I'Total L = 4+10+(20+6+2)+10 = 52 nH

! total internal inductance (measurements) 60 nH
I extra driver inductance (to match measurements) = 60-(4+10) = 46 nH
|

|

BRANCH

|

|

I====BRICK SECTION====

|

ITotal brick capacitance and initial charging voltage
RCG 1e+12 560e-9

Initial VC1 100e3

UFO VC1

$V_cap(V)
UFO EC1

$E_cap())
|

ICapacitor inductance and ESR (4 caps in parallel, 8§ mOhm/16 nH each)
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Rlseties 2e-3 4e-9
UFO IR2
$1_cap(A)

|

ISwitch resistance and inductance (2 switches in parallel, 20 mOhm/20 nH each)
Rlseries 0.010 10e-9

UFO ER2

$E_switch(])

|

!

|I====POWER FLOW SECTION====
!

IExtra housing inductance - 20 nH
Rlseries 0.0 20e-9

!

IHeader inductance - 6 nH

Rlseries 0.0 6e-9

|

I'Vacuum Section Inductance - 2 nH
Rlseries 0.0 2e-9

|

!

I====L.OAD SECTION====

!

X-pinch (11-mm-long, 40-um-diam Mo wires in initial cold state)
|

Rlseries 0.0 10e-9

Rcground 0.24 0.0

UFO IR1

$I_load(A)

UFO VR1

$V_load(V)

UFO ER1

$E_load(])
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F THE SCREAMER MODEL OF 2-LTD-BRICK DRIVER
WITH T. H. MARTIN’S SWITCH

The 2-LTD-Brick driver’s Screamer model presented earlier in section 3.3 was
based on a simple switch description, which is modeled with a simple RL-series block.
Here we present a more sophisticated 2-LTD-Brick driver model, which incorporates T. H.
Martin’s variable-resistance switch description, and compare this model with a shot data.
T. H. Martin’s variable-resistance switch model [65] describes the evolution of a spark
channel in a dense liquid or gas. The model uses the simple Screamer RL-series block, but
it modifies its series resistance as the spark develops in time. It inputs only the switch gap,
dielectric type, gas pressure, Ne of channels, and Ne of switches in parallel and provides the

resistance calculations as a function of input parameters and current integral.

We describe the 5-channel, 7-gap 2-LTD-Brick’s switch as follows. Each Martin
switch incorporates 5 switch channels, and the switch gaps are modeled as 7, separate
switches placed in series one after each other. The total series inductance of each switch
was adjusted to match the total 10-nH value of two switches in parallel. The separation
switch gap, used in our model, was 6 mm, the dielectric was air, and the pressure was about
1 atm. The Screamer input deck with Tom Martin’s variable-resistance switch model, used
in our simulations, is presented in Appendix G.

The simulation results, when we attempted to model one particular shot, are
presented in Figure F-1. The black line represents the current data for shot ID 784
performed with 2.54-cm-long, 5.08-cm-brass cylinder; and the red-dashed line corresponds

to Screamer simulation with Martin switch model. In this model, the total brick inductance
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was slightly adjusted to match the time-to-peak current, and the total resistance was tuned
to match the peak current. In addition, the number of switch channels in Martin switch

model was reasonably assumed to be 3.

500 Short-circuit shot data vs. Screamer

250 | Shot data\112614_784_80kV_current.csv
— — — Martin switch 3ch, 84kV, 560nF, 61nH, 3m{

200

150

100

50

current, kA

-50

-100

-150

-200
1 1 I I 1 1 ]

0 500 1000 1500 2000 2500 3000
time, ns
Figure F-1. Short-circuit data versus Screamer simulation. The driver is modeled with
560-nF total capacitance and with the T. Martin switch.

It can be seen, that the agreement between the shot data (black) and Martin switch
model calculation (red-dashed) is almost ideal for the first cycle. It would be impossible to
match the first half of the current pulse using the only static switch model. However,
starting at about 600 ns, the simulation data overshoots: the period of the current
oscillations becomes unreasonably large compared to the measured ones. The reason for
that is some unrealistic driver initial charging voltage and the driver total resistance values,

of about 84 kV and 3 mQ, correspondingly, which were assumed in simulation.

To resolve the above mentioned discrepancy between the simulation and measured
data, the driver simulation model was modified as follows. The total driver capacitance

was increased from 560 nF to 620 nF, and the driver L and R was adjusted accordingly to
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match the first-peak current values. The charge voltage was reduced to the measured 80
kV. The comparison of simulation results with the measured current for the same shot

ID 784 is presented in Figure F-2.

500 Short-circuit shot data vs. Screamer

250 [ Shot data\112614_784_80kV_current.csv
— — — Martin switch 3ch, 80kV, 620nF, 53nH, 29m{

200

150

100

50

current, kA

-50

-100

-150

-200
1 1 I I 1 1 ]

0 500 1000 1500 2000 2500 3000
time, ns
Figure F-2. Short-circuit data versus Screamer simulation. The driver is modeled with
620-nF total capacitance and with the T. Martin switch.

As can be seen, the quality of simulation data was increased significantly compared
to the result presented in Figure F-1. The simulation is in a very good agreement with the
measured data up to 1,200 ns and start to deviate in a later times. The later discrepancy can
be explained, at least qualitatively, by a small change in the switch inductance over time.
The Martin switch model assumes the constant inductance, which, clearly, is not the case,
as the switch inductance will decrease as the arc channel diameter increases with time.
Regardless, the Martin switch model is able to correctly describe the shape in the beginning
of the current pulse, when, as we understand now, all significant x-pinch radiation signals

are usually formed.
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G THE SCREAMER INPUT DECKWITH T. H. MARTIN’S
SWITCH MODEL

2-L'TD-Brick, ISU

12015-05-12 RBS

12016-05-16 RVS

|

!

Time-step 0.25e-10

Resolution-time 2e-9

End-time 8e-6

Number-prints 5

Execute-cycles all

Grids no

Echo-setup no

Max-points 8001

|

! 2-.TD-Brick model includes:

! Two bricks section:

!' - 140 nF per capacitor, two capacitors per brick
I' - 10 nH base inductance per cap

I' - but higher with surrounding epoxy and plastic volume, 16 nH
I - one output switch (two switch in parallel)
| Power flow section

| Load section

|

!

BRANCH

|

!

|====BRICK SECTION====

|

ITotal brick capacitance and initial charging voltage
RCG 1e+12 620e-9

Initial VC1 80e3

UFO VC1

$V_cap(V)
UFO EC1

$E_cap())
|

ICapacitor inductance and ESR (4 caps in parallel, 8§ mOhm/16 nH each)
Rlseries 0.002 4e-9
UFO IR2

$1_cap(A)
|
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I'Tom Martin’s Lossy Switch Model

ITwo switches in parallel, 20 mOhm/20 nH each
!One switch: 5 channels, 7 gaps, 6 mm, 1.3 atm

I Switch gaps can be modeled as series of 7 Martin switches
I' (or as a one switch with a gap 6 mm x 7 = 42 mm)

! Total L. matches 10 nH

!

Rlseries 20e6 10e-9

Variable R2 Switch_model

AIR 0e-9 0.0421.02 3

UFO R2

$R_switch

|

!

|I====POWER FLOW SECTION====
|

IExtra Driver inductance (to match data)
|

Rlseries 0.0 38e-9

!

!

I====LOAD SECTION====

!

12.54-cm-long, 5.08-cm-diameter brass cylinder

11.13 nH calculated, 1 mOhm assumed
Rlseries 0.0 1e-9

Reground 0.027 0.0

UFO IR1

$1_load(A)

UFO VR1

$V_load(V)

UFO ER1

$E_load(])
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H 2-LTD-BRICK DRIVER DRAWINGS
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Figure H-1. Drawing of the brick-housing output plate.
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Figure H-10. Drawing of the x-pinch driver assembly (sheet 1).
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Figure H-11. Drawing of the x-pinch driver assembly (sheet 2).

1



}Ev. [ DESCRFTION | DATE oW | CHE | APPR
L1 [ I [
27 095
0.750 21.750 0.750 1.344 2.501
F 0.250 {7
(L o s D
e
o o
1467
b
# JRN—

@500 ROGOWSKIL

A
AN

@ 4.806 SEALING GROOVE]
B4.424 JSEAUNG GROOCE]

RN

~ ‘S\f\‘

RN

0% R

AN TP

A

4

I

\\/ B

8 g ] 7
R i s, 2 | -
| | i A 7 2} -
G
S NI
le
s ¥ s f
/, A
g
7
4
4
# / g
/
A 4
4
/
/§ 3 /
S
/ v / // / //
e e e e e e e
'é —
- 7
SECTIOM B-B
" F o accaemaoa cers | A
Vb o AR
(e L L
T —
DESGHED | ihiecnion | 1T
s P iy s X-PINCH DRIVER
ASSEMBLY
e [T E—
JE—— TR =
CIN S0F D 2014.1.001.0040
SCALE 111 [ semsors
I T ¥ I T
8 7 I3 5 4 3 2 1

Figure H-12. Drawing of the x-pinch driver assembly (sheet 3).
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Figure H-13. Drawing of the x-pinch driver assembly (sheet 4).

165

1A



2 1
i 1 1
REV.| DESCRFTION | DATE | Dew | CHE | AFPR
S =] | |msiarovaloy | movEMaN | RoeELMAN
0.875 1.750
N =
U |-
o 7
”
i
&
%
"
&
// >
7
s
“, "
s
/. f
” o
”
7 /
/)
%
s
P y
/
s
i
” &
”
Ll g
7
4
vy / g 059 g B
& / g utd
Cals A "’ |
7] s S ’ =
oy )
1 & N
0 " A
| S A
4 + A s //’, S /
R [RRix, 5 A T %)
v S
A S A
”, - ’ 4
5
v
7 5
”
£ " L
"
// ’
/ &
4 4
g
2
”
v
&
i
0
\’é

dnho _o” 55T RS R Dot
Faine For -
Contar' or LOMESD BT oy mosom
H ForE e
DO NOT SCALE DRAWING il LE T R
e DaAWN | RSHAPOVALOY | cariara X-PINCH DRIVER
- ASSEMBLY RESISTOR
[FE CHECKED | RSPELMAN LOAD
I AFPROVED RSPIEELMAN oG Ll
e Cir e D 2014.1.001 0041 A
SCALE 223 [ smice
T ¥ T T T
7 [3 5 4 3 2 1

Figure H-14. Drawing of the x-pinch driver assembly resistor load.
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| 2-LTD-BRICK DRIVER PHOTOS

Figure I-1. Side view of the 2-LTD-brick x-pinch x-ray generator.
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Figure 1-3. Vacuum chamber x-pinch load - top view.

169



J ROGOWSKI COIL BASIC PRINCIPLES

The Rogowski coil is the most common pulsed-current diagnostic [82] and is used
widely in pulsed-power applications. It consists of a helical coil wrapped around a center
conductor and surrounding a current-carrying conductor, as shown in Figure J-1. There are
several advantages to using a Rogowski coil: it has a flexible design with open ends and
can be easily placed around the current-carrying conductor; the low inductance of
Rogowski allows one to measure a fast pulse — with a rise time down to several ns. In
addition, the Rogowski coil does not saturate and, once built and calibrated with a relatively

low current, can be used practically without limitations for high-current measurements.

Figure J-1 Rogowski coil schematics (courtesy of wiki).
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It can be shown that the output voltage of a Rogowski coil, Vo, is proportional to

the rate of current change, dl/dt, as:

__u¥ (J-1)
Vcoil - Mdt

The mutual inductance M and the coil inductance L depend only on the coil

geometry and can be calculated as follows:

M = —pgnA J-2)

L= —pen?A-1l (-3)

where o is the vacuum permeability, A is the area of a single loop, n is the number of turns

per unit length (N/I), and | is the Rogowski coil active length.
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K DRIVER CHARGING-LINE DESIGN CONSIDERATIONS

According to Table 3.1-1, the rated capacitor current is 50 kA, and maximum fault
current is about 75 kA. Because each brick is comprised of two capacitors connected in
parallel, the total brick current normally should not exceed more then 100-110 KA per brick
and, in any case, may never exceed more than 150 kA per brick.

Traditionally, in all LTD-based drivers, all bricks are charged independently with
a separate charging line. However, in a case of a brick misfire, the total energy initially
stored inside both brick’s capacitors, will flow through only one of the bricks. That could
result in a permanent brick failure, as the total current passing through one of the brick’s
capacitor, according to simulations presented below, can exceed a maximum fault value of
75 kA. The common charging line was designed to limit the total current passing through
each bricks in a case of one of the brick’s switches misfire.

Figure K-1 shows the electrical circuit of a 2-LTD-Brick driver with a separate
(left) and with a common (right) charging line designs. The circuit element L8 represents
the common charging rod inductance value, which corresponds to the actual rod geometry

installed during a trial test between two bricks to simultaneously charge them.
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Figure K-1. Electrical circuits for separate (left) and common (right) charging lines.
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The LTSpice [65] simulations of brick misfire event (one brick is fired, the other is
not) are discussed below. Both bricks are initially charged (independently or not) to a total
of 100 kV. Later, one bricks is fired and other is not (misfire event). Figure K-2 shows the
current flowing through one of the capacitors after misfire is happened for separate (red

line) and common (blue line) charging line designs.

2 LTD driver misfire simulations: separate vs. common cgarging lines
100 -

separate charging line, max 81.1 kA
common charging line, max 66.2 kA

current, KA

50 I I 1 I 1 I 1 I I 1
0 100 200 300 400 500 600 700 800 900 1000

time, ns
Figure K-2. Simulations of bricks misfire for separate (red line) and common (blue line)
charging line designs.

As can be seen, in a case of separate charging line, the total current flowing through
a brick’s capacitors exceeds the maximum fault values of 75 kA, while when common
charging line is used instead, the total current is about 65 kA, which is high, but less then
capacitor fault value. We can conclude, that the common charging line design is safer in
the event of misfire of one of the driver’s bricks. However, such a common charging line

is not usual and has to be tested in real shots.
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L DRIVER SHORT-CIRCUIT TESTS AND SUMMARY SHOT TABLE

A total of 216 short-circuit shots were performed during the initial driver testing
period as listed in Table L-1. The first column represents the shot ID number, where the
first digit is a test number and the last two digits are the shot number. The columns 2, 3, 4
and 5 represent the driver charging voltage, the maximum voltage signal, the max dl/dt,
and the peak current, repectively. The last column represents some shot notes (load used,

common problems, etc).

Table L-1. 2-LTD-Brick Driver short-circuit tests.

SHOT Vcharge Vmax dl/dtmax Imax

ID (kV)g (KV) (kAns)  (ka) ~ NOTES
Test1

101 70 89 0.23 39 1 Ohm HVR, driver pre-fire and one brick firing

102 74 94 0.25 37 1 Ohm HVR, driver pre-fire and one brick firing

103 75 157 0.41 48 1 Ohm HVR, driver pre-fire and one brick firing

104 75 148 0.39 48 1 Ohm HVR, driver pre-fire and one brick firing

105 76 160 0.42 49 1 Ohm HVR, driver pre-fire and one brick firing

106 77 165 0.43 49 1 Ohm HVR, driver pre-fire and one brick firing
Test 2

201 80 141 0.37 76 1 Ohm HVR, bricks are fired not simultaneously

202 80 135 0.35 102 1 Ohm HVR, bricks are fired not simultaneously

203 80 205 0.54 109 1 Ohm HVR, bricks are fired not simultaneously

204 80 125 0.33 85 1 Ohm HVR, bricks are fired not simultaneously
Test3

301 78 117 0.31 42 1 Ohm HVR, bricks are fired not simultaneously

302 78 120 0.31 42 1 Ohm HVR, bricks are fired not simultaneously, HVR explosion
Test4

401 61 191 0.50 121 Salted water

402 61 189 0.49 118 salted water

403 61 183 0.48 114 salted water

404 78 140 0.37 83 salted water, bricks are fired not simultaneously

405 60 173 0.45 110 salted R1

406 70 284 0.74 156 salted R1

407 80 240 0.63 159 salted R1

408 80 244 0.64 160 salted R1

409 80 257 0.67 163 salted R1

410 80 281 0.74 160 salted R1

411 80 245 0.64 158 salted R1

412 80 236 0.62 158 salted R1

413 60 201 0.53 123 salted R2 > R1

414 70 277 0.73 148 salted R2 > R1

415 80 264 0.69 156 salted R2 > R1

416 80 241 0.63 153 salted R2 > R1
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SHOT Vcharge Vmax dl/dtmax Imax
ID (kV)g ()  (kAlns) (k)  NOTES
417 80 285 0.75 159 salted R2 > R1
418 60 173 0.45 106 salted R3 > R2
419 70 229 0.60 125 salted R3 > R2
420 80 241 0.63 150 salted R3 > R2
421 80 233 0.61 149 salted R3 > R2
422 80 241 0.63 151 salted R3 > R2
423 60 169 0.44 95 salted R4 > R3
424 70 189 0.49 115 salted R4 > R3
425 80 232 0.61 135 salted R4 > R3
426 80 233 0.61 129 salted R4 > R3
427 80 224 0.59 129 salted R4 > R3
428 60 177 0.46 88 salted R5 > R4
429 70 156 0.41 97 salted R5 > R4
430 80 225 0.59 122 salted R5 > R4
431 80 221 0.58 119 salted R5 > R4
432 80 225 0.59 118 salted R5 > R4
433 80 225 0.59 121 salted R5 > R4
434 80 216 0.57 104 salted R6 > R5
435 80 245 0.64 110 salted R6 > R5
436 80 209 0.55 109 salted R6 > R5
437 80 245 0.64 109 salted R6 > R5
438 80 244 0.64 106 salted R6 > R5
439 80 241 0.63 108 salted R6 > R5
440 80 208 0.55 104 salted R6 > R5
441 80 220 0.58 108 salted R6 > R5
442 80 212 0.56 103 salted R6 > R5
443 80 212 0.56 103 salted R6 > R5
444 80 212 0.56 103 salted R6 > R5
Test5
501 80 341 0.89 174 salted R, Cu sheet
502 80 351 0.92 179 salted R, Cu sheet
503 80 321 0.84 167 salted R, Cu sheet
504 80 362 0.95 179 salted R, Cu sheet
505 80 331 0.87 174 salted R, Cu sheet
Test 6
601 70 309 0.81 175 Ni-wire load
602 80 379 0.99 197 Ni-wire load
603 80 336 0.88 193 Ni-wire load
604 80 320 0.84 191 Ni-wire load
605 80 353 0.92 197 Ni-wire load
606 80 349 0.91 197 Ni-wire load
Test7
701 60 262 0.69 152 2 inch brass cylinder load
702 60 241 0.63 147 2 inch brass cylinder load
703 60 282 0.74 162 2 inch brass cylinder load
704 60 306 0.80 162 2 inch brass cylinder load
705 60 290 0.76 159 2 inch brass cylinder load
706 60 302 0.79 163 2 inch brass cylinder load
707 70 351 0.92 188 2 inch brass cylinder load
708 70 323 0.85 185 2 inch brass cylinder load
709 70 343 0.90 187 2 inch brass cylinder load
710 70 351 0.92 188 2 inch brass cylinder load
711 80 429 112 225 2 inch brass cylinder load
712 80 425 111 225 2 inch brass cylinder load
713 80 380 0.99 221 2 inch brass cylinder load
714 80 368 0.96 216 2 inch brass cylinder load
715 80 388 1.02 218 2 inch brass cylinder load
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SHOT Vcharge Vmax dl/dtmax Imax
ID (KV) kv)  (kAns)  (ka)  NOTES
716 80 412 1.08 221 2 inch brass cylinder load
717 80 388 1.02 221 2 inch brass cylinder load
718 80 400 1.05 218 2 inch brass cylinder load
719 80 396 1.04 221 2 inch brass cylinder load
720 80 380 1.00 219 1 inch brass cylinder load
721 80 372 0.97 212 1 inch brass cylinder load
722 80 392 1.03 220 1 inch brass cylinder load
723 80 368 0.96 207 1 inch brass cylinder load
724 80 363 0.95 209 1 inch brass cylinder load
725 80 388 1.02 217 1 inch brass cylinder load
726 80 392 1.03 219 1 inch brass cylinder load
727 80 376 0.98 214 1 inch brass cylinder load
728 80 372 0.97 212 1 inch brass cylinder load
729 80 400 1.05 219 80-pum Cu wire load
730 50 155 0.41 110 2 inch brass cylinder load, negative PS
731 50 159 0.42 110 2 inch brass cylinder load, negative PS
732 50 171 0.45 113 2 inch brass cylinder load, negative PS
733 50 179 0.47 115 2 inch brass cylinder load, negative PS
734 50 179 0.47 114 2 inch brass cylinder load, negative PS
735 50 179 0.47 115 2 inch brass cylinder load, negative PS
736 50 175 0.46 114 2 inch brass cylinder load, negative PS
737 50 167 0.44 112 2 inch brass cylinder load, negative PS
738 50 171 0.45 114 2 inch brass cylinder load, negative PS
739 60 212 0.56 138 2 inch brass cylinder load, negative PS
740 60 220 0.58 138 2 inch brass cylinder load, negative PS
741 60 212 0.56 138 2 inch brass cylinder load, negative PS
742 60 208 0.54 138 2 inch brass cylinder load, negative PS
743 60 220 0.58 139 2 inch brass cylinder load, negative PS
744 60 212 0.55 137 2 inch brass cylinder load, negative PS
745 60 216 0.57 139 2 inch brass cylinder load, negative PS
746 60 208 0.54 137 2 inch brass cylinder load, negative PS
747 60 216 0.57 138 2 inch brass cylinder load, negative PS
748 70 257 0.67 162 2 inch brass cylinder load, negative PS
749 70 257 0.67 162 2 inch brass cylinder load, negative PS
750 70 261 0.68 164 2 inch brass cylinder load, negative PS
751 70 261 0.68 163 2 inch brass cylinder load, negative PS
752 70 253 0.66 163 2 inch brass cylinder load, negative PS
753 70 253 0.66 164 2 inch brass cylinder load, negative PS
754 70 265 0.69 163 2 inch brass cylinder load, negative PS
755 70 257 0.67 164 2 inch brass cylinder load, negative PS
756 70 257 0.67 164 2 inch brass cylinder load, negative PS
757 50 106 0.28 60 2 inch brass cylinder load
758 50 135 0.35 63 2 inch brass cylinder load
759 50 98 0.26 59 2 inch brass cylinder load
760 50 102 0.27 60 2 inch brass cylinder load
761 50 102 0.27 82 2 inch brass cylinder load
762 50 127 0.33 60 2 inch brass cylinder load
763 50 102 0.27 60 2 inch brass cylinder load
764 50 102 0.27 60 2 inch brass cylinder load
765 50 98 0.26 59 2 inch brass cylinder load
766 60 261 0.68 154 2 inch brass cylinder load
767 60 273 0.72 153 2 inch brass cylinder load
768 60 290 0.76 159 2 inch brass cylinder load
769 60 249 0.65 149 2 inch brass cylinder load
770 60 273 0.72 155 2 inch brass cylinder load
771 60 294 0.77 163 2 inch brass cylinder load
772 60 249 0.65 146 2 inch brass cylinder load
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SHOT Vcharge Vmax dl/dtmax Imax

ID (kV)g ()  (kAlns) (k)  NOTES

773 60 265 0.69 156 2 inch brass cylinder load
774 60 289 0.76 160 2 inch brass cylinder load
775 70 314 0.82 183 2 inch brass cylinder load
776 70 326 0.86 183 2 inch brass cylinder load
777 70 334 0.88 189 2 inch brass cylinder load
778 70 355 0.93 191 2 inch brass cylinder load
779 70 351 0.92 189 2 inch brass cylinder load
780 70 330 0.87 189 2 inch brass cylinder load
781 70 359 0.94 194 2 inch brass cylinder load
782 70 363 0.95 193 2 inch brass cylinder load
783 70 347 0.91 189 2 inch brass cylinder load
784 80 388 1.02 217 2 inch brass cylinder load
785 80 355 0.93 217 2 inch brass cylinder load
786 80 408 1.07 222 2 inch brass cylinder load
787 80 441 1.15 227 2 inch brass cylinder load
788 80 379 0.99 217 2 inch brass cylinder load
789 80 375 0.98 219 2 inch brass cylinder load
790 80 420 1.10 224 2 inch brass cylinder load
791 80 420 1.10 227 2 inch brass cylinder load
792 80 408 1.07 222 2 inch brass cylinder load

Test 8
801 80 317 0.83 187 2 inch brass cylinder load
802 70 269 0.70 166 2 inch brass cylinder load
803 70 326 0.85 179 2 inch brass cylinder load
804 80 187 0.49 99 2 inch brass cylinder load
Test9

901 60 252 0.66 151 2 inch brass cylinder load
902 70 342 0.90 183 2 inch brass cylinder load
903 70 334 0.87 180 2 inch brass cylinder load
904 72 359 0.94 193 2 inch brass cylinder load
905 72 359 0.94 193 2 inch brass cylinder load
906 74 392 1.03 201 2 inch brass cylinder load
907 74 391 1.02 199 2 inch brass cylinder load
908 76 399 1.05 205 2 inch brass cylinder load
909 76 362 0.95 205 2 inch brass cylinder load
910 78 412 1.08 215 2 inch brass cylinder load
911 78 403 1.06 211 2 inch brass cylinder load
912 80 420 1.10 217 2 inch brass cylinder load
913 80 436 1.14 222 2 inch brass cylinder load
914 80 432 1.13 221 2 inch brass cylinder load
915 80 432 1.13 223 2 inch brass cylinder load
916 80 432 1.13 222 2 inch brass cylinder load
917 80 249 0.65 149 2 inch brass cylinder load
918 80 310 0.81 195 2 inch brass cylinder load
919 80 314 0.82 195 2 inch brass cylinder load
920 80 330 0.86 195 2 inch brass cylinder load
921 80 326 0.85 194 2 inch brass cylinder load
922 80 380 0.99 211 2 inch brass cylinder load
923 80 392 1.03 213 2 inch brass cylinder load
924 80 380 1.00 211 2 inch brass cylinder load
925 80 424 111 220 2 inch brass cylinder load
926 80 400 1.05 214 2 inch brass cylinder load
927 80 396 1.04 215 2 inch brass cylinder load
928 60 118 0.31 69 2 inch brass cylinder load
929 80 384 1.00 215 2 inch brass cylinder load
930 80 412 1.08 219 2 inch brass cylinder load
931 80 428 112 220 2 inch brass cylinder load
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SHOT Vcharge Vmax dl/dtmax Imax
ID (kV)g ()  (kAlns) (k)  NOTES
932 60 210 0.55 136 2 inch brass cylinder load
933 60 231 0.60 144 2 inch brass cylinder load
934 70 303 0.79 171 2 inch brass cylinder load
935 70 304 0.80 182 2 inch brass cylinder load
936 80 428 112 224 2 inch brass cylinder load
937 80 396 1.04 221 2 inch brass cylinder load
938 85 457 1.20 240 2 inch brass cylinder load
939 90 497 1.30 254 2 inch brass cylinder load
Test 10
1001 60 266 0.70 153 2 inch brass cylinder load
1002 70 315 0.83 179 2 inch brass cylinder load
1003 60 230 0.60 137 2 inch brass cylinder load
1004 70 324 0.85 179 2 inch brass cylinder load
1005 80 404 1.06 216 2 inch brass cylinder load
1006 80 372 0.97 209 2 inch brass cylinder load
1007 80 372 0.97 209 2 inch brass cylinder load
1008 80 400 1.05 216 2 inch brass cylinder load
1009 60 242 0.64 148 2 inch brass cylinder load
1010 80 380 0.99 212 2 inch brass cylinder load
1011 80 383 1.00 209 2 inch brass cylinder load
1012 80 388 1.02 210 2 inch brass cylinder load
1013 80 404 1.06 216 2 inch brass cylinder load
1014 80 392 1.03 213 2 inch brass cylinder load
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M MATLAB DATA ANALYSIS CODE

$Program to analyse x-pinch data and make report-ready plots
%///comments, questions and suggestion, please contact///
%////Roman Shapovalov shaproma@isu.edu/////////////////////////

<
g

o°

clear all;
close all;
help xpinch shot report;

Clear memory
Close all figures
Print header

o 0P

shot.id = 513; %shot number to be analysed
scaleR = 3; %scale right axis (1/2/3 no/half/full)
scalel = 1; %scale second data on left axis (1/2/3 no/half/full)

switchplot = 103; % plot switch

rogo/xrd raw scope data (V)

rogo/xrd raw scope data x dB (V)

rogo rate (A/ns) and xrd signal (V)

rogo currents (kA) and xrd signal (V)

rogo current (kA) and xrd signal (MW)

rogo current (kA) and xrd total energy (J)
rogo current (kA) and xrd integral (V*s)

oo

o0 o oo

o°
oUW N

o o°

%11 rogo vs bdot raw scope data (V)

%12 rogo vs bdot raw scope data x dB (V)
%13 rogo vs bdot rates (A/ns)

%14 rogo vs bdot currents (kA)

%101 rogo/bdot/xrd raw scope data (V)

%102 rogo/bdot/xrd raw scope data x dB (V)

%103 rogo/bdot rate (A/ns) and xrd signal (V)
%104 rogo/bdot currents (kA) and xrd signal (V)

switchprint = 1; % output statistics switch
%1 brief raw data statisticks
%2 brief integral statistics(A)

%$XRD response

%$1.36 A/MW for 12-um Kapton
$0.41 A/MW for 50-um Kapton
$0.21 A/MW for 127-um Nylar
%$18.1 A/MW for 1.5-um Al
%$6.35 A/MW for 2.5-um Al
%4.03 A/MW for 4-um Al
%0.92 A/MW for 17-um Al

.03 A/MW for 25-um Fe

.01 A/MW for 50-um Fe

%describe shots here
arrays = {...

%test 1 (80/127um Cu)

$SHOT SHOT DATE Volt Bdot Rogo XRD XPINCH XRD XRD_RES XRD_DIS
$ID  NUM KV dB dB dB CONF FILTER /MW cm
100 1 'test 1\150710' 80 1.01 10.1 1.01 '2x80um Cu' 'MYL 127u' 0.21 8.8

101 1 'test 1\150713' 80 1.01 10.1 1.01 '2x80um Cu' 'MYL 127u' 0.21 8.8

102 2 'test 1\150713' 80 1.01 10.1 1.01 '2x80um Cu' 'MYL 127u' 0.21 8.8

Stest 2 (15um W)

XRD APER
cm7

0.98 'n
0.98 'n
0.98 'n

NOTES

o screen box'
o screen box'
o screen box'

%$SHOT SHOT DATE Volt Bdot Rogo XRD XPINCH XRD XRD_RES XRD_DIS XRD_APER NOTES

$ID NUM kv dB dB dB CONF FILTER A/MW cm

201 1 'test 2\150812' 80 1.01 10.1 1.01 '2x15um W' 'KAP 12u' 1.36 21.3 0.98 'Kap inside XRD'

202 2 'test 2\150812' 80 1.01 10.1 1.01 '2x15um W' 'KAP 12u' 1.36 21.3 0.98 'Kap inside XRD, small dIdt dip'
203 3 'test 2\150812' 80 1.01 10.1 1.01 '2x15um W' 'KAP 12u' 1.36 21.3 0.98 'Kap inside XRD'

%test 3 (50um Mo)

%$SHOT SHOT DATE Volt Bdot Rogo XRD XPINCH XRD XRD_RES XRD DIS XRD_APER NOTES
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$ID NUM kv dB dB dB CONF FILTER A/MW cm cm
301 1 'test 3\151117' 80 1.01 10.1 1.01 '2x50um Mo' 'Fe 25u’ 0.0297 49.5 0.98 '
302 2 'test 3\151117' 80 1.01 10.1 1.01 '2x50um Mo' 'Fe 25u’ 0.0297 49.5 0.98 '

$test 5 (new XRD-magnet-filter limiting aperture)

%SHOT SHOT DATE Volt Bdot Rogo XRD XPINCH XRD XRD_RES XRD_DIS XRD APER NOTES
$ID NUM kv dB dB dB CONF FILTER A/MW cm cm

501 1 'test 5\151221' 80 1.01 10.1 1.01 '2x50um Mo' 'Kap 12u' 1.36 75.1 0.98 '

502 2 'test 5\151221' 80 1.01 10.1 1.01 '2x50um Mo' 'Kap 12u' 1.36 75.1 0.98 'no data'
503 3 'test 5\151221' 80 1.01 10.1 1.01 '2x50um Mo' 'Kap 12u' 1.36 74.4 0.98 '

Yi

$shots parameters which are common

if any(shot.id == [100:164 201:259 301:302]) %shots without bdot, use rogo data
shot.bdot.ch = 'ch2';

else
shot.bdot.ch = 'chl'; $bdot channel

end

shot.rogo.ch = 'ch2'; %rogo channel

shot.xrdl.ch = 'ch3'; %$xrdl channel

shot.bdot.factor = 2.43*5*10; %bdot callibration factor, (1/V) (A/ns).

shot.rogo.factor = 2.62; $rogo callibration factor, (1/V) (A/ns).

%shots parameters which are different

ii = find(cell2mat (arrays(:,1)) == shot.id) %$shot number

shot.num = arrays{ii, 2}; %$shot date

shot.date = arrays{ii, 3}; %$shot date

shot.volt = arrays{ii, 4}; $shot voltage

shot.bdot.dB = cell2mat (arrays(ii,5)); $rogo attenuation factor (attenuators, cables, etc...)
shot.rogo.dB = cell2mat (arrays(ii,6)); %$rogo attenuation factor (attenuators, cables, etc...)
shot.xrdl.dB = cell2mat (arrays(ii,7)); $xrd attenuation factor (attenuators, cables, etc...)
shot.xpinch = cell2mat (arrays(ii,8)); $shot x-pinch configuration

shot.xrdl.fil = cell2mat (arrays(ii,9)); %$XRD1 filter

shot.xrdl.res = cell2mat (arrays(ii, 10)); $XRD1 response factor, A/MW

shot.xrdl.dist = cell2mat (arrays(ii,11)); $XRD1 source-detector distance, cm

shot.xrdl.diam = cell2mat (arrays(ii,12)); $XRD1 apperture, cm

shot.note = cell2mat (arrays(ii,13)); %shot notes

shot.xrdl.solid = (shot.xrdl.diam/2)"2/ (4*shot.xrdl.dist"2); $XRD1 solid angle

t.start = -400; t.end = 1600; t.endbsln = -150; $start/end int/nkg subst times
t.fitstart = 0; t.fitend = 1000; %start/end fitting times
t.delayzero = 0; t.delaysignal = 0;

%///load raw scope data (time in sec, signal in V)

fname rogo =

strcat (shot.date,' ',num2str(shot.num),' ',num2str(shot.volt),'kV ',num2str(shot.rogo.ch),'.csv');
$rogo data

fname xrdl =

strcat (shot.date,' ',num2str (shot.num),' ',num2str (shot.volt),'kV ',num2str (shot.xrdl.ch),'.csv');
sxrd data

fname bdot =

strcat (shot.date,' ',num2str (shot.num),' ',num2str (shot.volt),'kV ',num2str (shot.bdot.ch),'.csv');

%xrd data

try
datal importdata (fname rogo) ;
data2 = importdata (fname xrdl);
data3 = importdata (fname bdot);
catch error
disp('No data');
return
end

%///save dada in arrays

time = datal.data(:,1)*1E9; %$time in ns

shot.rogo.raw = datal.data(:,2); %$raw scope, V
shot.xrdl.raw = data2.data(:,2); $raw scope, V
shot.bdot.raw = data3.data(:,2); %$raw scope, V
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%///substruct pre-array baseline DC component
il = find(time > t.start,1l, 'first');

i2 = find(time < t.endbsln, 1, 'last');

shot.rogo.raw = shot.rogo.raw - mean(shot.rogo.raw(il:12));
shot.xrdl.raw = shot.xrdl.raw - mean(shot.xrdl.raw(il:i2));
shot.bdot.raw = shot.bdot.raw - mean(shot.bdot.raw(il:i2))

’

%///normalise all signals to dB (attenuators, cables length, etc.)
shot.rogo.volt = shot.rogo.raw*shot.rogo.dB;
shot.xrdl.volt = shot.xrdl.raw*shot.xrdl.dB;
shot.bdot.volt = shot.bdot.raw*shot.bdot.dB;

%///do some re-normalization

shot.rogo.rate = shot.rogo.volt*shot.rogo.factor; %normalise rogo signal to V*(1/V) (A/ns) = A/ns
shot.bdot.rate = shot.bdot.volt*shot.bdot.factor; S%normalise bdot signal to V*(1/V) (A/ns) = A/ns
shot.xrdl.watt = (shot.xrdl.volt/50)/shot.xrdl.res/shot.xrdl.solid; %normalize xrd signal to power
(at least) (V/Ohm)/ (A/MW) = MW (at least)

%///integrate signals
shot.rogo.int = zeros(size(shot.rogo.raw));
shot.bdot.int = zeros(size (shot.bdot.raw));
shot.xrdl.int = zeros(size (shot.xrdl.raw));
shot.xrdl.ener = zeros(size (shot.xrdl.raw));
for i=(il+1) :size (time)
shot.rogo.int (i) = shot.rogo.rate(i)* (time(i) - time(i-1)) + shot.rogo.int(i-1); $rogo

integral (A/ns)*ns = A
shot.bdot.int (i) = shot.bdot.rate(i)* (time(i) - time(i-1)) + shot.bdot.int(i-1); Sbdot
integral (A/ns)*ns = A
shot.xrdl.int (i) = shot.xrdl.volt(i)* (time (i) - time(i-1)) + shot.xrdl.int (i-1); $xrdl
integral (V*ns)
shot.xrdl.ener (i) = shot.xrdl.watt(i)* (time (i) - time(i-1)) + shot.xrdl.ener(i-1); Sxrd
integral (MW*ns) = mJ
end
shot.rogo.int = shot.rogo.int/1000; %normalise rogo current to kA
shot.bdot.int = shot.bdot.int/1000; $normalise bdot current to kA
shot.xrdl.int = shot.xrdl.int/1e9; $normalise xrdl integral to V*s
shot.xrdl.ener = shot.xrdl.ener/1000; %normalise xrd energy to J
%generate plots
figure;
%hold on;
switch switchplot
case 1
if scaleR == 2 scaleR = max(shot.rogo.raw)/max (shot.xrdl.raw)/2;
elseif scaleR == 3 scaleR = max(shot.rogo.raw)/max (shot.xrdl.raw); end
[hAx,hLinel,hLine2] = plotyy(time, shot.rogo.raw, time, shot.xrdl.raw);
ylimit = [-40 507]; %y axis vector
yticks = [-40:10:507]; %y ticks axis vector
tylabel = {'rogo raw rate, V'; 'xrd raw signal, V'};
tlegend = {['rogo, ',num2str (max(shot.rogo.raw),3),' V (scope)']l,...
['XRD/', shot.xrdl.fil, ', ', num2str (max (shot.xrdl.raw),2),' V (scope)'l};
case 2
if scaleR == 2 scaleR = max(shot.rogo.volt)/max (shot.xrdl.volt)/2;
elseif scaleR == 3 scaleR = max(shot.rogo.volt)/max (shot.xrdl.volt); end
[hAx,hLinel, hLine2] = plotyy(time, shot.rogo.volt, time, shot.xrdl.volt);
ylimit = [-400 500]; %y axis vector
yticks = [-400:100:500]; %y ticks axis vector
tylabel = {'rogo signal, V'; 'xrd signal, V'};
tlegend = {['rogo, ',num2str (max(shot.rogo.volt),3)," V']l,...
["XRD/"', shot.xrdl.fil, ', ', num2str (max (shot.xrdl.volt),3)," V']l};
case 3
if scaleR == 2 scaleR = max(shot.rogo.rate)/max (shot.xrdl.volt)/2;
elseif scaleR == 3 scaleR = max(shot.rogo.rate)/max (shot.xrdl.volt); end
[hAx,hLinel, hLine2] = plotyy(time, shot.rogo.rate, time, shot.xrdl.volt);
ylimit = [-1200 1400]; %y axis vector
yticks = [-1200:400:1400]; %y ticks axis vector
tylabel = {'rogo rate, A/ns'; 'xrd signal, V'};

tlegend = {['dI/dt rogo, ',num2str (max (shot.rogo.rate),4),' A/ns'],...
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["XRD/"', shot.xrdl.fil, ', ', num2str (max (shot.xrdl.volt),3)," V'l};

case 4
if scaleR == 2 scaleR = max(shot.rogo.int) /max (shot.xrdl.volt)/2;

elseif scaleR == 3 scaleR = max(shot.rogo.int)/max (shot.xrdl.volt); end
[hAx,hLinel, hLine2] = plotyy(time, shot.rogo.int, time, shot.xrdl.volt);
ylimit = [-160 220]; %y axis vector
yticks = [-160:40:2201]; %y ticks axis vector
tylabel = {'current, A'; 'xrd signal, V'};
tlegend = {['current rogo, ',num2str (max(shot.rogo.int),3),"' kA'],...

["XRD/"', shot.xrdl.fil, ', ', num2str (max (shot.xrdl.volt),3),"' V']l};

case 5
if scaleR == 2 scaleR = max(shot.rogo.int)/max (shot.xrdl.watt)/2;

elseif scaleR == 3 scaleR = max(shot.rogo.int)/max (shot.xrdl.watt); end
[hAx,hLinel, hLine2] = plotyy(time, shot.rogo.int, time, shot.xrdl.watt);
ylimit = [-160 220]; %y axis vector
yticks = [-160:40:220]; %y ticks axis vector

tylabel = {'current, A'; 'xrd power, MW (at least)'};
tlegend = {['current, ',num2str (max(shot.rogo.int),3),' kA']l,...
["XRD/', shot.xrdl.fil, ', ', num2str (max (shot.xrdl.watt),5)," MW']};

case 6
if scaleR == 2 scaleR = max(shot.rogo.int)/max (shot.xrdl.ener)/2;

elseif scaleR == 3 scaleR = max(shot.rogo.int)/max (shot.xrdl.ener); end
[hAx,hLinel, hLine2] = plotyy(time, shot.rogo.int, time, shot.xrdl.ener);
ylimit = [-160 220]; %y axis vector
yticks = [-160:40:220]; %y ticks axis vector
tylabel = {'current, A'; 'xrd energy, J (at least)'};
tlegend = {['current, ',num2str (max(shot.rogo.int),3),"' kA'],...

["XRD/', shot.xrdl.fil, ', ', num2str (max (shot.xrdl.ener),5),"' J'1};

case 7
if scaleR == 2 scaleR = max(shot.rogo.int)/max (shot.xrdl.ener)/2;

elseif scaleR == 3 scaleR = max(shot.rogo.int)/max (shot.xrdl.ener); end
[hAx,hLinel, hLine2] = plotyy(time, shot.rogo.int, time, shot.xrdl.ener);
ylimit = [-160 220]; %y axis vector
yticks = [-160:40:220]; %y ticks axis vector

tylabel = {'current, A'; 'xrd integral, V*s'};
tlegend = {['current, ',num2str (max(shot.rogo.int),3),"' kA']l,...

["XRD/"', shot.xrdl.fil, ', ', num2str (max (shot.xrdl.int),5),"' V*s']};
case 11
if scaleR == 2 scaleR = max(shot.rogo.raw)/max (shot.bdot.raw)/2;
elseif scaleR == 3 scaleR = max(shot.rogo.raw)/max (shot.bdot.raw); end
[hAx,hLinel, hLine2] = plotyy(time, shot.rogo.raw, time, shot.bdot.raw);
ylimit = [-40 50]; %y axis vector
yticks = [-40:10:507]; %y ticks axis vector
tylabel = {'rogo raw signal, V'; 'bdot raw signal, V'};
tlegend = {['rogo, ',num2str (max(shot.rogo.raw),3),' V (scope)'],
["bdot, ',num2str (max(shot.bdot.raw),3),' V (scope)'l};
case 12
if scaleR == 2 scaleR = max(shot.rogo.volt)/max (shot.bdot.volt)/2;
elseif scaleR == 3 scaleR = max(shot.rogo.volt)/max (shot.bdot.volt); end
[hAx,hLinel, hLine2] = plotyy(time, shot.rogo.volt, time, shot.bdot.volt);
ylimit = [-400 500]; %y axis vector
yticks = [-400:100:5007; %y ticks axis vector

tylabel = {'rogo signal, V'; 'bdot signal, V'};

tlegend = {['rogo, ',num2str (max(shot.rogo.volt),3),"' V'],...
['"bdot, ',num2str (max (shot.bdot.volt),3)," V']};

case 13
if scaleR == 2 scaleR = max(shot.rogo.rate)/max (shot.bdot.rate)/2;

elseif scaleR == 3 scaleR = max(shot.rogo.rate)/max (shot.bdot.rate); end
[hAx,hLinel, hLine2] = plotyy(time, shot.rogo.rate, time, shot.bdot.rate);
ylimit = [-1200 1400]; %y axis vector
yticks = [-1200:400:1400]; %y ticks axis vector
tylabel = {'rogo rate, A/ns'; 'bdot rate, A/ns'};

tlegend = {['dI/dt rogo, ',num2str (max(shot.rogo.rate),4),' A/ns'],
['dI/dt bdot, ',num2str (max (shot.bdot.rate),4),' A/ns']};
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case 14

if scaleR == 2 scaleR = max(shot.rogo.int) /max (shot.bdot.int)/2;
elseif scaleR == 3 scaleR = max(shot.rogo.int)/max (shot.bdot.int); end
[hAx,hLinel, hLine2] = plotyy(time, shot.rogo.int, time, shot.bdot.int);
ylimit = [-160 220]; %y axis vector
yticks = [-160:40:2201]; %y ticks axis vector
tylabel = {'rogo current, kA'; 'bdot current, kA'};
tlegend = {['current rogo, ',num2str (max(shot.rogo.int),3),"' kA'],...
["current bdot, ',num2str (max (shot.bdot.int),3),' kA']};
case 101
if scaleR == 2 scaleR = max(shot.rogo.raw)/max (shot.xrdl.raw)/2;
elseif scaleR == 3 scaleR = max(shot.rogo.raw)/max (shot.xrdl.raw); end
if scalel == 2 scalel = max(shot.rogo.raw)/max (shot.bdot.raw)/2;
elseif scalel == 3 scalel = max(shot.rogo.raw)/max (shot.bdot.raw); end
[hAx,hLinel,hLine2] = plotyy(time, [shot.rogo.raw,shot.bdot.raw*scalel], time, shot.xrdl.raw);
ylimit = [-40 507]; %y axis vector
yticks = [-40:10:50]; %y ticks axis vector
tylabel = {'rogo raw rate, V'; 'xrd raw signal, V'};
tlegend = {['rogo, ',num2str (max(shot.rogo.raw),3),' V (scope)']l,...
["bdot, ',num2str (max(shot.bdot.raw),3),' V (scope) (x ',num2str(scalel,3),"')"']l,...

['XRD/', shot.xrdl.fil, ', ', num2str (max(shot.xrdl.raw),2),' V (scope)'l};

case 102
if scaleR == 2 scaleR = max(shot.rogo.volt)/max (shot.xrdl.volt)/2;
elseif scaleR == 3 scaleR = max(shot.rogo.volt)/max (shot.xrdl.volt); end
if scalel == 2 scalel = max(shot.rogo.volt)/max (shot.bdot.volt)/2;
elseif scalel == 3 scalel = max(shot.rogo.volt)/max (shot.bdot.volt); end
[hAx,hLinel, hLine2] = plotyy(time, [shot.rogo.volt,shot.bdot.volt*scalel], time,
shot.xrdl.volt);
ylimit = [-400 500]; %y axis vector
yticks = [-400:100:5007; %y ticks axis vector
tylabel = {'rogo signal, V'; 'xrd signal, V'};
tlegend {['rogo, ',num2str (max(shot.rogo.volt),3)," V'],...
['bdot, ',num2str (max (shot.bdot.volt),3),"' V (x ',num2str(scalelL,3),')']l,...
["XRD/', shot.xrdl.fil, ', ', num2str (max (shot.xrdl.volt),3),"' V']};

case 103
if scaleR == 2 scaleR = max(shot.rogo.rate)/max (shot.xrdl.volt)/2;
elseif scaleR == 3 scaleR = max(shot.rogo.rate)/max (shot.xrdl.volt); end
if scalel == 2 scalel = max(shot.rogo.rate)/max (shot.bdot.rate)/2;
elseif scalel == 3 scalel = max(shot.rogo.rate)/max (shot.bdot.rate); end
[hAx,hLinel, hLine2] = plotyy(time, [shot.rogo.rate,shot.bdot.rate*scalel], time,
shot.xrdl.volt);
ylimit = [-1200 14001]; %y axis vector
yticks = [-1200:400:1400]; %y ticks axis vector
tylabel = {'rogo rate, A/ns'; 'xrd signal, V'};
tlegend = {['dI/dt rogo, ',num2str (max(shot.rogo.rate),4),' A/ns']l,...

['dI/dt bdot, ',num2str (max (shot.bdot.rate),4),' A/ns (x ',num2str(scaleL,3),"')'],...

["XRD/', shot.xrdl.fil, ', ', num2str (max (shot.xrdl.volt),3),"' V']l};

case 104
if scaleR == 2 scaleR = max(shot.rogo.int)/max (shot.xrdl.volt)/2;
elseif scaleR == 3 scaleR = max(shot.rogo.int)/max (shot.xrdl.volt); end
if scalel == 2 scalel = max(shot.rogo.int)/max (shot.bdot.int)/2;
elseif scalel == 3 scalel = max(shot.rogo.int)/max (shot.bdot.int); end
[hAx,hLinel, hLine2] = plotyy(time, [shot.rogo.int,shot.bdot.int*scalel], time, shot.xrdl.volt);
ylimit = [-160 220]; %y axis vector
yticks = [-160:40:220]; %y ticks axis vector
tylabel = {'current, A'; 'xrd signal, V'};
tlegend = {['current rogo, ',num2str (max(shot.rogo.int),3),"' kA']l,...
['current bdot, ',num2str (max(shot.bdot.int),3),' kA (x ',num2str(scalelL,3),"')"']l,...
["XRD/"', shot.xrdl.fil, ', ', num2str (max (shot.xrdl.volt),3),"' V']l};
end

%set axis/ticks values
set (hAx (1), 'XLim', [t.start t.end])
set (hAx (2), 'XLim', [t.start t.end])
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set (hAx (1), 'YLim',ylimit, "YTick',yticks);
set (hAx (2), 'YLim',ylimit/scaleR, 'YTick',yticks/scaleR, ...

'YTickLabel',arrayfun (@ (v) sprintf('%3.2f',v), yticks/scaleR, 'UniformOutput', false));

%$set axis/line colors

set (hAx (1), "ycolor', 'k") $left axis color

set (hAx (2), "ycolor','r") $right axis color
[

if any(switchplot == [1:7 11:14]) %$set left axis plot color if there is one left plot
set (hLinel, 'Color', 'k', "LineWidth',0.1);
else %set left axis plot color if there are two left plot

set (hLinel (1), 'Color', 'k', 'LineWidth',0.4);
set (hLinel (2), 'Color','g"', 'LineWidth',0.01) ;
end
set (hLine2, 'Color', 'r', "LineWidth',0.1);

$set title/axis/legend names

title(sprintf ('Shot %i, %s, %s (notes: %s) ', shot.num, shot.date, shot.xpinch, shot.note));
xlabel ("time, ns');

ylabel (hAx (1), tylabel (1), 'FontSize',12); % left y-axis

ylabel (hAx (2),tylabel (2), 'FontSize',12); % right y-axis

legend(tlegend) ;

set (legend, 'EdgeColor','w', 'FontSize',12);

grid on;

$set figure window

x0 = 2; y0 = 5;

xdim = 8; ydim = 4;

set (gcf, 'units', "inch', 'position', [x0,y0, xdim, ydim])

%///print statistics
switch switchprint
case 1 % print each shot statistics (raw datal)
formatl = 'shot %d (rogo raw datal): \tmean %9.2e \tstd %6.3f \tmax %5.3f \terr %4.3f%%';

disp(sprintf (formatl, shot.num,mean (shot.rogo.raw(il:12)),std(shot.rogo.raw(il:i2)),max (shot.rogo.

) ,std(shot.rogo.raw(il:i2)) /max (shot.rogo.raw)*100));

o

case 2 % print each shot statistics (intent)
formatl = 'shot %d (rogo int): \tmean %9.2e \tstd %6.3f \tmax %5.3f \terr

v,
’

o
o

4.3f%

raw

disp (sprintf (formatl, shot.num,mean (shot.rogo.int(i1:12)),std(shot.rogo.int(il:i2)),max (shot.rogo.int

) ,std(shot.rogo.int (i1:i2)) /max (shot.rogo.int) *100)) ;
end
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N 2-LTD-BRICK DRIVER PERIODIC MAINTENANCE PROCEDURES

In general, 2-LTD-Driver is not require any maintenance, but after a number of
shots a small deposit of wire materials is seen on the acrylic plate vacuum interface, which
can prevent the total driver energy from being delivered to the x-pinch load. In order to
monitor the current delivered to an x-pinch load, a second current monitor was installed in

the inner anode-cathode output driver section beginning on Shot 1D 500.

An example of a shot, ID 514, having a "good" agreement of the Rogowskii and
the B-Dot signals, is shown in Figure N-1. The black line represents integrated and properly
normalized Rogowskii coil current, the green line is B-Dot current, and the red is XRD
signal. As can be seen, the Rogowskii and B-Dot currents match up to about 600 ns, after
the time when all XRD signals were already observed. The deviation of the two signals is
an indication that the insulator vacuum interface flashed late in time.

Shot ID 514, test 51160128, 2x15um W (notes: )
T T T T T

200 —10.31
current rogo, 172 kA
160 [ current bdot, 170 kA (x 1) 48.24
A —— XRD/Kim 2u, 4.42 V
120 ~] 618
80 A H412 >
< / s
T 40 / 4206 &
] o
= / »
3 0 . 000 B
x
-40 --2.06
-80 - -1-4.12
-120 --6.18
-160 1 1 1 1 1 1 1 1 1 824
-400 -200 0 200 400 600 800 1000 1200 1400 1600

time, ns

Figure N-1. Shot ID with properly matched Rogowskii and B-Dot signals.

An example of shot, ID 517, with a "poor” match of the Rogowskii and the B-Dot
signals, is shown in Figure N-2. As can be seen, the B-Dot current signal starts to deviate

from the Rogowskii current signal at about 200 ns, and this is an indication that not all
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current is delivered to the x-pinch load and the x-pinch may not be properly pinched. Even
in this case, the full current is delivered to the load at the time of the peak of the XRD
signal.

Shot ID 517, test 51160129, 2x15um W (notes: Bdot deviates at 200ns)
T T T T T T T T T

200 |~ 4776
current rogo, 172 kA
160 current bdot, 152 kA (x 1) 46.21
— XRD/Kim 2u, 3.33 V
120 ~]466
80 4310 >
< S —_—
g a0 {155 g
= »
3 O 000 ©
X
40 —-1.55
-80 —-3.10
120 --4.66
60 1 1 1 1 1 1 1 1 1 -6.21
-400 -200 0 200 400 600 800 1000 1200 1400 1600

time, ns

Figure N-2. Shot ID with not a "good" matched Rogowskii and B-Dot signals.
After a shot in which a "poor" match of the Rogowskii and the B-Dot signals was
observed, the driver vacuum insulator has to be cleaned as follows: the vacuum chamber
has to be carefully removed, and acrylic plate has to be cleaned with alcohol at the vacuum
chamber insulator interface as indicated with a blue arrow at Figure N-3 below. Other
driver parts, available for inspection, including the driver output Al plate, anode-cathode
electrodes, and driver HV plate, can be cleaned, as well. Such cleaning is usually required

after about 20-30 x-pinch shots, and takes not more than a few hours.

Figure N-3. Outt 2DBrick driver isolator plate.
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O X-PINCH SHOT SUMMARY TABLE

Almost 200 total (201 exact for a last shot ID 658) x-pinch shots were performed

with our new 2-LTD-Brick driver as listed in Table O-1. The first column represents the

shot ID number, where the first digit is a test number and the last two digits are the shot

number. The columns 2-3 shows the x-pinch geometry and driver charging voltage,

correspondingly. Columns 4-6 indicate the Rogowskii coil signal parameters (max voltage,

max dl/dt and max peak current). The columns 7-10 describe the XRD parameters (XRD

filter, source-detector distance, XRD solid angle, max XRD voltage). The last column is

for shot notes (driver configuration, common problems, etc).

Table O-1. 2-LTD-Brick driver x-pinch shot summary.

SHOT Vdr | Vmax| di/dT |Imax XRD XRD XRD | Vxrd
i | XPINCH 4y | V) | (kains) [ (A) | FILT | DisT | sa | (v) | NOTES
Shots with 2x80-um Cu x pinch
100 2x80um Cu 80 371 0.97 198 MYL 127u 8.8 7.80E-04 1.88  no screen box
101 2x80um Cu 80 367 0.96 195 MYL 127u 8.8 7.80E-04 1.3 no screen box
102 2x80um Cu 80 387 1.01 211 MYL 127u 8.8 7.80E-04 4.75  no screen box
103 2x80um Cu 80 387 1.01 202 MYL 127u 8.8 7.80E-04 1.29  no screen box
104 2x80um Cu 80 377 0.99 208 MYL 127u 8.8 7.80E-04 1.37  no screen box
105 2x80um Cu 80 409 1.07 217 MYL 127u 8.8 7.80E-04 1.06  no screen box
106 2x80um Cu 80 399 1.05 212 MYL 127u 8.8 7.80E-04 1.71  no screen box
107 2x80um Cu 80 399 1.05 217 MYL 127u 8.8 7.80E-04 2.11  no screen box
108 2x80um Cu 80 338 0.89 195 MYL 127u 8.8 7.80E-04 1.87  no screen box
109 2x80um Cu 80 368 0.96 194 Al 17u 8.8 7.80E-04 1.39  no screen box
110 2x80um Cu 80 395 1.04 206 Al 17u 8.8 7.80E-04 1.92  no screen box
111 2x80um Cu 80 400 1.05 213 Al 17u 8.8 7.80E-04 1.98  no screen box, forgot thick plastic in-front XRD
131 2x80umCu 80 380 100 211 nofilter 88  780E04 6.6 gg;gsrfte” box, XRD scope clipped, XRD debris
132 2x80um Cu 80 396 1.04 211 KAP 50u 8.8 7.80E-04 0.76  no screen box, *plus Al 1.5u
133 2x80um Cu 80 352 0.92 203 KAP 50u* 8.8 7.80E-04 1.69  no screen box
134 2x80um Cu no screen box, scope freeze, no data
135 2x80um Cu 80 384 1.01 201 KAP 50u* 8.8 7.80E-04  0.92  noscreen box, , * plus Al 1.5u
136 2x80um Cu 80 369 0.97 200 KAP 50u* 8.8 7.80E-04  0.82  noscreen box, , * plus Al 1.5u
137 2x80um Cu 80 363 0.95 195 KAP 50u* 8.8 7.80E-04  0.71  noscreen box, , * plus Al 3u
138 2x80um Cu 80 388 1.02 196 KAP 50u 8.8 7.80E-04  0.71  no screen box
139 2x80um Cu 80 399 1.05 202 KAP 50u 8.8 7.80E-04 0.8 no screen box
146 2x80um Cu 80 364 0.95 195 KAP 12u 8.8 7.80E-04  0.75  no screen box
147 2x80um Cu 80 383 1.00 200 KAP 12u 8.8 7.80E-04  0.86  no screen box
148 2x80um Cu 80 358 0.94 192 KAP 12u 21.3 1.30E-04 0.49  screen box in this and all later shots
150 2x80um Cu 80 366 0.96 205 KAP 12u 213 1.30E-04  0.18  screen box
151 2x80um Cu 80 390 1.02 213 KAP 12u 213 1.30E-04  0.13  screen box
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SHOT Vdr | Vmax| dI/dT |Imax XRD XRD XRD Vxrd
i | XPINCH 4y | vy | ains) [(A) | FILT | DisT | sa | (v) | NOTES
152 2x80um Cu 80 391 1.02 210 KAP 12u 21.3 1.30E-04 0.05 screen box
154 2x80um Cu 80 402 1.05 207 KAP 12u 21.3 1.30E-04 0.24  screen box, nice sharp XRD signal
159 2x80um Cu 80 359 0.94 190 KAP 12u 21.3 1.30E-04 0.72 screen box
160 2x80um Cu 80 349 0.92 190 KAP 12u 21.3 1.30E-04 0.77 screen box
161 2x80um Cu 80 358 0.94 189 KAP 12u 21.3 1.30E-04 0.73 screen box
504 2x80um Cu 80 404 1.06 211 KAP 12u 74.4 1.10E-05 0.81  New aperture design: XRD-magnets-filter
509 2x80um Cu 80 356 0.93 192 Al 2.5u 105.9 5.40E-06 1.70  New aperture design: XRD-magnets-filter
510 2x80um Cu 80 367 0.96 194 Al 2.5u 105.9 5.40E-06 1.84  New aperture design: XRD-magnets-filter
511 2x80um Cu 80 356 0.93 191 Al 2.5u 105.9 5.40E-06 1.70  New aperture design: XRD-magnets-filter
625 2x80um Cu 80 330 0.86 182 Kim 2u 105.9 5.40E-06 0.66 extra shots with 2x80 Cu
626 2x80um Cu 80 358 0.94 191 Kim 2u 105.9 5.40E-06 0.8 extra shots with 2x80 Cu
627 2x80um Cu 80 346 0.91 192 Kim 2u 105.9 5.40E-06 0.78 extra shots with 2x80 Cu
Shots with 4x80-um Cu x pinch
112 4x80um Cu 80 356 0.93 199 Al 17u 8.8 7.80E-04 1.85  no screen box
113 4x80um Cu 80 351 0.92 193 Al 17u 8.8 7.80E-04 1.43  no screen box
114 4x80um Cu 80 347 0.91 193 Al 17u 8.8 7.80E-04 0.83  no screen box
115 4x80um Cu 80 372 0.98 206 Al 17u 8.8 7.80E-04 0.88  no screen box, forgot thick plastic in-front XRD
140 4x80um Cu 80 347 0.91 191 KAP 50u 8.8 7.80E-04 0.9 no screen box
Shots with 2x127-um Cu x pinch
142 2x127um Cu 80 324 0.85 199 KAP 50u 8.8 7.80E-04 0.85  no screen box
156 2x127um Cu 80 372 0.97 214 KAP 12u 21.3 1.30E-04 0.10  screen box
Shots with 4x127-um Cu x pinch
116 4x127um Cu 80 363 0.95 191 Al 1.5u 8.8 7.80E-04 5.71  no screen box, XRD scope clipped
117 4x127um Cu 80 335 0.88 186 Plas 13-u* 8.8 7.80E-04 3.67  *plus Al 1.5u no screen box; XRD scope clipped
118  4x127umCu 80 361 095 193  AlL5u* 88  780E04  6L7 :I)i(pf)g dﬁ'ter is perforated; no screen box, XRD scope
119 4x127uymCu 80 348 091 187  KAPS50u* 88  7.80E-04  6.20 ?I;?ez'"e’ is perforated; no screen box, XRD scope
120 4x127um Cu 80 377 0.99 193 KAP 50u 8.8 7.80E-04 2.28  no screen box, forgot plastic inside chamber
121 4x127umCu 80 368 096 194 KAP50u* 88  780E-04 082 . PWusAlL5uino screen box, forgot thick plastic in-
front XRD
122 4x127um Cu 80 360 0.94 190 KAP 50u* 8.8 7.80E-04 1.94  *plus Al 1.5u; no screen box, Al foil gone
123 4x127um Cu 80 356 0.93 188 KAP 50u* 8.8 7.80E-04 0.62  *plus Al 1.5u; no screen box, XRD scope clipped
124 4x127um Cu 80 360 0.94 189 KAP 50u* 8.8 7.80E-04 61.66 *plus Al 1.5u; no screen box, XRD scope clipped
125 4x127um Cu 80 356 0.93 190 Al 17u* 8.8 7.80E-04 4.06  *plus KAP50u/1.5uAl; no screen box (
126 4x127um Cu 80 356 0.93 205 KAP 50u* 8.8 7.80E-04 3.83  *plus Al 1.5u; no screen box, filter at anode window
127 4x127um Cu 80 371 0.97 196 KAP 50u 8.8 7.80E-04 0.95  no screen box
128 4x127pum Cu no screen box, scope freeze, no data
129 4x127um Cu 80 336 0.88 190 KAP 12u 8.8 7.80E-04 0.72  no screen box
141 4x127um Cu 80 364 0.95 190 KAP 50u 8.8 7.80E-04 0.90  no screen box
149 4x127um Cu 80 331 0.87 184 KAP 12u 21.3 1.30E-04 0.51 screen box
158 4x127um Cu 80 358 0.94 207 KAP 12u 21.3 1.30E-04 0.04 screen box
Shots with parallel 80/127-um Cu wires, no x pinch configuration
144 21180pum Cu 80 373 0.98 199 KAP 50u 8.8 7.80E-04 0.85  no screen box, parallel wire
145 21180um Cu 80 364 0.95 198 KAP 50u 8.8 7.80E-04 0.85  no screen box, parallel wire
153 21180um Cu 80 406 1.06 218 KAP 12u 21.3 1.30E-04 0.02  screen box, parallel wire
155 21180um Cu 80 395 1.03 213 KAP 12u 21.3 1.30E-04 0.12  screen box, parallel wire
162 21180um Cu 80 398 1.04 209 KAP 12u 21.3 1.30E-04 0.35  screen box, parallel wire
163 21180um Cu 80 366 0.96 196 KAP 12u 21.3 1.30E-04 0.58  screen box, parallel wire
157 211127um Cu 80 391 1.02 213 KAP 12u 21.3 1.30E-04 0.03 screen box, parallel wire
143 411127uym Cu 80 383 1.00 202 KAP 50u 8.8 7.80E-04  0.86  no screen box, parallel wire
Shots with 4x127-um Ni-Cr x pinch
130 4lei2—7C$m 80 381 1.00 206 KAP 12u 8.8 7.80E-04 0.95 no screen box
Shots with 2x15-um W x pinch
201 2x15um W 80 483 1.27 186 KAP 12u 21.3 1.30E-04 3.57 Kap inside XRD
202 2x15um W 80 450 1.18 206 KAP 12u 21.3 1.30E-04 0.38 Kap inside XRD, small dldt dip
203 2x15um W 80 443 1.16 191 KAP 12u 21.3 1.30E-04 3.47 Kap inside XRD
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SHOT Vdr | Vmax| dl/dT |Imax XRD XRD XRD Vxrd
i | XPINCH 4y | vy | ains) [(A) | FILT | DisT | sa | (v) | NOTES
204 2x15um W 80 471 1.23 183 KAP 12u 21.3 1.30E-04 1.33 Kap inside XRD, small dldt dip
205 2x15um W 80 475 1.25 179 KAP 12u 21.3 1.30E-04 1.84 Kap inside XRD, two dldt dips
206 2x15um W 80 483 1.27 186 KAP 12u 21.3 1.30E-04 1.11 Kap inside XRD, small dldt dip
207 2x15pm W no data
208 2x15um W 80 515 1.35 189 KAP 12u 33.8 5.30E-05 1.64 aperture, XRD scope clipped
209 2x15um W 80 420 1.10 217 KAP 12u 33.8 5.30E-05 0.16 aperture, no XRD signal
210 2x15um W 80 402 1.05 216 KAP 12u 338 5.30E-05 0.14 aperture, no XRD signal
211 2x15um W 80 455 1.19 189 KAP 12u 495 2.40E-05 0.68 aperture
212 2x15um W 80 483 1.27 185 KAP 12u 495 2.40E-05 0.31 aperture
223 2x15um W 80 436 1.14 190 KAP 12u 495 2.40E-05 2.22
224 2x15um W 80 447 1.17 193 KAP 12u 495 2.40E-05 6.35
225 2x15um W 80 488 1.28 190 KAP 12u 495 2.40E-05 2.66
226 2x15um W 80 475 1.24 182 KAP 12u 495 2.40E-05 6.15 no clear didt dip
244 2x15um W 80 463 121 192 KAP 12u 90.2 7.40E-06 0.86
227 2x15pm W 80 436 1.14 188 KAP 50u 49.5 2.40E-05 0.42
228 2x15um W 80 427 1.12 192 KAP 50u 49.5 2.40E-05 0.51
505 2x15pm W 80 467 1.22 203 KAP 12u 74.4 1.10E-05 2.06  New aperture design: XRD-magnets-filter
506 2x15pm W 80 484 1.27 172 KAP 12u 74.4 1.10E-05 9.28  New aperture design: XRD-magnets-filter
507 2x15pm W 80 490 1.28 169 KAP 12u 74.4 1.10E-05 8.86  New aperture design: XRD-magnets-filter
229 2x15um W 80 447 1.17 187 AL 1.5u 49.5 2.40E-05 16.49 XRD scope clipped
230 2x15pm W 80 455 1.19 188 AL 1.5u 49.5 2.40E-05 82.33 XRD scope clipped
231 2x15pm W 80 459 1.20 192 AL 1.5u 49.5 2.40E-05 312.38 XRD saturated
232 2x15pm W 80 443 1.16 195 AL 1.5u 49.5 2.40E-05 275.44 XRD saturated
233 2x15pm W 80 448 1.17 191 AL 1.5u 49.5 2.40E-05 285.64 XRD saturated
234 2x15pm W 80 484 1.27 189 AL 1.5u 49.5 2.40E-05 265.08 XRD saturated
235 2x15pm W 80 463 1.21 189 AL 1.5u 49.5 2.40E-05 210.27 XRD saturated
236 2x15pm W 80 471 1.23 190 AL 1.5u 80.3 9.30E-06 160.96 XRD near saturation
237 2x15pm W 80 443 1.16 189 AL 1.5u 90.2 7.40E-06 56.45 no clear didt dip
238 2x15pm W 80 456 1.20 202 AL 1.5u 90.2 7.40E-06  71.52
239 2x15pm W 80 463 1.21 185 AL 1.5u 90.2 7.40E-06 53.24
240 2x15pm W 80 448 1.17 189 AL 1.5u 90.2 7.40E-06  63.84 small dldt dip
241 2x15um W 80 419 1.10 189 AL 1.5u 90.2 7.40E-06  58.53
213 2x15pm W 80 479 1.25 178 AL 4u 49.5 2.40E-05 0.82 XRD scope cliped
214 2x15pm W 80 505 1.32 184 AL 4u 49.5 2.40E-05 4.80 Pos 1
215 2x15pm W 80 495 1.30 200 AL 4u 49.5 2.40E-05 1.23 Pos 1, small didt dip
216 2x15pm W 80 496 1.30 200 AL 4u 49.5 2.40E-05 3.98 Pos 1
217 2x15pm W 80 495 1.30 192 AL 4u 49.5 2.40E-05 4.95 Pos 1
218 2x15pm W 80 491 1.29 186 AL 4u 49.5 2.40E-05 5.2 Pos 2
219 2x15pm W 80 443 1.16 184 AL 4u 49.5 2.40E-05 3.26 Pos 2
220 2x15pm W 80 431 1.13 192 AL 4u 49.5 2.40E-05 4.06 Pos 3
221 2x15um W 80 463 1.21 183 AL 4u 49.5 2.40E-05 4.95 Pos 3
242 2x15um W 80 463 1.21 184 AL 4u 90.2 7.40E-06 1.03
243 2x15pm W 80 455 1.19 189 AL 4u 90.2 7.40E-06 0.88
222 2x15um W 80 444 1.16 196 AL 17u 49.5 2.40E-05 1.29
512 2x15pm W 80 468 1.22 180 Al 2.5u 105.9 5.40E-06 9.94  New aperture design: XRD-magnets-filter
513 2x15pm W 80 480 1.26 173 Al 2.5u 105.9 5.40E-06  11.07  New aperture design: XRD-magnets-filter
245 2x15um W 80 491 1.29 186 Fe 25u 90.2 7.40E-06 0.09 XRD scope clipped
246 2x15um W 80 471 1.23 182 Fe 25u 90.2 7.40E-06 1.34
247 2x15um W 80 516 1.35 180 Fe 25u 90.2 7.40E-06 1.07
253 2x15um W 80 471 1.24 182 Fe 25u 90.2 7.40E-06 0.20 Filter at anode window
254 2x15um W 80 480 1.26 190 Fe 25u 90.2 7.40E-06 0.18 Filter at anode window
255 2x15um W 80 439 1.15 189 Fe 25u 495 2.40E-05 0.39 Filter at anode window
256 2x15um W 80 459 1.20 186 Fe 25u 495 2.40E-05 0.32 Filter at anode window
257 2x15um W 80 501 131 186 Fe 25u 495 2.40E-05 0.42
258 2x15um W 80 473 1.24 188 Fe 25u 49.5 2.40E-05 0.34
248 2x15um W 80 488 1.28 180 Fe 50u 90.2 7.40E-06 0.84
249 2x15um W 80 479 1.26 188 Fe 50u 90.2 7.40E-06 0.02 XRD completely blocked
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SHOT Vdr | Vmax| dl/dT |Imax XRD XRD XRD Vxrd

i | XPINCH 4y | vy | ains) [(A) | FILT | DisT | sa | (v) | NOTES

250 2x15um W 80 496 1.30 191 Fe 50u 90.2 7.40E-06  0.91

251 2x15um W 80 516 1.35 183 Fe 100u 90.2 7.40E-06  0.17

252 2x15um W 80 497 1.30 179 Fe 100u 90.2 7.40E-06  0.16

514 2x15um W 80 502 1.31 172 Kim 2u 1059  5.40E-06 4.42

515 2x15um W 80 463 1.21 174 Kim 2u 1059  5.40E-06 3.91  Bdot deviates at 400ns

516 2x15um W 80 386 1.01 176 Kim 2u 1059  5.40E-06 4.86  Bdot deviates at 400ns

517 2x15um W 80 440 1.15 172 Kim 2u 1059  5.40E-06 3.33  Bdot deviates at 200ns

518 2x15um W 80 463 1.21 182 Kim 2u 1059  5.40E-06  4.47
Shots with 4x15-um W x pinch

259 4x15um W 80 492 1.29 185 Fe 25u 49.5 2.40E-05 043

508 4x15pm W 80 500 131 169 KAP 12u 74.4 1.10E-05 7.05  New aperture design: XRD-magnets-filter
Shots with 2x50-um Mo x pinch

301 2x50um Mo 80 440 1.15 180 Fe 25u 49.5 2.40E-05  0.49

302 2x50um Mo 80 451 1.18 180 Fe 25u 49.5 2.40E-05  0.35

501 2x50um Mo 80 459 1.20 182 KAP 12u 75.1 1.10E-05 0.92  New aperture design: XRD-magnets-filter

502 2x50um Mo no data

503 2x50um Mo 80 415 1.09 177 KAP 12u 74.4 1.10E-05 5.07  New aperture design: XRD-magnets-filter
Shots with Nilaco wires (2x30 W)

601 2x30um W 80 427 1.12 176 Kim 2u 1059  5.40E-06  3.63

602 2x30um W 80 428 1.12 174 Kim 2u 1059  5.40E-06  4.91

603 2x30um W 80 455 1.19 177 Kim 2u 1059  5.40E-06  4.02

604 2x30pm W 80 484 1.27 177 Kim 2u 105.9 5.40E-06 2.16  no clear x-pinch peak

605 2x30pm W 80 431 1.13 174 Kim 2u 105.9 5.40E-06 2.51  no clear x-pinch peak

606 2x30um W 80 451 1.18 172 Kim 2u 1059  5.40E-06  8.99

607 2x30um W 80 427 1.12 174 Kim 2u 1059  5.40E-06  4.13

608 2x30um W 80 492 1.29 171 Kim 2u 1059  5.40E-06  9.31

628 2x30pm W 80 463 1.21 185 Kim 2u 105.9 5.40E-06 8.73  1%image shot, no object

629 2x30pm W 80 455 1.19 178 Kim 2u 105.9 5.40E-06 5.31  x3127um Cu. No clear XRD peak

630 2x30pm W 80 415 1.09 172 Kim 2u 105.9 5.40E-06 6.62  x3127um Cu. No clear XRD peak

631 2x30pm W 80 435 1.14 172 Kim 2u 105.9 5.40E-06 11.63  x1 transistor

632 2x30pum W 80 459 1.2 173 Kim 2u 105.9 5.40E-06 8.06  x3.7 1mm pinhole

633 2x30pum W 80 455 1.19 178 Kim 2u 105.9 5.40E-06 6.26  x2.2 220um pinhole. No clear XRD peak

634 2x30um W 80 450 1.18 171 Kim 2u 1059  5.40E-06 17.38  x5.0 220um pinhole

635 2x30um W 80 435 1.14 173 Kim 2u 1059  5.40E-06 9.6 x1.7 220pm pinhole

636 2x30um W 80 436 1.14 174 Kim 2u 1059  5.40E-06 10.44  x5.0 220um pinhole

637 2x30pum W 80 439 1.15 169 Kim 2u 105.9 5.40E-06 10.52 x9.1 1mm pinhole. No clear XRD peak

638 2x30pum W 80 342 0.9 190 Kim 2u 105.9 5.40E-06 1.76  x14 80um Cu. No clear XRD peak

639 2x30pum W 80 475 1.25 173 Kim 2u 105.9 5.40E-06 9.05  x3.6 edge & capillary

640 2x30pum W 80 347 0.91 142 Kim 2u 105.9 5.40E-06 3.12  x1 capillary and wires. Pre-fire

641 2x30pum W 80 403 1.06 174 Kim 2u 105.9 5.40E-06 7.85  x1 Al step wedge

642 2x30pum W 80 468 1.23 172 Kim 2u 105.9 5.40E-06 13.94 x1 Al step wedge

643 2x30um W 80 427 1.12 167 Kim 2u 1059  5.40E-06 9.91  x5.0 220um pinhole

644 2x30pum W 80 435 1.14 173 Kim 2u 105.9 5.40E-06 6.44  x5.0 220um pinhole. No clear XRD peak

645 2x30pum W 80 455 1.19 174 Kim 2u 105.9 5.40E-06 5.24  x5.0 220um pinhole. No clear XRD peak

646 2x30um W 80 428 1.12 172 Kim 2u 1059  5.40E-06 11.86 x5.0 220um pinhole

647 2x30pum W 80 262 0.69 43 Kim 2u 105.9 5.40E-06 0.31  x5.0 220um pinhole. Pre-fire

648 2x30um W 80 426 1.12 170 Kim 2u 1059  5.40E-06 114 x5.0 220um pinhole

649 2x30um W 80 459 1.2 173 Kim 2u 1059  5.40E-06 10.6  x5.1 Spider

650 2x30um W 80 443 1.16 170 Kim 2u 1059  5.40E-06 10.93  x1 Al step wedge

651 2x30um W 80 443 1.16 174 Kim 2u 1059  5.40E-06 16.14  x1 Al step wedge

652 2x30um W 80 452 1.19 167 Kim 2u 1059  5.40E-06 12.94 x9.2 MICROCHIP
Shots with Nilaco wires (2x20 W)

609 2x20um W 80 440 1.15 170 Kim 2u 1059  5.40E-06 6.96

610 2x20um W 80 464 121 173 Kim 2u 1059  5.40E-06  8.23

611 2x20um W 80 456 12 166 Kim 2u 1059  5.40E-06  9.02

612 2x20um W 80 417 1.09 163 Kim 2u 1059  5.40E-06 7.2
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SHOT Vdr | Vmax| dl/dT |Imax XRD XRD XRD Vxrd
i | XPINCH 4y | vy | ains) [(A) | FILT | DisT | sa | (v) | NOTES
613 2x20um W 80 459 1.2 170 Kim 2u 105.9 5.40E-06 5.56
Shots with Nilaco wires (2x30 Mo)
614 2x30um Mo 80 464 121 177 Kim 2u 105.9 5.40E-06  10.08
615 2x30um Mo 80 447 1.17 171 Kim 2u 105.9 5.40E-06 10.77
616 2x30um Mo 80 457 1.2 177 Kim 2u 105.9 5.40E-06 10.64
617 2x30um Mo 80 483 1.27 172 Kim 2u 105.9 5.40E-06 10.44
618 2x30um Mo 80 488 1.28 175 Kim 2u 105.9 5.40E-06 8.31
653 2x30um Mo 80 482 1.26 178 Kim 2u 105.9 5.40E-06  14.37  x1 Al step wedge
654 2x30um Mo 80 463 121 173 Kim 2u 105.9 5.40E-06 12.9 x1 Al step wedge
655 2x30um Mo 80 479 1.26 178 Kim 2u 105.9 5.40E-06 6.04  x5.5220um pinhole. No clear XRD peak
656 2x30um Mo 80 427 112 173 Kim 2u 105.9 5.40E-06 1841  x5.5220um pinhole
657 2x30um Mo 80 506 1.33 174 Kim 2u 105.9 5.40E-06 15.9 x5.5 220pum pinhole
658 2x30um Mo 80 516 1.35 143 Kim 2u 105.9 5.40E-06 241 %10.3 220pum pinhole. One PT55 fired
Shots with Nilaco wires (2x30 Cu)
619 2x30umCu 80 496 13 174 Kim 2u 1059  5.40E-06  7.92
620 2x30umCu 80 516 1.35 182 Kim 2u 1059  5.40E-06  9.86
621 2x30umCu 80 516 1.35 173 Kim 2u 1059  5.40E-06  5.98
622 2x30um Cu 80 504 1.32 163 Kim 2u 105.9 5.40E-06 0.24  XRD cabled is not attached
623 2x30um Cu 80 516 1.35 174 Kim 2u 1059  5.40E-06  8.06
624 2x30umCu 80 516 1.35 178 Kim 2u 1059  5.40E-06  8.87
624 2x30umCu 80 516 1.35 178 Kim 2u 1059  5.40E-06  8.87
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@ THE END
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