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ABSTRACT

CHARACTERIZATION OF PLASMA CONDUCTIVITY BY LASER THOMSON

SCATTERING IN A HIGH-VOLTAGE LASER-TRIGGERED SWITCH

SAND2023-05275T
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Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear Security

Administration under contract DE-NA0003525.

This paper describes objective technical results and analysis. Any subjective views or
opinions that might be expressed in the paper do not necessarily represent the views of the U.S.

Department of Energy or the United States Government

High-voltage laser-triggered switches (HV-LTSs) are used in pulsed-power applications
where low jitter and high current are required. The switches allow operation in the mega-ampere,
megavolt regime while maintaining low insertion losses. Low inductance HV-LTS designs have
shown discrepancies between modeled and experimental behavior, reinvigorating interest in the
physics of HV-LTS operation. Detailed spatially- and temporally- resolved measurements of

plasma properties within the switches could contribute to validating and advancing numeric

il



models of these systems by checking the assumptions used in their derivation. To date, there is
minimal experimental data detailing the evolution of plasma properties during switch operation.
This work investigates HV-LTS plasma channel conductivity (the assumption within current
models drawing the most critique) during the rising edge of the current pulse through both
derivative (V-Dot) electrical probes and electron temperature measurements via laser Thomson
scattering. A HV-LTS testbed utilizing an aqueous (variable impedance) resistive load was
designed to produce experimental conditions found in larger pulsed power applications. This work
describes the design of the load and experimental results under a variety of load conditions and
operating voltages of 5 - 6 kV. The results indicate the electron temperature increases during the
rising edge of the current pulse, suggesting that the plasma conductivity is temporally evolving.
Further, electrical measurements show an increase in plasma conductivity during the rising edge
of the current pulse. Evidence from both optical and electrical measurements calls into question
the assumption of a temporally constant plasma conductivity as both the optical and electrical
diagnostics show a temporally increasing plasma conductivity during the rising edge of the current

pulse.
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CHAPTER 1: INTRODUCTION

1.1 Current State of Pulsed Power Research

Pulsed Power is an active field of research designed to study high energy density physics at
conditions similar to those that occur in stars and during the detonation of atomic weapons. To
safely generate these conditions on Earth, electric pulses are used. These electric pulses consist of
megavolt potentials and megaampere currents in pulses on the order of milliseconds down to tens
on nanoseconds. These pulses are generated by amassing electrical energy by slowly charging the
primary energy storage stage. Where primary energy storage is often arranged in a Marx bank
(capacitive) configuration [1] to deliver large currents in short (microsecond) time spans. The
stored energy is then rapidly discharged into a load using high-power switches. One example of
this is the Z-machine developed by Sandia National Laboratory which is the world’s most powerful

radiation source.

Figure 1-1 Sandia National Laboratories Z - machine. Credit: https://www.sandia.gov/z-machine

There are a variety of closure mechanisms used for spark-gap switches in pulsed power

research such as self-break [2], pulsed charging [3], field distortion [4—6], and laser-triggering [7—



11]. Out of the closure mechanisms, laser-triggering has become the prominent option for pulsed
power research due to a variety of benefits [12]. For example, High-Voltage Laser-Triggered
Switches (HV-LTSs) have low temporal jitter in closure time, allowing for tens to possibly
hundreds of HV-LTSs to be triggered simultaneously [7,12—16]. Furthermore, the laser energy
required for switch closure is typically less than 20 mJ, allowing for a single laser pulse to be fiber
delivered to several switches, further decreasing temporal jitter between switches, and lowering

the cost per-switch.

1.2 High-Voltage Laser-Triggered Switch Operation

One of the earliest uses of lasers, was for the laser triggering of spark gap switches [7,17,10].
Through laser triggering, the current flow is guided by the laser, leading to a single uniform plasma
channel rather than the several streamers seen from mechanical or electrical switching as depicted

in figure 1.1.2 [7,14,17].

Figure 1-2 Copywrite Guenther, A. Bettis, J. 1967. A) Megavolt spark-gap switch
mechanically/electrically triggered. B) Megavolt switch laser triggered.



In pulsed power applications, HV-LTS often sit between primary energy storage and the pulse
forming network in large pulsed-power machines [18] facilitating both pulse compression and
precise timing [19]. The basic design of a high-voltage laser-triggered switch includes two
electrodes positioned a distance on the order millimeters to centimeters from each other and sealed
within a chamber that can be pressurized to allow for high voltages without an electrical
breakdown of the gas. The working gas and pressure are typically selected such that the electric
potential difference between the electrodes 15 — 25% below the self-breakdown voltage [12,14—
16,20-23]. To close the switch an intense laser pulse focused at the center (or less effectively on
one) of the electrodes resulting in a plasma kernel [13]. This kernel expands for the duration of the
laser pulse forming a plasma mid gap. Often the laser pulse width is shorter than the switch run
time (change in time from laser pulse to meaningful current flow). Following a decrease in laser
energy the plasma’s electron temperature and density (of the laser induced plasma) are observed
to temporarily decrease while expanding both radially and axially [11,21,24]. Given the plasma
channel is conductive and mid gap, the externally applied electric field stress is dramatically
increased such that streamers propagate connecting the electrodes resulting in a highly conductive

path allowing meaningful current to flow [22].

1.3 Relevant Plasma Physics

Plasmas are a state of matter consisting of two major components: an ionized gas and the
associated freed electrons. Due to the free electrons, plasmas respond to external stimuli from both
electric and magnetic fields, making plasmas controllable. To date, plasmas are found in both
scientific and commercial applications ranging from light sources and display technology [25-27],
semiconductor manufacturing [28], advanced coating application [29], and space propulsion

[30,31] to nuclear fusion [32], and high power switches [16,20].



An important property of plasmas is their quasi-neutrality which is defined as an even
charge distribution resulting in a net neutral charge when individual particle charges are summed
over an arbitrary volume [33]. As external electric fields are applied to plasmas, the charges will
begin to separate, however, this separation induces internal electric fields which work to counteract
the external forces and re-establish quasi-neutrality. This balance of forces leads to a maximum
electromagnetic wavelength that a given plasma can shield itself from. This relationship is

described as the Debye radius :

Ap = /Ejl"—if (1.3.1)

where T, is the plasma electron temperature and n, is the density of free electrons. The Debye
radius can be intuitively understood as the characteristic length over which the plasma can shield
itself from external forces. Therefore, any electromagnetic wave with a wavelength greater than
the Debye radius will interact with electrons acting in a collective nature while electromagnetic
waves with a wavelength less than the Debye radius will interact with individual electrons. An
important note about the Debye radius, as presented in equation 1.3.1, is that the plasma is assumed
to be “cold” (Te < 100 eV) meaning that there is insufficient kinetic energy for ion transport to be

relevant at the time scales of interaction.

An additional property of plasmas that is utilized in the development of high-voltage
switches is the low electrical resistivity of plasmas. The general expression for conductivity of a

plasma is given as [34]:

2
—0%pe (1.3.2)

iw+ v



where wy, is the plasma frequency, w is the frequency of the driving electric field, and vy, is the
collisional frequency. A more applicable case for the plasma conductivity equation is the dc plasma

conductivity equation [34,35]:

e’n,

O = e (1.3.3)

muy,

where e is the electron number density and vy, is the electron-neutral collision frequency. To arrive
at the form of equation (1.3.3), two major assumptions are required including that w < v,, and

that there is a low degree of ionization (the cold plasma approximation) [34].

On the other extreme, one has the case where the plasma reaches a high degree of ionization
allowing for the assumption that all electrical momentum transfer occurs due to far range Coulomb
collisions and that contributions due to neutral particles can be ignored [36,39—41]. The model
used in this case is referred to as the Spitzer resistivity and is the form used in current HV-LTS

models [9,36,37]:

_ 2V2m_ ze*menA 1
T T3 (4me)2(kpTe)3? o (1.3.4)

where Z is the degree of ionization, e and me are the elemental charge and mass, & is the electric
permittivity, kg is the Boltzmann constant, T, is the plasma electron temperature, and A is the

Coulomb logarithm defined by [33,38] :

InA=22=12mn,13 (1.3.5)

Ty

where A, is the Debye radius of the plasma and r, is the minimum radius of the Coulomb collision.



1.4 Motivation: The Martin and Braginskii Models

To understand the physics of pulsed power systems, an accurate model of switch operation
and power delivery is essential. This, along with the complex nature of plasma channel growth in
HV-LTS’s, has led to significant research modeling their plasma channel evolution
[3,9,15,20,22,42,43]. The theory of plasma channel development in HV-LTS began with
Braginskii’s work to characterize plasma channel development in high pressure and under
moderate current (with an example being lightning) [42]. In this work, Braginskii used the analogy
that during the rising edge (and plateauing) of the current flow through the plasma, the plasma can
be treated as a radially expanding cylinder with an attached blast wave that acts as a piston [3,42].
The shock front remains attached to plasma channel until the current decreases, allowing the
plasma to cool [42]. In this analogy, the moving piston heats and ionizes the surrounding gas
leaving a low density (relative to the bulk gas) region that is occupied by the conducting plasma
[3,42]. The major result of Braginskii’s work is referred to as the Braginskii model power balance

[42]:

= = 2m2po (17)%¢ (1.4.1)
where 1 is the current, 6 is plasma conductivity, po is neutral gas density, r and 1’ is plasma radius

and its time derivative, and & is a dimensionless constant given by:

2

§=K, [1 T

(1.4.2)

where Kp is the coefficient of resistance constant (.9) [3], and vy is the ratio of specific heats (1.4)

in dry room air.



This power balance states that, during the current-rise phase, it is assumed the effects of
Joule heating within the plasma are canceled by the energy required for the shockwave and
ionization, resulting in constant plasma conductivity (and in turn constant Te) [3,14,21,42].

Additionally, Braginskii assumed that the radial growth of the plasma channel has the power form:

r(t) = Atk (1.4.3)

However, this has been empirically verified to be an accurate assumption [9,14,44]. An important
note about the Braginskii model power balance is a lack of spatial or temporal dependence for
several parameters, including the plasma conductivity (as shown in equation 1.4.1), which will be

specifically investigated in this thesis.

The work of Braginskii was further expanded by Tom Martin to quantify the energy loss
mechanisms in high-voltage spark-gap switches [3]. Martin brought equation (1.4.1) into the time
domain by solving the power balance for time-dependent current. The result is an equation for the

time varying plasma channel radius [3]:

r2(t) = (o )§ INEE (1.4.4)

n2poéo

It was then assumed that the major energy loss mechanism in the switch is resistive losses within

plasma channel. From equation (1.4.4), the plasma channel resistance is calculated through [3]:

(1.4.5)

onr?

where L is the spark gap length. Again, it was assumed that the plasma channel conductivity is
neither a function of plasma channel radius nor time as evidenced by its removal from the integral

in equation (1.4.4).



To calculate the energy loss, the plasma channel conductivity is required. As stated in section
1.3, HV-LTSs are assumed to operate in a regime where the Spitzer conductivity model applies
and therefore equations (1.3.4) and (1.3.5) are used to calculate the electrical conductivity in
equation (1.4.5). From equation (1.3.4), it is evident that plasma conductivity is a function of
electron temperature. Therefore, the resistance (and energy loss in the switch) are functions of the

plasma electron temperature.

Ultimately, Tom Martin’s model has become the most popular model for HV-LTS’s in
pulsed power applications and is the model used for transmission line simulation programs for
pulsed power systems, like BERTHA [15]. For a large range of switches, this model accurately
simulated their behavior [3,22,42,45]. However, these switches typically contained a large
inductive component and long current pulses (order microseconds to milliseconds). Under these
operating conditions, the current pulse takes the form of a square wave where the current rise and
fall times are significantly shorter than the switch on time (allowing for stabilization of plasma

channel properties).

Due to the large power densities delivered by these switches, energy losses of a few percent
can be on the order of megawatts or more. This has led to a constant drive to reduce these insertion
losses, leading to significant interest in lowering the inductive components of the switches.
However, as new modern (low inductance) switches have been developed, failures of the
Martin/Braginskii model have become apparent. Specifically, the Martin/Braginskii model is
under-predicting current rise times and over predicting current on times [15]. The suspected reason
for the observed discrepancy is the assumption that transient plasma properties are small by
comparison and behavior is dominated by stable plasma characteristics, namely conductivity.

Given these assumptions, it is clear to see why this model is largely accurate for higher inductance

8



systems. In turn, it is apparent that as the current pulse’s on-time is shortened such that it is on the
order of the turn on time, the transient’s matter and the Martin/Braginkii model breaks down. This
regime of low inductance switches with current pulses on the order of hundreds of nanoseconds is
highly sought after for pulsed power applications and reinvigorating this area of research and
motivating this thesis to measure the plasma channel conductivity and empirically show the

breakdown of the Martin/Braginskii model [11,44].

1.5 Laser Scattering as a Diagnostic
1.5.1 Rayleigh and Raman Scattering

As light travels through any medium, the photons interact with particles, molecules, and
atoms that comprise the medium. Depending on the ratio of objects size to wavelength of the light,
one of several scattering mechanisms occur. The dominant form of laser scattering from neutral
particles is elastic scattering which occurs for both particles larger than lasers wavelength, such as
dust (Mie scattering) and smaller than the lasers wavelength, such as atomic or molecular species
(Rayleigh scattering). Elastic scattering, as the name implies, does not change the energy of the
scattered photon and therefore, appears at the same wavelength as the incident laser light. Elastic
scattering can provide information about neutral particle size or number density in a variety of
applications. However, in this work, the strong magnitude of elastic scattering presents a
significant concern for both safety of detection equipment and overshadowing of relevant

scattering mechanisms (the scattering cross-section for Rayleigh scattering is approximately 1000



times stronger than Raman scattering in air [46]). The magnitude of elastic scattering is compared
against Rotational Raman Scattering in figure 1-3.

The weaker scattering mechanism is inelastic scattering, specifically Raman scattering, which
occurs for molecules that experience a change in molecular polarizability between rotational or
vibrational states. The specific case of interest in this work is spontaneous Rotational Raman
Scattering as it provides a useful mechanism for calibrating detection equipment.

In rotational Raman scattering, a molecule absorbs a photon of incident laser light, exciting
it to a higher rotational state. Following the excitation, the molecule will spontaneously emit a
photon as it drops to a lower energy state [47]. The molecule can drop to a higher energy state than

it was originally at resulting in an emitted photon of a longer wavelength than absorbed (the Stokes

4
x10
4 T T T - . - 120 T
Elastic Scattering Elastic Scattering
35k Raman Scattering | 1 Raman Scattering
100 T
3 -
T25} sor |
S8,
2 B
e 2 60 7
=
2
E15}
40 T
1 -
05t J 20 T
0 . : " 0 : : : ;
520 525 530 535 540 520 525 530 535 540

Wavelength [nm] Wavelength [nm]

Figure 1-3 Left: Full scale comparison of elastic and Raman scattering. Right) Zoomed in version of left plot

S branch) or a lower energy level, emitting a shorter wavelength photon than absorbed (the anti-
Stokes P branch) [47]. The energy shifts as well as the ratio of scattering power between energy
shifts provides the distribution of rotational energy levels and in turn, information about the bulk

gas temperature.
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The wavelengths associated with rotational energy level shifts are [48]:

22
Aojez = A+ h—‘C-B(4] +6) (1.5.1)
for the Stokes S branch and
22
AMoj—2 = A — h—LC “B(4] — 2) (1.5.2)

for the anti-Stokes P branch where A; is the incident laser wavelength, J is the rotational quantum
number, and B is the rotational constant of the molecule. The given power of an individual peak

is given by [48] :
dO']_)]I
Py = Pin]LdetTAQ (1.5.3)

where n; is the density of the initial rotational state, J and P; is the power of the incident laser
radiation and A() is the collection solid angle. For a 90 degree collection angle and assuming the
incident laser radiation is polarized in the collection direction, the differential cross section for a

Raman transition / — J' can be written in terms of the polarizability tensor, y, as [48]

do; 64m* 2
oL - 2 - 1.54
ET) 45¢3 bjoy P (1.54)

where b;_, ;s is the Placzek-Teller coefficients given by [47,48]

_ 3U+1U+2)
bjojiz = 2(2]+1)(2J+3) (1.5.3)
3U-1)

2(2J+1)(2]-1) (156)

bjoj-2 =

11



1.5.2 Thomson Scattering

Laser Thomson scattering was originally developed for nuclear fusion applications in the
1960s [49]. Since then, Thomson scattering has been applied over a broad range of both electron
temperature (~0.1-10 eV) and density (~10"3-10% cm™) [21,24,50-55] and pulse rates up to 10
kHz [56]. Laser Thomson Scattering is dipole radiation due to the acceleration of charged particles,
predominantly from free electrons due to their small mass [21,24,53]. The broadening and overall
scattering spectral form factor of laser Thomson Scattering is produced by Doppler shifting of the
incident laser light, including possible collective effects, with respect to both the electron and the
observer [24,48,57].

Due to the mostly free motions of the electrons in the plasma, the individual scattered
photons add up such that the spectrum is representative of the Electron Energy Distribution
Function (EEDF) of the plasma [24]. Therefore, one can directly determine both the plasma’s
electron temperature and density without any assumptions concerning equilibrium conditions of
the plasma. For the calculations in this work, the electron energy distribution function (EEDF) is
assumed to be a pure Maxwellian, an assumption that is commonly used for similar laser and
electrically induced plasmas [24,53,58].

The spectrum produced by laser Thomson scattering takes one of two forms depending on
the way the incident laser light interacts with the electrons in the plasma. As discussed in section
1.3, an electromagnetic wave can interact with either shielded or individual electrons. In the
context of Thomson scattering, the degree of shielding is described by the scattering parameter, a.
Originally introduced by Salpeter, the scattering parameter governs the shape of the LTS spectrum

[24,48,59]:
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where kg is the Boltzmann constant, €, is vacuum permittivity of free space, k is the wavenumber
of the incident light determined by angle 0, as depicted in figure 1-4 (left). Two limiting regimes
occur when o << 1, for which the scattering is described as non-collective, meaning scattering
mostly results from individual electrons, and when a >> 1, for which the scattering is described as

collective, meaning scattering mostly results from shielded electrons [24,55].

a1 a>1

k i Observer

Figure 1-4 Left) Comparison of incident laser wavelength and plasma Debye radius. Right) Dependence of collection angle
where Ki and Ei are the propagation and polarization vectors for the incident laser, Kscatter is the collection vector, and K is the
change in direction.

Non-collective scattering is the result of scattering taking place with optical wavelength
much smaller than Ap [24]. Since the scattering is occurs from interactions with individual
electrons, the velocity of the electrons is approximately random (with respect to the laser direction
and observer) allowing the partial scattered waves to sum into a form representative of the EEDF
[24]. If the EEDF is Maxwellian, the scattering spectra is a Gaussian distribution centered around
the incident laser wavelength, as depicted in figure 1-5 [48]. The electron temperature, Te, is
determined from the width of the Gaussian distribution and the electron density, ne, is determined
by the total integrated scattering power [48]. Since the integrated area is needed to determine ne,
the value of the total scattering power must be calibrated [24,48,60]. The typical methods for

calibrating the scattering power is via rotational Raman scattering from neutral molecules [24,48],
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as rotational Raman scattering is reliable simulated if the density, composition, and temperature

of the gas is known.
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Figure 1-5: Change in Thomson Scattering (electron) Form Factor equation based on different alpha values.

In a plasma, electrons are not truly free to move but are subject to weak electric fields within
their Debye radius. When scattering occurs over an optical wavelength similar to or greater than
the Debye length, the incident laser wavelength interacts with the shielded electrons, leading to
collective scattering [24,48]. In collective Thomson Scattering, four distinct peaks are observed in
the spectrum where two correspond to electron contributions and two correspond to ionic
contribution. In the case of collective scattering, the shape (not area) of the satellite peaks is a
function of the plasma electron or ion temperature through the Thomson Scattering from factor
[24,48]. Assuming the electron energy distribution function (EEDF) is Maxwellian [24,53,58] and
the Salpeter approximation applies, the Thomson scattering form factor, S(k, w), is [57,59]:
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where the line shape functions, I, and [, are [54]:
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where the scattering parameters, @ and [, are [54],
2 _ 1 2 _ 1 ZTe
a = (kAp)? ﬁ - [(kﬂ.D)z-l-l] T;

where the plasma dispersion function, w(§), is [61]
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where the ratio, &, of wave phase velocity to the element thermal velocity is [61]:

w

5 o
and the element thermal velocity, vy is:
_ 8kBTj
vtj - nm]-

(1.5.8)

(1.5.9)

(1.5.10)

(1.5.11)

(1.5.12)

(1.5.13)

where index j can be either e or i for the electron and ionic contributions respectively. However,

in application, the large mass of the ions results in a low ion thermal velocity and in turn, small

frequency shift leading to challenges spectrally resolving the ionic contribution from laser line

scattering. For this work, the ionic contribution of equation (1.5.8) will not be considered.

Therefore, the final form of the Thomson scattering form factor is a function of Te, allowing for
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the electron temperature to be determined from measured laser Thomson Scattering spectra. In
addition to electron temperature, the electron density can also be determined from the wavelength

separation of the (electron) satellite peaks Aw, [24]:

1
e’n, n 3kBTek2)2

EgMe me

Ao, = £ (1.5.14)

1.6 Thesis Objectives and Outline

The main objectives of this thesis are to evaluate the assumption in the Martin/Braginskii model
of a temporally constant plasma conductivity during the operation of a high-voltage laser-triggered

switch. The layout of the remainder of this paper is as follows:

e Develop a variable impedance load for a high-voltage laser-triggered switch
e Develop a laser Thomson scattering system capable of measuring the plasma
characteristics during the rising edge of the current pulse
o The system must be non-perturbative to switch operation
o A temporal resolution of 10 ns is required to inform current numerical models
e Develop an electrical diagnostic system to measure voltage drop across the electrodes
e Compute and compare the plasma conductivity from the two diagnostics to gain insight

into the evolution of the plasma channel conductivity.
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CHAPTER 2: HV-LTS TEST STAND

2.1 Previous Work

The theory of High-Voltage Laser-Triggered Switches (HV-LTS) described in section 1.4
shows a predicted breakdown of the Martin/Braginskii model for switches operating with low
inductance circuits. This motivated the development of a HV-LTS testbed at Colorado State
University that operated a 200 kV class switch with a lumped circuit impedance of 90 mH [14].
Figure 2-1 was the circuit used for the low inductance switch testbed. To achieve the high voltage
while maintaining a low resistance, the main energy storage consisted of two 20 nF, 100 kV

capacitors (with an equivalent series inductance, ESI, of 180 mH) in parallel.

Laser-Triggered
Switch

AAAA

Yvvy 20 kQ

25-50 Sl ESI 25-50
kv <+> ESI (_) kv
- 20 nF g 20 nF +

Figure 2-1 Short Circuit electrical configuration used in previous work.

Although this circuit allowed for testing a high-voltage, low-inductance switch condition, it
effectively resulted in a short-circuit configuration after the initial switch closure. Due to the short
circuit, the current was observed to ring between the capacitors throughout the duration of switch
operation [14,21]. This condition is not representative of a pulse power application which have

current delivered to a load with minimal current reflection [62].
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2.2 Electrical Circuit

To operate under conditions relevant to pulsed power applications (minimal current
reflection), the previous electrical circuit was modified. Figure 2-2 is the electrical diagram for the
modified switch test bed used in this work. For the modified circuit, primary energy storage is a
single 20 nF, 100 kV capacitor. The second capacitor was replaced by a high-power variable
impedance load, raising the circuit lumped impedance to ~ 200 mH but removing reflection in the

current.

Laser-Triggered
Switch

AAAA
yvvy

—0” o—AMA—

20 kQ
6 kv
('l') Aqueous
T 20 nF g Ll

CVR

Figure 2-2 HV-LTS circuit with resistive load. ESI and ESR refer to equivalent series inductance and resistance
respectively, CVR refers to current viewing resistor, and IMR stands for impedance matching resistor.

The charge/operation of the circuit is controlled by an external programable control circuit
[14] and consists of a gas purge/charge, isolation, and operation phase. During the gas
purge/charge phase, a 20 PSI purge flow of ultra-zero dry air is injected into the switch housing
for a period of two seconds. The purge flow removes any change in gas composition caused by the
pervious laser-induced or electrically-induced plasma. The exchange of the switch working gas is

important as a pulsed power application typically consists of a single shot and therefore, the
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working gas in the switch should have unmodified properties prior to each new shot. While the
purge flow is on, an energizing relay (Ross 40 kV-air) connects a 125 kV DC power supply
(Glassman WK series PS/WK125P5.0-11) to the capacitor. The power supply current is set such
that the capacitor reaches its intended voltage during the purge flow duration. As a safety measure,
a 20 kQ copper sulfate (CuSO4) liquid charge resistor is added between the relay and capacitor.
This protects the room electronics in the case of an accidental switch closure (electrical self-break
caused excessive applied voltage). After the purge/charge phase the energizing relay is opened,
isolating the switch. The isolation phase consists of the time required to actuate the relay and send
a signal to a delay generator controlling the lasers and collection electronics. Due to parasitic losses
from the capacitor to ground during the isolation phase leading to unaccounted error in voltage
measurements, it is ideal to minimize this phase. With the current timing circuits, the isolation

phase is set to 0.5 seconds to ensure the relays have fully actuated.

2.3 Switch Laser-Triggering

The HV-LTS used in this work was developed by Sandia National Laboratories for
operation at high pressures (10 — 20 bar) and voltages up to 200 kV. Figure 2-3 is a cartoon graphic
of the switch internal geometry. The switch consists of two electrodes with a 3.5-millimeter spark
gap where the electrode diameter is an order of magnitude greater than the gap, allowing for the
internal electric field to be modeled as parallel plates. The switch housing has been modified to
allow optical access on two orthogonal axes. In previous work, these access ports were sealed with
windows allow the system to be pressurized [14,22]. However, the optical diagnostics used in this
thesis are highly sensitive elastic scattering of laser light and the windows used in pervious switch
housing designs scattered light to a prohibitive degree, requiring their removal. Without windows,

the switch is limited to operation at ambient pressure and temperature lowering the maximum
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operating voltage to ~ 7.5 kV [63]. Due to this limitation, the switch is operated at voltages of 5

and 6 kV resulting in self-break percentages between 65 — 80%.

Plasma
Spark

Capacitor Load
Side Side
Electrode Electrode

Figure 2-3 Cartoon of HV-LTS switch geometry.

The switch is triggered by a single 14 mJ, 12 ns FWHM pulse from the 1064 nm output of
a Nd:YAG laser (Quantel Big Sky) that is approximately 4 mm diameter. The laser pulse enters
the switch through an optical access port in the load-side electrode. A focusing lens mounted within
the load-side electrode brings the laser pulse to a tight waist, generating a sufficient power density
to ionize the air. The waist of the laser is positioned such that the plasma spark is approximately
in the center of the spark gap, a configuration that has been shown to provide the most efficient
switch-triggering characteristics [14]. The alignment of the plasma spark is performed by visual

inspection and results in an error of + 0.5 mm.

At the triggering laser conditions used, the laser induced plasma spark is sufficient to induce
switch closure for self-break percentages as low as 40%. To achieve this, the laser energy is higher

than the 0.5 — 5 mJ energies used in fiber delivered versions of this switch [14]. The high laser
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energy was preferred in this work as it allows to repeatable plasma formation (100 % switch
closure at conditions of interest) while allowing slight variations in alignment between the
triggering laser and the focusing optics. The ability to have minor changes in alignment while
maintaining performance was essential for the work in this thesis due to the non-idea laboratory
conditions (optics were not vibrationally dampened and existed on different tables/surfaces). The
downside of using a higher than required laser energy is that a significant portion of the incident
laser energy is not deposited into the plasma but instead impinges on the capacitor-side electrode,

resulting in minor sputtering.

The conditions for the switch operation were carefully curated to allow for Laser Thomson
scatter on the plasma channel. This further signals a departure from typical HV-LTS switch
operation but does not change the fundamental physics being investigated in this thesis (change in
plasma conductivity during switch closure). A major concern for Thomson scattering is the viable
range of electron temperatures and densities that are measurable for a laser-induced plasma (LIP).
The restrictions of Thomson Scattering prohibit measurements of plasma properties in LIP for
delay times earlier than 80 ns [24,64]. To perform laser Thomson scattering within the switch, the
switch run-time (time between LIP formation and switch closure) to be greater than 100 ns (verses
the typical values of less than 10 ns for a HV-LTS in a pulsed power application). The selected
run-time for this work is 120 ns as this provided a sufficient delay with minimal jitter in switch

closure (7 ns based on extrema of repeat measurements).

2.4 Aqueous Variable Impedance Load

As mentioned, the previous HV-LTS testbed operated with a short circuit and had strong
reflection in the current. [14,21]. Although the short circuit configuration provided similar physics
during the rising edge of the current pulse, it does not provide an accurate representation of a
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pulsed power application due to lacking a load. To emulate a proper pulsed power load, an aqueous
variable impedance load (AVIL) has been designed [65]. Figure 1-4 depicts the load

implementation including the AVIL, a diaphragm pump, valves, and a liquid reservoir.

The geometry of the aqueous load was designed to have similar dimensions as the capacitor

it replaced, resulting in a compact circuit that minimizes transmission losses and transmission line

charge storage.

Voltage Monitor Signal

L |
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Capacitor Load ®
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= Viewing
Resistor

Figure 2-4 Schematic of HV-LTS testbed showing liquid exchange and processing loop.

Figure 1-5A is a representation of the physical electrical circuit and figure 1-5b. is a drawing
of the AVIL cross section. The AVIL electrodes are made from cast stainless steel for chemical
compatibility with the electrolyte solution. In each electrode, there is a threaded hole where the

transmission line brackets are attached as well as a threaded port for liquid exchange. From



electrical stimulations of the circuit, it was determined that the load must have sub-ohm tunability
in the range of 4 — 8 Ohms. With this resistance range, geometric constraints, and simplicity of
operation in mind, the electrolyte solution was chosen as sodium chloride (NaCl, table salt) in
distilled water. The result is an AVIL that is tunable between 2 - 100 Q where the upper bound is

determined by the purity of water used (and possible corrosion of the electrodes).

/Poslﬂve Electrode
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Dielectric — = :
Tube\\ — i
=g =3 s
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Figure 2-5 A) Physical representation of HV-LTS electrical circuit. B) Cross-section of aqueous variable impedance
resistor.

To allow the load impedance to be tuned in situ (and without changes in optical alignment),
a liquid exchange loop and reservoir were added. The larger volume of water in the reservoir

lowers the sensitivity solution concentration by requiring large mass changes in salt which in turn
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improves the precision of resistance tuning for the load. Another benefit of the liquid exchange
loop is that one can match the load impedance to the driving circuit without needing to measure

the exact resistance of the circuit (a challenging task for pulsed power systems).

During data collection, the valves on the liquid exchange loop are closed to maintain an
approximately constant load impedance. Due to separation of the electrolyte solution and corrosion
of the electrodes, there is a change in load impedance over time, however, there is not a noticeable
change in switch current traces over measurement time-scales. Figure 2-6 is data of the current
traces, as measured by the current viewing resistor (CVR, T&M Research Products W-2-001-
6FC), for cases of the original short-circuit current (with two capacitors), matched impedance,
overdamped, and underdamped load for a 6 kV charged capacitor. Where time zero is referenced
to the time of the triggering laser pulse. Comparing the short-circuit and circuit with a load, there
is a clear reduction (to the point of undetectable) in current-reflections. It is also clear that the

higher impedance of a load-based circuit slows the rising edge of the current pulse.

20007 — Short Circuit
—— Matched Load
1500 Overdamped
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Figure 2-6 Current traces as measured by the current viewing resistor for several load configurations.
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Figure 2-7 are the same current traces as Fig. 2-6, normalized to the peak value. From the
comparison of normalized current traces, it is seen that the characteristic rise time and general
trend of the current pulse rising edge is not affected by the load. During the rising edge of the

current pulse, the electrical characteristics are dominated by the pulse forming network.
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Figure 2-7 Normalized current traces from figure 2-6
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CHAPTER 3: OPTICAL AND ELECTRICAL DIAGNOSTICS

3.1 Laser Thomson Scattering
3.1.1 Experimental Optical Layout

Figure 3-1 is the experimental optical layout for the Thomson Scattering measurements in
this work. The probe laser is a frequency doubled Nd:YAG (Quantel Q-Smart 100) operating at
532 nm with a pulse energy of 28 mJ and duration 8 ns (FWHM). A variable attenuator, consisting
of a half-waveplate and polarizer, is used to define the final beam energy and set a linear
polarization which is perpendicular to the plane of the scattering. Thomson Scattering is sensitive
to laser polarization and therefore, the half-waveplate ensures only laser energy with a polarization
contributing to Thomson Scattering reaches the plasma. The removal of additional polarization

components limits unnecessary heating of the plasma through inverse-Bremsstrahlung absorption.
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Figure 3-1 Optical layout for laser Thomson scattering [44]

26



Figure 3-2 are experimental data from an investigation of laser pulse energy and electron
temperature and density measurements. From the data, it was determined that 28 mJ was the

maximum laser energy one could use before noticeable perturbation is detectable.
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Figure 3-2 Comparison of probe laser pulse energy verses measured plasma electron Left) temperature and
Right) number density.

To further reduce the effects of heating the plasma with the probe laser, the probe laser is
weakly focused by a lens (L1, f =400 mm) such that the waist is located at an iris upstream of the
switch. The beam expands to a diameter of approximately 0.9 mm in the region of interaction with
the plasma channel, resulting in a laser fluence of approximately 1.1 J/cm? The laser fluence is
several orders of magnitudes below what is commonly used in laser Thomson scattering
[24,55,66—70]. In addition to limiting heating of the plasma, the diameter large diameter of the
probe laser is larger than the diameter of the plasma channel at early times, ensuring the entire
plasma channel diameter is probed with an approximately constant fluence. By ensuring the beam
is larger than the plasma also allows for slight spatial variations in the plasma channel and optical

components.

In typical laser Thomson scattering optical systems, the plasma being probed is within a

chamber that has extended arms consisting of Brewster angle windows and a series of baffles [71].
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The aim of these components is to minimize elastics (laser line) scattering which tends to saturate
detectors and obscure the Thomson scattering signal. These concerns are elevated for applications
within high voltage switches as the plasma is located between two reflective electrodes. For this
work, a simplified version of a baffle system is implemented and consists of a single iris (I1) located

at the probe beam waist. The iris removes the divergent components of laser light, resulting in

minimal elastic scattering from switch surfaces as seen in figure 3.3.

Figure 3-3 Picture of Thomson Probe laser within switch. Both switch electrodes are visible without any noticeable
elastic scattering.

The scattered light, along with the plasma luminous emission, is collected and collimated
by a 150 mm focal length plano-convex lens at 90 degrees (L3). The collection volume of the lens
is limited by an iris (I2) to both restrict the overall luminosity and improve collimation (for optical
Bragg Filter performance). To avoid saturating the detection equipment or distorting the Thomson
scattering signal, the Rayleigh and elastically scattered light is filtered with a Bragg Notch filter.
The Bragg Notch filter attenuates collimated 532 nm (FWHM 0.1 nm) light by an optical density
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of approximately 3-4. After the Bragg Notch Filter, the collected light is one-to-one imaged onto
the 40 pum slit of a spectrometer (Princeton Instruments SP-2300i) where it is dispersed with a
1200 groove/mm grating onto the ICCD (Princeton Instruments PI-MAX4) using a gate width of
10 ns. This results in a spectral resolution and wavelength range of 0.030 and 30 nm respectively.
The collection optics are aligned such that the preserved spatial dimension is along the probe laser
and imaged along the spectrometer slit. The scattering volume (as seen by the ICCD sensor) from
this optical layout is 8 mm along the probe laser axis, 40 um in the probe laser radial direction
(plasma axial direction), and 0.9 mm into the page as presented in figure 3.3. The preserved spatial
resolution allows one to record spatially resolved Thomson measurements of the plasma channel
[21], however, the ICCD output is averaged over all spatial dimensions to improve the collected
Thomson scattering signal. In turn, all Thomson measurements reported in this work are averaged

over the plasma channel radius.

3.1.2 Timing

Due to the fast temporal evolution of current and the transient nature of the plasma channel
in HV-LTS’s, precise timing control of diagnostics is essential. Control of the experimental set up
consists of two timing regimes, a slow charging phase (order seconds) and a fast diagnostic phase
(order nanoseconds) which are controlled by separate systems. The nominal timing of the overall
system is controlled by an Arduino powered Maser Control box (MCB) (MCB) [3]. The MCB
controls the switch gas purge and charge control. Once the capacitor is charged to the desired
voltage, the MCB activates the isolation relays and sends a signal to a delay generator (Sandford
Research Instruments DG535). The delay generator has sub-picosecond jitter and allows for

accurate timing of switch triggering, the Thomson probe beam, and the ICCD gate time.
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During the diagnostic phase, the reference time (to) is considered as a 10% rise in signal
from photodiode 1 in figure 3-1 (the time of the triggering laser). The reported value for the delay
between the plasma forming laser pulse and the diagnostic laser pulse is determined by the signal
from photodiode 1, photodiode 2, and the monitor signal on the ICCD as displayed on an

oscilloscope (RIGOL S1204B).

To minimize effects of cable delays, all signals are transmitted by triple-shielded coaxial
cables that have been measured to have a one-way transmission time of 18 + 2 ns. The jitter of the
triggering and probe laser are 4 and 3 ns respectively. The jitter of the ICCD gate is considered
negligible. From an analysis of standard deviation in overall system jitter, the timing accuracy of
Thomson scattering diagnostic is + 6 ns. However, this is further increased by post-processing and

switch closure jitter to + 10 ns.

3.1.3 Data Collection

Due to the small scattering cross section of Thomson scattering, the scattering power is
weaker than the plasma luminous emission for many conditions of the electrically excited plasma.
For example, during the main current pulse, emission lines from the plasma can be 100 times
greater than the Thomson scattering peaks which is seen in figure 3-4. To improve the signal to
noise, and allow the detection of the Thomson features, several steps were taken. The first was the
use of shot averaging. For each temporal datapoint, spectra of 200 individual switch firing events
were recorded and averaged for both the plasma with the Thomson Probe laser and of the plasma
emission alone. These two spectra are then subtracted, isolating the Thomson scattering (and other

effects of probe laser perturbation).
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Figure 3-4 Plasma spectral emission with and without the probe laser. Thomson scattering features are visible at 521
and 543 nm while elastic scattering features are located near 532 nm.

To further improve the quality of isolating the Thomson features, the recorded spectra were
time binned (with respect to a reference current temporal profile) based on the luminosity of
plasma emission at 525 nm. There is no emission line at this wavelength and therefore only
electron continuous emission is measured. This binning method is essential in eliminating the
effects of jitter in switch closure time. The switch closure has a jitter of 7 ns (as determined by
extrema of repeat measurements) which results in considerably different plasma conditions during
the 45 ns rising edge of the current pulse, when conditions are measured at a constant time delay
from the triggering laser. Changes in background plasma conditions from shot-to-shot will
overshadow the Thomson features making their detection impossible. This concern becomes
increasingly important as the Thomson features can overlap with emission lines and plasma
emission line intensities are directly related to the plasma electron temperature and density [72,73].

From an investigation of the plasma luminosity verses the temporal evolution of the current pulse,
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figure 3-35, it was determined that the plasma luminosity can be used as a stand in for time rather

than the specified delay time, allowing for consistent plasma background subtraction.
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Figure 3-5 Plasma luminous intensity compared to the temporal evolution in current flow. Note that between t0 and 180
ns, the laser induced plasma alone is present.

3.1.4 Data Analysis

To determine the plasma electron density and temperature from the experimental Thomson
spectra (which is the result after subtracting the plasma background) a fit of a synthetic Thomson
spectrum is used. To produce the synthetic Thomson spectra, the Thomson scattering form factor
in equation 1.5.8 is used. To improve the accuracy of the synthetic spectrum, a calibration is

performed by rotational Raman scattering by calculating a scaling factor, M :

P,
PAQte =M= — 1 — (3.1.1)

)4
s V1T B

where ¥ is the collection extent, € is the collection efficiency [47]. This scaling factor is determined

by an automated fitting code that performs a least-square difference between a rotational Raman
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scattering spectrum and a simulated rotational Raman scattering spectrum. This calibration method
also allows for an accurate wavelength calibration which allows for accurate detection of plasma

emission line.
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Figure 3-6 Synthetic Thomson scattering spectrum fit to experimental data.

After the calibration with rotational Raman scattering the simulation has two free variables,
the electron temperature and density. These two variables are then systematically checked until
the best synthetic spectrum is found for the experimental spectra. The best fit is determined by a
minimization cost function of difference of squares. Figure 3-6 is an example of a fit corresponding
to an electron temperature of 3.5 eV and electron density 3.5x10!” cm™ to an experimental

spectrum taken at a delay time of 450 ns for a 6 kV excited plasma.

To verify the simulation and fitting method, a comparison is made with published data by
Dzierze ega et. al. in which they investigated the temporal evolution of a laser induced plasma in
atmospheric condition air [24,64]. Their work measured a plasma spark induced by a 4.5 ns
FWHM, 532 nm Nd:YAG with a fluence of 5.5 kJ/cm?. This varied from the verification
experiment which used a 14 ns FWHM, 1064 nm Nd:YAG with a fluence of ~ 20 kJ/cm?. Although

the conditions are slightly different, similar plasma conditions are produced, allowing for
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calibration within our error margin. Figure 3-7 is a comparison between the plot from Dzierze ega

et. al. (left) and the results of the verification experiment (right).
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Figure 3-7 Left) Temporal evolution of laser induced air plasma measured by Dzierze et.al. [24]. Right) Experimental
data of laser induced plasma in air. Similar trends and magnitudes are observed.

From the comparison, it is found that the data using the experiment setup and data analysis in this
work matches the published values in both magnitude and trend. It is therefore considered that the

data analysis method is valid.

3.2 Electrical Diagnostics

To investigate the plasma conductivity in a wholistic approach and verify if the
assumptions in the Martin/Braginskii Model are accurate, this work aims to measure the transvers
switch conductivity through electrical measurements. To determine the plasma channel
conductivity, accurate measurements of the voltage drop across the plasma channel and current

passing through the plasma channel are required. Direct measurements of these quantities are
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exceedingly challenging and therefore the measurements used are lump sum characteristics for the
switch. For the voltage drop, we are considering the voltage difference between electrodes,
combining the resistance of plasma surface interactions and the plasma resistance. For the current,

the overall circuit current is measured.

3.2.1 V-Dot Probes

For electrode voltage measurements, this work used V-Dot probes. V-Dot probes are
capacitive voltage monitors that respond to changes in the electric field and therefore produce a
derivative response. When compared to resistive voltage monitors, V-Dot probes have three major
advantages. The first major benefit is that V-Dot probes are a non-contact and non-perturbative
method of voltage measurement. This is essential an essential requirement for pulsed power
applications as resistive voltage monitors provide a path to ground. Although resistive monitors
typically have several megaohm resistances, this is lower than the open spark gap resistance before
laser triggering. The result of this path to ground is a current drawn from the charge capacitor
during the isolation phase, unpredictably changing the switch voltage during operation. The second
major benefit of V-Dot probes is their high bandwidth to cost ratio, with the ability to buy probes
with picosecond response times for a fraction the cost of a resistive monitor. Additionally, unlike
resistive monitors, the bandwidth is not determined by onboard circuitry but instead by the
equipment used to process their signal. Further, there is no significant current passing through a
V-dot probe, so, there is no concern of heating its internal components and in turn V-dot probes
do not have a measurement time limit. Finally, V-Dot probes don’t suffer from a resistive voltage
coefficient allowing for measurement of up to megavolt potentials where resistive monitors are

infeasible.
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Due to the derivative-coupled nature of V-Dot probes, one needs to integrate the signal to
determine the change in voltage [11]. There are two main methods of integrating the V-Dot probe
signal, direct numerical integration and analog integrating circuits. Direct numerical integration is
the simpler route, however, due to the derivative response, signals often have high frequency
information that may be aliased by low cutoff frequency oscilloscopes. Should aliasing occur, error
in numerical integration will result in erroneous data. As there is no way to know if aliasing
occurred without knowing the original signal, the only solution is to use a high sample rate
oscilloscope which quickly becomes cost prohibitive. Alternatively, one can use an analog resistor-
capacitor (RC) integrator (depicted in figure 3-8), lowering the oscilloscope sample rate
requirements with minimal loss of high frequency information, assuming a high-performance and
properly selected RC integrator was used. For this work, an analog RC integrator is used due to

the lower equipment requirements. Although analog integration requires

Monitor Integrator Scope

Figure 3-8 Analog RC integrator circuit

less expensive recording equipment, the capacitive nature of the RC integrator results in an

inability to transmit DC voltages. Another drawback of RC integrators is that the nature of the RC

36



integrator also results in an associated voltage droop in the output signal. Equation 3.2.1 is used to

correct for integrator voltage droop based on empirically measured RC time constant, t [74].
3t N )
SO correctea = S(t) + thstms(t ) dt (3.2.1)

where S(t) is the measured output voltage and t is the RC time constant. To ensure proper
integration, one wants to select an RC integrator with a time constant larger than the signal being
measured. The integrators used for this work have a time constant of ~ 1 s, five times longer than
the measured voltage signal. Figure 3-9 is an example of the droop correction performed on the

integrated V-Dot signal for the negative electrode during switch closure.
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Figure 3-9 Negative electrode V-Dot probe signal before and after droop correction.
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One downside to using V-Dot probes is that since they respond to the electric field, their
output signal must be calibrated to their location within the electric field. For this work, the
calibration was performed by measuring 200 signal traces with a calibrated resistive voltage
monitor (Tektronix P6015A) attached to an electrode and 200 signal traces (due to the same switch
closure events) with a V-Dot probe using an analog integrator on an oscilloscope (Tektronix
TDS5034B). For improved accuracy, the 200 traces are averaged. The droop corrected V-Dot
signal is fit to the resistive voltage monitor signal with a linear transformation and the best fit is
determined by a cost function minimization of the residual sum of squares for the two signals. The
error in fit coefficients was determined using the root mean square of the resistive voltage monitor

error, oscilloscope error, and statistical variance of the 200 shot averages.

3.2.2 Current Viewing Resistor

For current measurements, this work uses a current viewing resistor. A current viewing
resistor (CVR) is a high-power low resistance resistor that is calibrated with high precision and
accuracy. The model used in this work is the T&M Research Products W-2-001-6FC with a
resistance of 0.0098 Q and a pulse energy rating of 275 J. The resistor is added in series with the
switch and is the component separating the switch from ground. In this configuration, the current
viewing resistor sees all current that flows through the switch, and therefore, provides an accurate

value of current through the plasma channel.

The output signal of the CRV is the voltage drop across the resistor. The current is calculated
through Ohms law based on the known resistance value. Due to the low resistance of the CVR,
this calculation is strongly influenced by small changes in resistance. To verify the accuracy of the

CVR, the Coulomb transfer is calculated based on the integration of calculated circuit current and
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compared with the stored charge in the capacitor. The Coulomb transfer from the current
calculation is 120 pC which falls directly in the range of capacitor charge, based on capacitor and

voltage errors of 10 and 5% respectively, 103 — 139 nuC.
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CHAPTER 4: RESULTS AND DISCUSION

4.1 Optical Diagnostic Results

The Martin/Braginskii model assumes that a HV-LTS resistance and electrical conductivity
are dominated by the conductivity of the plasma channel. The model further states that the plasmas
resistivity is calculated through the Spitzer Resistivity (which is a function of the plasma electron
temperature as seen in equation 1.3.4) [42] and that the overall plasma channel resistance is
determined by radial growth in the plasma channel [3]. This section presents the results from laser
Thomson scattering which determine the plasma channel electron temperature used in the
resistivity calculation and the electron density which aids in the interpretation of the results.
Additionally, optical diagnostics were used to image the plasma channel and characterize the radial
growth. The optical diagnostics were applied to two HV-LTS conditions. The two conditions are
a capacitor charged to 5 or 6 kV while the load impedance remains constant. This generates a
condition with a near matched load (6 kV) and one that is under damped (5 kV) as seen in figure

4-1.
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Figure 4-1 Comparison of current traces (as measured with the current viewing resistor) for the two HV-LTS conditions
measured with optical diagnostics.
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4.1.1 Plasma Channel Electron Temperature
Figure 4-2 shows the measured electron temperature, plotted versus delay (relative to laser
trigger), for both the cases of the capacitor charged to 5 and 6 kV. The profile can be considered
in three temporal regimes based on switch current flow: A) before current-flow (delay <120 ns),

B) increasing current flow (delay ~120-220 ns), C) decaying current flow (delay = 200 ns) [44].
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Figure 4-2 Electron temperature evolution for plasma channel in HV-LTS operating with a load voltage of LEFT) 5 kV
and RIGHT) 6 kV.

In the first phase, before ~120 ns, the switch has not closed and only the plasma produced
by the trigger laser is present. Similar to the plasma luminosity trend in figure 3.5, this laser
induced plasma has an initial peak temperature and density (defined by the energy deposition of
the trigger laser) which then decay, as would occur in the absence of the switch, until the time of
switch closure (current flow) [44]. At 120 ns, the laser induced plasma has decayed to an electron
temperature of 9.2 + 1.8 eV for the 5 kV case and 8.6 £ 1.7 eV for the 6 kV case. These values

are comparable to those found for similar laser induced plasma reported in figure 3-7 for a delay

time of 120 ns.

The second region commences at the time of switch closure, i.e., onset of current flow, at

~120 ns, and continues until the current maximizes at ~200 ns for the 6 kV case and ~220 ns for
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the 5 kV case as seen in figure 4-1. Importantly, and in contrast to the assumptions of Martin and
Braginskii, Thomson measurements reveal an increasing electron temperature during this phase
[44]. For both capacitor charge cases, the plasma electron temperature rises to a maximum value
of ~26+5 eV is reached at delay 190 ns for the 5 kV case and 200 ns for the 6 kV case. The
maximum temperature occurs near the maximum current flow for the 6 kV case but occurs earlier
for the 5 kV case, this discrepancy is likely due to measurement error shrouding the true peak. It
is believed that the rise in temperature during the current flow is due to Joule heating [44]. This
data represents the first empirically shown breakdown of an assumption within the

Martin/Braginski model.

The final temporal section is after 220 ns and corresponds to the falling edge of the current
pulse. During the falling edge, we find that the electron temperature decays at a rate proportional
to t 148, A similar rate of decay continues for ~1.5 microseconds following the end of the current
pulse. For both the 5 and 6 kV charge cases, the decay in electron temperature matches in both
trend and magnitude. This matches the predicted behavior of shock front detachment and cooling

of the plasma following the peak of current flow.

4.1.2 Plasma Channel Electron Density

Figure 4-3 is the electron density evolution for the 5 and 6 kV charge cases. As with the
electron temperature, the initial laser-induced plasma decays to a value of 1.2 + 0.2 x 10'8 for the
5 kV charge case and a value of 0.9 + 0.2 x 10'® cm™ for the 6 kV charge case at a delay time of
120 ns. Again, these values are within the error range of the laser induced plasma in figure 3-7,
further showing the initial laser induced plasma is not altered by the electric field prior to switch

closure. During the rising edge of the current pulse, both cases see a similar rise in electron
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temperature to a maximum of ~ 2.9 £ 0.6 x 10" cm™ and 3.1 £ 0.6 x 10" cm™ at delay times of
190 and 200 ns for the 5 and 6 kV cases respectively. This matches the delay time of peak values

reported in the electron temperature.
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Figure 4-3 Electron density evolution for plasma channel in HV-LTS operating with a load voltage of LEFT) 5 kV and
RIGHT) 6 kV.

The maximum electron density represents an ionization fraction of ~0.12 of the ambient
air within the switch (assuming singly-charged ions). An important note about the electron density
rise during the time of current flow is the current flowing through the plasma channel cannot
directly account for it [44]. This conclusion is based on finding that the peak electron density due
to the current is $10% of the peak electron density measured from Thomson scattering. The
former is estimated by temporally-integrating the current signal and dividing it by the approximate
plasma volume while the latter comes directly from Thomson measurements (after subtracting the
electron contribution from the decay of the trigger pulse). It is believed the rise in electron density
during current flow is due to Joule heating in the plasma (and surrounding gas) leading to an

increase in ionization [44].

43



During the falling edge of the current pulse, the 5 kV charge case with an underdamped load
has a sharp decrease in electron temperature until a delay time of 300 ns where it levels off before
decreasing again at 400 ns. The reason for this rapid decline and leveling off is not entirely
understood, however, this could be an artifact of the current reflection as seen in figure 4-1. The
6 kV charge case, with a matched load, has a slower measured decrease in ne and does not exhibit
a period of leveling off in the decay. At delay times greater than 400 ns, both cases reach similar
electron densities and both decay at a rate proportional to t~1¢* for 2 us following the end of
current flow. These results qualitatively match simulated results for a laser-triggered plasma
channel in air where it was found that, following ionization, there is an initial rapid decline in
electron density due to recombination followed by a slower loss of electrons due to attachment

[69].

4.1.3 Plasma Channel Radial Growth

To calculate the HV-LTS electrical resistance during operation through equation 1.4.5, the
plasma channel radius is needed. Measurements of the plasma channel diameter were completed
using the same optical layout as Thomson scattering (without the probe laser) by recording full-
chip ICCD images where the spatial dimension (radial dimension of the plasma channel) is
preserved. From the ICCD images, the plasma channel diameter is determined by counting the
number of pixels (in the radial direction) above a detection threshold and converted to distance
using the imaging/magnification ratio and physical ICCD pixel size. To account for the jitter in
switch closure time, the plasma channel diameter is measured ten times for each time step. Figure

4-4 is the experimental data for both the 5 kV and 6 kV charge cases.
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Figure 4-4 Radial Growth of HV-LTS plasma channel for 5 and 6 kV charge cases.

From the data in figure 4-4, it is seen that there are two distinct plasma channel growth rates. There
is an initial (faster) growth rate that occurs during the current pulse (120 ns ~ 350 ns) due to the
attached shock front and deposited electrical energy. After 350 ns, the rate of radial growth slows
due to the detachment of the shock front and end of current transfer but the plasma channel will
continue to expand (and cool) for several microseconds [14]. For the 6 kV case, the rate of radial
expansion appears to level off between 250 and 320 ns (the falling edge of the current pulse). The
Martin/Braginskii model expects the radial growth (and current transfer) to stabilize at the current

flow peak, forming a square wave. Since the same trend is not observed in the experimental current
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measurements, it is believed that the cause of the constant radius is due to Joule heating equating

to energy losses caused by a detached shock front.

For calculations of the plasma channel resistivity, a power law model (which has been
verified as an accurate assumption/fit for HV-LTSs) [3,14] is fit to the data in figure 4-4. The

resulting fit for the plasma during the current pulse (for use in future calculations) is:

r [mm] = 0.011¢£°65 4.1.1)

This matches rate of plasma channel expansion for a variety of high-voltage spark-gap

switches operating under a variety of conditions in literature which are tabulated in table 4.1.

Table 4.1 Comparison of Power law Rates

K R?

MARTIN FIG. 1 0.644 0.989
[3]

MARTIN FIG.13 0.575 0.983
[31]

WOLFORD [13] 0.580 0.974

ROSE 50 KV [14] 0.661 0.982

ROSE 100 KV [14] 0.727 0.974

GOTTFRIED 0.654 0.973

4.2 Electrical Diagnostic Results

Using the calibrated V-Dot probes, the voltage of both the positive and negative electrodes
was recorded during switch operation. For the electrical measurements, the capacitor was charged

to a constant value of 6 kV while the load was changed such that several conditions were tested.
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The conditions investigated include an underdamped (~4 Q), overdamped (~10 Q), and matched
(~6 Q) impedance load case. For each case, 200 single switch events were recorded and averaged

to reduce noise. Figure 4-5 A-C are the electrode voltages present for each load case.
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Figure 4-5 Calibrated V-Dot signals for corresponding to a 6 kV capacitor charge with a A) underdamped load, B) an
overdamped load, and C) a matched load.

From the voltage signals present in Fig. 4-5, the voltage drop across the plasma channel is
calculated. The voltage drop is used in combination with the currents measured with the CRV in

Fig. 4-6 to calculate the plasma channel impedance according to Ohm’s law:

Var
Rplasma = dlop “4.2.1)
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Figure 4-6 Current traces for each load configuration
Figure 4-7 is the impedance of the plasma channel, calculated by equation 4.2.1, plotted
against the delay time for the underdamped, overdamped, and matched load case. In all cases, the
capacitor was charged to 6 kV resulting in the same pulse forming network configuration for each
case. As with the rising edge of the current, it is expected that the impedance collapse during the
rising edge will be determined solely by the driving pulse forming network (capacitor in this case).
The measured impedance collapse does follow this trend with minimal difference in the impedance

collapse for different load cases.
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Figure 4-7 Comparison of impedance collapse during the rising edge of the current pulse for three load configurations.

Using the values for impedance calculated with equation 4.2.1 and the plasma channel radius
calculated with equation 4.1.1, equation 1.4.5 can be used to calculate the conductivity of the
plasma channel which is plotted in figure 4-8. It was found that for the conditions and switch
studied, the plasma channel conductivity is linearly increasing during the rising edge of the current
pulse [11]. This directly contradicts the assumption used to derive the Martin/Braginskii model
(equation 1.4.4) that stated that changes in the electrical conductivity are negligible during the

operation of the HV-LTS.
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Figure 4-8 Plasma channel conductivity for the matched load case during the rising edge of the current pulse.

4.3 Comparison of Optical and Electrical Diagnostics

As discussed in section 1.4, the Martin/Braginskii model uses the Spitzer resistivity to
calculate the plasma channel conductivity [3,36,36,37,42]. Using the plasma electron density and
temperature data from Thomson scattering in figures 4-2 and 4-3 for the 6 kV matched load case,
the plasma resistivity is calculated using the Spitzer resistivity equation 1.3.4. Continuing, the

impedance of the plasma channel is calculated according to [3]:

R = lspitzer (4.3.1)

nr?

where L is the length of the plasma channel (spark gap distance, in this case) and r is the

experimentally determined plasma channel radius as determined by Eqn. 4.1.1.
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Figure 4-9 is the comparison of plasma channel impedance collapse calculated from
electrical measurements through Ohm’s law and by optical measurements using the Spitzer
resistivity model. The Spitzer resistivity model predicts a similar trend for the impedance collapse.
However, the predicted resistance is two orders of magnitude greater than the measured

impedance.
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Figure 4-9 Comparison of plasma channel impedance calculated through Ohms law (using electrical measurements)
and the Spitzer resistivity (from optical measurements)

This could be the result of incorrect Thomson scattering measurements; however, this is
unlikely due to the order of magnitude for the error required to reconcile the difference. The more

likely cause is that the Spitzer resistivity does not correctly model the physics present during the
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rising edge of the current pulse [44]. For example, the Spitzer resistivity was derived for fully
ionized plasma assuming all momentum transfer is from electrons to ions in far range Coulomb
collisions [36,39—41]. The plasma investigated in this paper achieves an ionization fraction
(assuming a singly ionized plasma and ambient conditions) above 0.1 for less than 100 ns. At a
0.1 ionization fraction, it is likely that the electron-neutral, ion-neutral, and neutral-neutral
collisions cannot be ignored as a source of electrical momentum transfer. To achieve an accurate
calculation of the plasma resistivity from the plasma parameters, one would use equations (1.3.2)
or (1.3.3). This calculation would however require additional information about the plasma
chemistry and composition as a function of time as well as detailed knowledge of the bulk gas
temperature for the calculation of collisional frequencies. Although it is possible to calculate these
quantities, however, the lack of thermal equilibrium, moderate ionization fractions, moderate
plasma temperatures, and large gap of unknown plasma properties results in this approach not

being tractable in this case.

An additional concern for the comparison of the electrical and optical measurements is that
the electrical diagnostic method assumes all electrical losses between the electrodes are resistive
losses caused by the plasma (the same assumption made by Martin in the derivation of the Martin
model [3]). However, in actuality, there are additional energy loss mechanisms including plasma
radiative losses (both heat and light) [76] as well as possible antenna effects generated at the
plasma frequency [77]. However, larger voltage drop due to additional loss mechanisms would
lead to an overestimate of resistance from Ohms law, leading to a larger discrepancy between the

electrical conductivity calculation and the Spitzer resistivity calculation.

52



CHAPTER 5: CONCLUSION AND FUTRE WORK

The drive to minimize insertion loss mechanisms within HV-LTSs has led to new designs
of switches that aim to operate at high currents in the (tens to hundreds of) nanosecond regime.
Switches that operate in this regime are characterized by low inductance with short spark gap
distances. The design results in HV-LTSs that are dominated by the transient turn on (rising edge
of current) and turn off (falling edge of current) times rather than stable periods of current flow. In
application, it was found that these new switch designs have behavior that deviated from the
simulation codes currently in use. Mainly the Martin/Braginskii model is underpredicting rise
times and overpredicting switch on times. The suspected reason for deviations from the modeled
behavior are the assumptions used during the derivation of the Martin/Braginskii model. Most
notably the assumption of a temporally constant plasma conductivity.

This work aimed to investigate the electrical conductivity through calculations of the
Spitzer resistivity model based on data from laser Thomson scattering as well as through Ohms
law based on measurements of voltage drop between the switch electrodes. Additionally, the
assumption of a power law plasma channel radial growth was verified and a model of radial growth
for the HV-LTS under relevant conditions was recorded. From the optical measurements, it was
found that both the electron temperature and density vary throughout the current pulse with no
sign of stabilization. In turn, calculations of the Spritzer resistivity show an evolving plasma
conductivity rather than temporally constant as was assumed in the Martin/Braginskii model.

From the electrical measurements it was calculated that the plasma conductivity linearly
increases during the rising edge of the current pulse. This further indicates that the assumption of
the temporally constant plasma conductivity is not valid for HV-LTSs operating under the

conditions tested (in a transient dominated regime). In addition to the changing plasma
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conductivity, the Spitzer resistivity model does not accurately predict the plasma channel
resistivity for the conditions tested in this work. The likely cause of the overestimation for
resistance by the Spitzer resistivity model is due to the low (incomplete) ionization level of the

studied switch plasma channel.

In conclusion, HV-LTSs operating in a regime dominated transient effects in the current
pulse (switch turn-on-time is same order of magnitude as pulse width) may not be accurately
modeled with the Martin/Braginskii model due to a non-temporally constant plasma conductivity.
Future work should be conducted at a range of operating conditions to determine if this discrepancy
between the Martin/Braginskii model assumptions and measured switch operation are specific to
the switch operating conditions in this thesis or rather if it is indicative or a broader gap within the
model. These additional conditions should include operation at elevated pressures, different
working gases, and a range of electric potentials to operate the switch under conditions closer to
those used during its application in pulsed power experiments. In addition to further
experimentation with the current switch model, further work should be conducted to determine the
fundamental cause of the breakdown of the Martin/Braginskii model. These studies should include
a range of working gasses, spark gap distances, primary storage mechanisms, and experimental

loads.
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APPENDIX A: COMPARISON OF SHORT CIRCUIT AND RESISTIVE LOAD

In previous studies described in section 1-dd, the HV-LTS was operated with a short-circuit
configuration. This was updated to use a resistive load as it produced characteristics closer to those
in pulsed power experiments. The main concern was that the strong reflections in current flow
were modifying the plasma characteristics to the point that diagnostic measurements would no
longer provide insight into the assumptions of the Martin/Braginskii model. Prior to changing the
HV-LTS circuit, laser Thomson measurements were recorded up to delay times of 500 ns. As seen
in figure 2-6, the short circuit current remains at a large amplitude at 500 ns and later. Figures A-
1 and A-2 are the comparison of the HV-LTS plasma electron temperature and density from

Thomson scattering for the short circuit and resistive load electrical configurations.
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Figure A-1 Comparison of plasma channel electron temperature for the short circuit and resistive load circuits where
the main capacitor is charged to 6 kV
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Figure A-2 Comparison of plasma channel electron density for the short circuit and resistive load circuits where the
main capacitor is charged to 6 kV

There is no noticeable difference between the electron temperature and density for the short
circuit and resistive load cases for delay times greater than 500 ns. This result directly contradicts
the assumption of the plasma being reheated by reflections in the current (which in effect causes
current flow through the plasma for an extended period. More importantly, during this time frame,
there is no current flow for the resistive load case while the current flow in the short circuit is near
its maximum value. This leads to the assumption that the heating of the plasma is dominated by
the characteristics of the initial rising edge of the current pulse (or first rising edge in the short
circuit). Although it presents minimal value to the models or use cases of HV-LTSs, an
investigation and further comparison between the short circuit and resistive load configurations

should be completed to better understand the plasma physics leading to this result.

63



