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Mega-Volt class High-Voltage Laser-Triggered Switches (HV-LTSs) are often simulated
using the Martin/Braginskii model with sufficient accuracy to be largely predictive. However,
recently developed switches operating with low-inductance for nanosecond regime current
pulses yield inconsistencies where the model both underpredicts rise times and overpredicts
switch run time. The suspected reason for these inconsistencies lies in the model’s
assumptions, specifically, that the plasma conductivity is both spatially and temporally
uniform. This study investigates HV-LTS plasma channel conductivity 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
similar to those found in larger pulsed power applications. This paper describes the design of
the load and experimental results under a variety of load conditions and operating voltages of
order 5 - 6 kV. Our results indicate the electron temperature increases during the rising edge
of the current pulse suggesting that the plasma conductivity is temporally dependent. 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 in our experimental setup. Finally,
we show that Spitzer’s resistivity used by the Martin/Braginskii model does not accurately
predict the measured plasma channel resistance.
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II. Introduction

High-Voltage Spark-Gap switches are an essential component of pulsed power systems owing to their ability to
deliver megampere currents and megavolt potentials on the order of milliseconds to nanoseconds. There are a variety
of closure mechanisms used for spark-gap switches such as self-break [1], field distortion [2,3], and laser-triggering
[4-7]; each having its own benefits and shortcomings. For example, High-Voltage Laser-Triggered Switches (HV-
LTSs) are often utilized due to low temporal jitter, allowing for tens to possibly hundreds of HV-LTSs to be triggered
at once [4,8—12]. HV-LTSs often sit between primary energy storage and the pulse forming network in large pulsed-
power machines [13] facilitating both pulse compression and precise timing [14]. Primary energy storage is often
arranged in a Marx bank (capacitive) configuration [15] to deliver large currents in short (microsecond) time spans.
Switch closure is facilitated by an intense laser pulse focused at the center of the electrodes resulting in a plasma
kernel [9]. This kernel expands for the duration of the laser pulse forming a plasma channel mid gap. Often the laser
pulse width is shorter than the switch run time (At from laser pulse to meaningful current flow) and following a
decrease in laser energy the plasma electron temperature and density are observed to temporarily decrease [16,17].
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 [18].

Modern (low inductance) switch designs fail to be described by the Martin/Braginskii model [11]. This regime is
highly sought after for pulsed power applications and has reinvigorated this area of research. Generally speaking, the
Martin/Braginskii model is largely accurate for higher inductance switches commonly used [18-21]. Given the
constant drive to reduce insertion losses (lower inductance is better) the need for a fundamental model that accurately
describes the evolution of the plasma channel is apparent. 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. Further, these plasmas are often described by Spitzer’s conductivity which can
be directly related to electron temperature and assumed constant [10,17,22]. Given these assumptions, it is clear to see
why this model is largely accurate for higher inductance systems. Simply put, if the turn-on time is fast and on the
order of the pulse width, transients matter and Martin/Braginskii, in its current form, is inaccurate.

This paper aims to discuss the development of an aqueous impedance matching resistor used to simulate a pulsed
power load and investigate plasma channel characteristics during the rising edge of the current pulse in a HV-LTS.
Laser Thomson Scattering (TS) is used to measure electron temperature and density of the plasma channel and
derivative (non-contact) voltage monitors (V-Dot probes) are used to determine plasma conductivity through electrical
measurements. The layout of the remainder of this paper is as follows: Section III. discusses the Martin/Braginskii
switch model with its assumptions Section IV details the development of an aqueous variable impedance load for
pulse power applications Section V presents the data analysis for the optical and electrical diagnostics Section VI
presents the data analysis and discussion of the optical and electrical diagnostics. Finally, Section VII states the
conclusions of this work.

III. The Martin/Braginskii Switch Model

The theory on the evolution of a plasma channel resistance in HV-LTS began with Braginskii’s work to
characterize the spark channel radial growth [20]. The fundamental result of Braginskii’s work is the energy balance:

5= 2mpo(r)%g (1)

where 1 is current, o is plasma conductivity, p, is neutral gas density, r and t’ are plasma radial growth and its first
time derivative respectively, and € is a dimensionless constant given by:
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where K, is the coefficient of resistance (assumed to be a constant = 0.9) [19], and y is the ratio of specific heats
(assumed =1.4 in dry room air). Developing this model, Braginkii solved for power balance arguing that a shock front

is attached to the plasma channel during the rising edge and run time of the current pulse that then detaches when the
current flow decreases [19,20]. Braginskii further used the analogy that this shock front acts as a piston, heating and



ionizing the working gas and creating a low-density (with respect to the working gas) plasma channel [20].
Fundamentally, the Braginskii model asserts that ohmic energy from the current passing through the plasma channel
goes to enlarging the plasma channel, not heating it.

T. H. Martin used these results to develop theory regarding the energy losses in switches, resulting in a model of
the temporal evolution of the plasma channel resistance that was shown to be accurate for several switch models [19].
Ultimately, his results are used in transmission line simulation programs for pulsed power systems, like BERTHA
[11]. The Martin/Braginskii model gives the radius of the plasma channel at a point in time for a given current [19]:

rz(t)z( : )§ fotlédt 3)
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where the conductivity of a plasma is calculated with a Spitzer-like conductivity model that is proportional to T*?
with minimal dependance on electron density [20]. Using Eqn. 3, the plasma channel resistance can be calculated as
[19]:

Rplasma = # )
where L is the spark gap length.

In Eqn. 3, plasma conductivity is not considered to be a function of space or time. This, combined with the assertion
that plasma conductivity is a function of T., results in any changes in electron temperature, either spatially or
temporally, varying plasma conductivity. This would imply that Eqn. 3 may not contain all the necessary physics to
model all types of HV-LTSs if changes in electron temperature are measured.

The above Martin/Braginskii model has worked for many switch versions that are designed to operate with
microsecond to millisecond on-times [19,23]. However, the model has been found to have inconsistencies for new
versions of switches designed for faster operation. In particular, the short on-times of new switches has led to the
Martin/Braginskii model under predicting rise-times and over predicting the switch run times [11]. Recent research
has shown that the electron temperature has both spatial and temporal dependencies during the decay phase of the
plasma channel in a HV-LTS [17], motivating this study to develop an electrical diagnostic system working in tandem

with laser Thomson scattering to investigate the plasma conductivity during the switch operation.
IV. Development of a Variable Impedance Load HV-LTS Testbed
A. HV-LTS Testbed

Figure 1 is the diagram for the switch testbed. The energy for the switch is provided a 20 nF, 100 kV capacitor
with an equivalent series impedance of ~200 nH [22]. For each switch closure, the capacitor is charged by a 125 kV
DC power supply (Glassman WK series PS/WK125P5.0-11). To protect the charging circuit from high voltage energy
dumps in the case of accidental switch closure (self-break) during charging, a 20 kQ copper sulfate (CuSO4) liquid
charge resistor is used to connect the power supply to the energizing relay (Ross 40 kV-air). The relay connects the
power supply to the capacitor during the charge cycle but leaves the switch and capacitor electrically isolated during
the laser-triggered closure. To simulate a pulsed power test condition, the energy is dumped into a high-energy aqueous
resistor, simulating an experimental load [22,24].

The HV-LTS for this study consists of two electrodes with a 3.5 mm gap. The switch has been modified to allow
optical access on two axes (4 apertures) in addition to the laser triggering access. This allows for the plasma to be
probed with a laser and have the scattered photons collected at 90 degrees. In addition to optical access, there is also
a port to allow gas to flow into the switch. For the current study, this port supplies a purge flow of Ultra Zero Air
during the charge cycle, resulting in ambient pressure and temperature conditions. 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). The laser beam is steered
to the height of the switch using two laser line turning mirrors (see Fig. 4 for optical layout). In addition to optical
access, the HV-LTS testbed is equipped with two derivative coupled non-contact voltage monitors (V-Dot probes)
positioned 5 mm from the switch’s positive and negative electrodes in the radial direction as depicted in Fig. 1.
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Fig. 1 HV-LTS testbed diagram.

B. Design for an Aqueous Variable Impedance Load

Past iterations of a HV-LTS testbed used a short-circuit electrical system. This resulted in significant reflection in
current during switch operation [10,17]. Although this provided similar physics during the rising edge of the current
pulse, it does not provide an accurate representation of a pulse power load. To emulate a proper pulsed power load,
an aqueous variable impedance load (AVIL) has been designed. Figure 1 depicts the full liquid exchange loop used
for tuning the impedance of the load. This includes 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 allowing for a compact circuit,
minimizing circuit transmission losses and transmission line charge storage. Figure 2a is a representation of the
physical electrical circuit and Fig 2b. is a drawing of the AVIL cross section. At the center of each stainless-steel
electrode is a ¥4 - 20 tapped hole to allow a copper electrical transmission bracket to be attached. In addition to this,
there is a port with a threaded connector to allow the liquid processing loop to be connected. To impedance match the
switch, the resistor must be accurately tunable below 10 Q. For ease of use, the internal geometry is designed to use a
simple aqueous solution of table salt (NaCl) in distilled water as the electrolyte. 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).
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Figure 2 A) Physical design of the electric circuit. B) Drawing of the AVIL.

To further improve the tunable accuracy of the AVIL, a liquid exchange loop and reservoir are used. The larger
volume of water lowers the sensitivity of added salt mass to the solution concentration allowing for easy fine
impedance tuning. Furthermore, the liquid exchange loop allows for in sifu changes to the impedance allowing the
AVIL to be impedance matched to the circuit without the need to measure the exact resistance. During the operation
and data collection, the pump is turned off and the valves are sealed to minimize changes in impedance. The result of
this AVIL design is a HV-LTS testbed with fine control of the load impedance. Figure 3 A is data of the current trace,
as measured by the current viewing resistor (CVR, T&M Research Products W-2-001-6FC), for cases of the original
short-circuit current, 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 (as determined by a 10% rise in a photodiode 1 in Fig.
4).
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Figure 3 A) Comparison of circuit current based on load impedance matching. B) Normalized current trace
for circuits using a load.

Figure 3B are the same current traces as Fig. 3A, 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.



V. Experimental Methods and Data Analysis
A. Laser Thomson Scattering

This work utilizes laser Thomson Scattering (TS) to measure the electron temperature and density of the plasma
channel during the HV-LTS switch operation. TS has been shown to accurately measure the electron temperature and
density of plasmas under a variety of conditions including fusion reactors [25], laser induced plasmas [16,26],
nanosecond pulsed discharges [27], and within the plasma channel of a HV-LTS [17,22] all without any assumptions
regarding plasma conditions [28]. For the plasma conditions in this work, the electron temperatures and densities result
in a class of TS referred to as collective Thomson scattering. Collective Thomson scattering is the Doppler shifting of
incident photons due to interactions with charged particles within the plasma (mostly electrons due to their low mass).
This scattering takes place over an optical wavelength much smaller than the Debye radius of the plasma and therefore
photons only interacts with shielded electrons [29-31]. This results in a TS spectrum with two distinct satellite peaks
symmetrically separated from incident lasers wavelength (due to scattering from electrons) along with two satellite
peaks due to the ions. However, the ion contributions are spectrally close to the incident lasers wavelength leading to
difficulties spectrally resolving the feature from other forms of scattering at the laser’s wavelength [16]. This work
focuses on the electron satellite peaks alone.

Figure 4 is the optical setup for TS which consists of a probe laser using 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). The beam is weakly
focused by a 400 mm focal length plano-convex lens such that the waist is at an iris upstream of the switch. The iris
removes divergent light and reduces elastic scattering off the switch electrodes. After the iris, the probe beam expands
to a diameter of ~ 0.9 mm in the region of interaction with the plasma channel. The scattered light, along with the
plasma luminous emission, is collected by a 150 mm focal length plano-convex lens at 90 degrees. In the collection
path, a 532 nm Bragg Notch Filter with a 0.1 nm FWHM is used to reduce Raleigh and elastically scattered laser by
an optical density of approximately 3-4 to avoid saturating the ICCD or distorting the TS spectrum. After the Bragg
Notch Filter, the collected light is one-to-one imaged onto the 40 pum slit of a spectrometer (Princeton Instruments SP-
23001) 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.
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Figure 4 Optical layout used for laser Thomson scattering.

Thomson scattering has a small scattering cross section resulting a signal much smaller than the plasma luminous
emission. To improve the signal, accumulations of many switch closures are required. For delay times earlier than 500
ns (current flow is between ~120 ns and 450 ns) , the plasma emission is much stronger than the TS signal (up to 100
times more) and therefor, spectra from 200 switch closure events are needed for a sufficient signal-to-noise. In addition
to the stronger plasma emission, the electron temperature and densities present at delay times earlier than 350 ns result
in a wavelength separation of the electron satellite peaks that is greater than the ICCD wavelength range, requiring



fitting to a single peak [26]. These concerns combine to result in an error for the electron temperature and density to
be ~20%.

To determine the electron temperature and density of the experimental TS spectrum, a simulated TS spectrum is
calculated based on guess values for electron temperature and density. The simulated TS spectrum is fit to the
experimental TS spectrum (after subtracting the plasma emission background recorded under the same conditions) via
a least-squares minimization method. To simulate the TS spectrum the Salpeter approximation in the following form
is used [22,32-34]:

Sk, @) ~ YT, (5)

where [, is the line shape function and &, is the ratio of phase velocity of the wave to the electron thermal velocity
[35] and v,, is the electron thermal velocity. To further improve the accuracy of the TS simulated spectra, a
calibration based on spontaneous rotational Raman scattering is performed [17]. Figure 5 is an example of a TS
spectrum and fitted simulation.
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Figure 5 Simulated Thomson scattering spectrum fit to experimental spectrum recorded 1 ps after a 6 kV pulse.
The fit resulted in a T. of 3.5 eV and a ne of 3.5x10'7 cm™

B. Electrode Voltage Measurements with V-Dot Probes

V-Dot probes are a capacitive voltage monitor that responds to changes in the electric field and therefore produce
a derivative response, an invaluable diagnostic tool for pulsed power applications. When compared to traditional
contact resistive voltage monitors, V-Dot probes have three major advantages. Firstly, V-Dot probes are non-contact
allowing for essentially non-perturbative measurement. For example, in this work it was found that recording the
positive electrode’s voltage with a resistive monitor (Tektronix P6015A) during the charge and isolate portions of the
switch operation lead to significant current through the monitor that altered switch triggering characteristics. Secondly
V-Dot probes offer high bandwidth coupling generally limited by the oscilloscope used to record data. Given these
monitors produce a differential signal, either numerical or analog integration is required with their own bandwidth
considerations. 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.

1. Analog RC Integration

Due to the derivative nature of V-Dot probes, one needs to integrate the signal to determine the change in voltage.
Integration can either be done through direct numerical methods or with an analog RC integrator. Direct numerical
integration is the easiest route, however, due to the derivative response, signals often have high frequency information
that can 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 is occurring without knowing the original signal, the
only solution is to use a high sample rate (expensive) oscilloscope. Alternatively, one can use an analog RC integrator,
lowering the oscilloscope sample rate requirements with minimal loss of high frequency information assuming a high-



performance RC integrator was used. For the work in this paper, we chose to use analog integration due to the lower
equipment requirements. Although analog integration requires less expensive recording equipment, the capacitive
nature of the RC integrator results in an inability to transmit DC voltages. Further, the nature of the RC integrator also
results in an associated voltage droop in the output signal. Equation 6 is used to correct for integrator voltage droop
based on empirically measured RC time constant, t [36].

3 t ! !
SO correctea = SO + o[, St dt (6)
where S(t) is the measured output voltage. The integrators used for this work have a time constant of ~ 1 ps, five times

longer than the measured voltage signal. Figure 6 is an example of this calibration performed on the integrated V-Dot
signal for the negative electrode during switch closure.
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Figure 6 Voltage droop correction on negative electrode V-Dot probe signal for a switch closure at 120 ns.

2. V-Dot Probe Calibration

V-Dot probes respond to changes in the electric field and therefore their output depends heavily on their position
in an electric field requiring the signal output to be calibrated in situ. For this paper, 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.

VI. Results and Discussion
A. Optical Diagnostics
1. Laser Thomson Scattering

Laser Thomson scattering measurements of the electron temperature (T.) and density (n.) within the plasma
channel of the HV-LTS under two operating conditions were recorded. In case one, the capacitor was charged to 6 kV
and in case two, the capacitor was charged to 5 kV. For both cases, the AVIL was not changed resulting in a matched
load condition for case one and a slightly underdamped load for case two. Figure 7A are the results for T, vs time for
the two cases. In both cases, the triggering laser forms an initial plasma at a delay time of zero which then decays until



120 ns at which point the switch closes, current transfer initiates and the plasma is heated. For both cases, the initial
laser-induced plasma decays to a temperature of ~ 8 = 1.6 eV at the time of switch closure. This value is similar to the
decay trends of atmospheric pressure laser-induced air plasmas in literature [16]. During the rising edge of the current
pulse (120 ns - ~200 ns), both cases see a rise in electron temperature at a similar rate to a maximum temperature of
~26 £ 5 eV. These results directly contradict the assumed conditions of the Martin/Braginskii model (constant T)
during the rising edge current flow. The suspected reason for this is the highly transient nature of the switch operation.
Since the current flow does not stabilize (rise time is the same order of magnitude as on time), the physics assumed in
the Martin/Braginskii model power balance may not apply and therefore, Joule heating raises the plasma temperature.

Following the peak current flow, the electron temperature decays at a rate proportional to =248 for ~ 1.5 us following
the current pulse.
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Figure 7 Thomson Scattering results of A) electron temperature and B) electron density within the plasma

channel of HV-LTS along with the C) associated current trace. Data represents a single load configuration

resulting in a matched and underdamped condition for a 5 and 6 kV charge case respectively. Error for the
electron temperature and density are of ~20% of the measured value.

Figure 7B) is the electron density during the current pulse. As with the electron temperature, the initial laser-
induced plasma decays to a value of ~ 1 = 0.2 x 10'® cm™ at a delay time of 120 ns, a value comparable to similar
laser-induced air plasma decays in literature [16]. During the rising edge of the current pulse, both cases see a similar
rise in electron temperature to a maximum of ~ 2.5 + 0.5 x10'® cm™ at a delay time of ~ 250 ns, a time ~ 20 ns
following the peak in the current pulse, Fig. 7C. 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 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. Both trends seem to match with the current flow in the
system for their respective case, however, these differences are well within the = 20% measurement error. At delay
times greater than 400 ns, both cases reach similar electron densities and both decay at a rate proportional to ¢t~1:64
for 2 ps following the end of current flow.



2. Plasma Channel Radial Growth

In addition to Thomson scattering, the radial growth of the plasma channel during the current pulse of the 6 kV
matched load case was measured. This was accomplished 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
was determined by recording the number of pixels (in the radial direction) above a detection threshold and converted

to distance using the imaging ratio and physical pixel size. From this, it was found that the plasma channel expands
according to the power law relationship :

r [mm] = 0.0128¢0-6259 £ 0.017 .

This matches rate of plasma channel expansion for a variety of high-voltage spark-gap switches operating under a
variety of conditions in literature [9,10,19] as well as the trend assumed in the Martin/Braginskii model [19,20].

B. Electrical Diagnostics

Using the calibrated V-Dot probes, the voltage of both the positive and negative electrodes was recorded during
switch operation. Several load conditions were tested with the capacitor charged to a constant 6 kV including 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 8 A-C are the voltages present on each electrode for each
load case.

A 7 Underdamped Load V-Dot 7 Overdamped Load V-Dot
) 6 —— Positive Electrode B) ——Positive Electrode
—— Negative Electrode 6 ——Negative Electrode
5 B Error 5| B Error
E 4F E 4t
% 3r &3t
s 2l £
g g 2
1 L
1F
0
0
At
100 200 300 400 500 100 200 300 400 500
Time [ns] Time [ns]

Matched Load V-Dot

O 7
6 ——Positive Electrode
— Negative Electrode
5 I Error
& 3t
s
S 2}
1 L
0
A L 1 1 1
100 200 300 400
Time [ns]

Figure 8 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.
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From the voltage signals present in Fig. 8, the voltage drop across the plasma channel is calculated. The voltage
drop is used in combination with the currents measured with the CVR in Fig. 3A to calculate the plasma channel
impedance according to Ohm’s law:

Vdrop
Rplasma = =7 (®)

Figure 9A is the impedance of the plasma channel, calculated by Eqn. 8, 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.

4
10 x10 Matched Load
3.
A) —Matched B)
sl ——Overdamped —2.5
— Underdamped e
% = 2
s 6f £ [
g [ &
& ,21.5-
3 4 Z
o Q
E 3
2t s
Cos5}t
0 i 3 i i : i 0 i i ; ; i .
120 140 160 180 200 220 240 120 140 160 180 200 220 240
Delay [ns] Delay [ns]

Figure 9 A) Impedance collapse comparison for an underdamped, overdamped, and matched load case where
the driving pulse forming network configuration remains the same. B) Conductivity calculated using Eqn. 4
for the matched load case.

Using the values for impedance calculated with Eqn. 8 and the plasma channel radius calculated with Eqn. 7, Eqn.
4 can be used to calculate the conductivity of the plasma channel which is plotted in Fig. 9B. We found that for the
conditions and switch studied, the plasma channel conductivity is linearly increasing during the rising edge of the
current pulse. This directly contradicts the assumption used to derive the Martin/Braginskii model (Eqn. 3) that stated
the system will be dominated by a spatially and temporally constant plasma conductivity.

C. Comparison of Optical and Electrical Diagnostics

In the original work by Braginskii, the plasma conductivity was assumed to be a function of electron density
following the Spitzer like plasma resistivity model [19,20,37,38]:

3 (4meg)?(kpTe)3/2 o

_ 22m  Ze?mgInA 1 )

where Z is the degree of ionization, e and m. are the elemental charge and mass, €, is the electric permittivity, kg is
the Boltzmann constant, and A is the Coulomb logarithm defined by [39,40] :

InA =22 =12an,23 (10)

T1
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where A is the Debye radius of the plasma and r, is the minimum radius of the Coulomb collision. Using the data
from Fig. 7A and 7B for the 6 kV matched load case, the plasma resistivity is calculated based on Eqns. 9-10.
Continuing, the impedance of the plasma channel is calculated according to [19]:

= 1t
R=—5 (11)
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. 7.

Figure 10 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. 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 rising edge of the
current pulse. 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 [37,41-43]. The plasma investigated in this paper
has a maximum ionization fraction of ~0.1 (as determined by the difference between the number density of ambient
air and recorded electron density, assuming a singly ionized plasma). 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 momentum transfer.

Matched Load
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Figure 10 Comparison of plasma channel impedance calculated from electrical measurements (Ohm's law)
and Optical measurements (Spitzer Resistivity) for the 6 kV matched load case.

VII. Conclusion

The Martin/Braginskii model is widely used to simulate the operation of HV-LTSs. The model assumes a
temporally constant plasma conductivity. To calculate the plasma conductivity, the Spitzer’s resistivity model is used
and therefore the plasma conductivity is directly proportional to the electron temperature. This work has investigated
the electron temperature during the current pulse via the laser Thomson scattering diagnostic. The measured result is
that, for the switch and test conditions used, the electron temperature rises during the current pulse without stabilizing,
directly contradicting the assumption of a temporally constant plasma conductivity. In addition to the optical
measurements, the plasma conductivity was determined through electrical measurements using non-contact V-Dot

12



probes. 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 in a transient dominated regime. In addition to the changing plasma
conductivity, the Spitzer resistivity model does not accurately predict the plasma channel resistivity for the conditions
tested in this paper. 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 will be conducted at a range of operating conditions
to determine if this discrepancy between the Martin/Braginskii model assumptions and measured switch operation is
very specific to our switch operating conditions or rather if it is indicative or a broader gap within the model.
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