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Abstract

High-voltage laser-triggered switches (HV-LTSs) are used in pulsed-power
applications where low jitter and precise timing are required. The switches allow
operation in the megaampere, megavolt regime while maintaining low insertion
losses. Currently, there is a lack of detailed plasma measurements in these switches,
yet such measurements are needed to elucidate the detailed physics which include a
range of processes such as laser breakdown, streamer formation and growth, current
flow, plasma evolution and cooling. Detailed spatially- and temporally- resolved
measurements of plasma properties within the switches could contribute to
validating and advancing numeric models of these systems. This contribution
presents laser Thomson scattering measurements of the electron number density and
temperature evolution in a HV-LTS. The switch was operated at 6 kV with current
flow for duration of 145 ns and peak current density of 0.2 MA/cm? into a matched
load. The Thomson scattering diagnostic system uses a 532 nm probe from an
Nd:YAG laser allowing temporal resolution of ~10 ns. We find that during the
switch current pulse, the plasma electron temperature rose from a starting value of
8.1+1.6 eV (due to cooling of the earlier trigger laser plasma) to a peak value of
26+5 eV, with an associated increase in electron density from 8.6 £1.7x10'7 cm™ to
3.1+0.6x10' cm™.

One of the earliest uses of lasers was for

while maintaining low jitter

on the order of

triggering of spark-gap switches to improve high-
voltage switch performance!. Since then, laser-
triggered spark-gap switches have become one of
the main switching mechanisms for pulsed-power
applications®. The popularity of these switches is
largely due to their ability to deliver megampere
(MA) currents and megavolt (MV) potentials in
pulses of nanosecond to microsecond duration

picoseconds to nanoseconds®”. Further, laser-
triggering allows for the tight timing control
necessary for large parallel MA class machines
where many tens of High-Voltage Laser-
Triggered Switches (HV-LTSs) are often
utilized'®.



When used in laser-trigged mode, the
switch electrodes are typically charged to a
potential difference 15 — 25% below the self-
breakdown voltage*® 2. To trigger the switch, a
high-energy laser pulse is focused between the
switch electrodes causing the gas within the gap
to breakdown and form a plasma kernel
(spark)>*!!. Due to the electric field from the
electrodes, streamers emerge from the initial
laser-induced spark until, after some delay, the
plasma channel connects both electrodes, thus
creating a highly conductive filament for current
to flow>S.

The widespread use of laser-triggered
spark-gap switches has driven numeric modeling
of switch behavior (i.e., plasma channel
formation, current flow through the switch,
circuit descriptions of the switch etc.)”3!1:13-16,
The models in use today largely derive from the
earlier works of Martin and Braginskii on the
theory of (radial) growth of plasma channels.
Phenomenologically, these models assume that
during the rising edge (and plateauing) of the
current flow through the switch, the switch
plasma can be treated as a radially expanding
cylinder with an attached blast wave that acts as
a piston (and which detaches when the current
flow decreases)!'*!*. The moving piston heats and
ionizes the surrounding gas'*'%. For the power-
balance 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
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Recently developed low-inductance
switches, designed for short pulse durations
(order nanoseconds), where the transient rising
and falling edges of the current dominate
operation, have revealed discrepancies between
simulated and experimental behavior’. Continued
validation and development of models for HV-
LTSs is limited by the current lack of detailed in
situ plasma measurements, particularly during the
critical rising-edge of the current pulse (where the
authors are aware of no reported plasma data).

The goal of the present contribution is to
develop an experimental diagnostic system
utilizing laser Thomson scattering to measure the
temporal profiles of electron temperature (Tc) and
density (nc) of the plasma channel within a HV-
LTS, with emphasis on capturing the behavior
during the rising edge of the current pulse. Laser
Thomson scattering was originally developed for
nuclear fusion applications in the 1960s'’. Since
then, Thomson scattering has been applied over a
broad range of both electron temperature (~0.1—
10 eV) and density (~10"-10%° cm3)*!182* and
pulse rates up to 10 kHz?. The Thomson
diagnostic setup described here is oriented to
conditions in the HV-LTS switch, i.e., Te ~10-30
eV and n. ~ 107 -10'® cm.

For experimentation at relevant
conditions, we have developed a testbed based on
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Figure 1 A) Electrical circuit of HV-LTS where ESI and ESR are the equivalent series inductance (~200 nH) and resistance, and IMR
is impedance matching resistor (~6 Q) B) Experimental current trace from the current viewing resistor for 6 kV switch operation.



a laser-triggered 3.5 mm spark-gap switch with
optical access for diagnostics®%!!. Measurements
use atmospheric pressure zero air as the switch
working gas. Figure la depicts the electrical
circuit of the switch. Energy storage is provided
by a 20 nF, 100 kV capacitor and a low overall
circuit inductance ~200 nH. Charge energy is
provided by a 125 kV DC power supply through
a 20 kQ liquid charge/isolation resistor. (The HV-
LTS can operate up to maximum voltage of 200
kV.) Once the capacitor is charged to the desired
voltage, a relay electrically isolates the switch
prior to triggering. Circuit current is measured by
an integral current viewing resistor (CVR, T&M
Research Products W-2-001-6FC).

A variable aqueous impedance matching
resistor (IMR) is used to both simulate a realistic
pulsed-power load*** and provide impedance
matching to minimize reflections. The IMR was
designed to use a simple sodium chloride/distilled
water solution with a load water processing loop
allowing for fine control of solution
concentration necessary for load matching in sifu.
The resistance (of switch plus surrounding circuit
to load) is tuned such that reflections have been
minimized and are undetectable with our setup.
For the 6 kV charge condition used in this letter,
the matched resistance is ~6 Q.
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Figure 1b is experimental data of circuit
current as seen by the CVR and recorded by an
oscilloscope (Tektronix TDS5034B). This profile
shows switch closure at ~120 ns after the trigger
laser pulse with jitter of £7 ns (based on extrema
of replicate measurements). The current-pulse
duration full-width-half-maximum (FWHM) is
145 ns with a peak of ~735 A and 10-90% rise-
time of 45 ns.

Figure 2 shows the overall optical setup
including the triggering laser and Thomson
scattering diagnostics. Laser-triggering of the
switch is by the 1064 nm output of an Nd:YAG
laser (Quantel Big Sky) with pulse energy of 14
mJ and pulse duration of 12 ns. The beam has a
collimated diameter of ~3 mm and is focused by
a short focal length (f=18 mm; L,) lens to a
relatively tight waist that is positioned (~+0.5
mm) at the center between electrodes. The
focused optical intensity of the trigger laser is
above the breakdown threshold such that a laser-
induced plasma is formed with an initial kernel at
the beam waist.

In the axial direction, the laser plasma
kernel is smaller than the electrode separation
(i.e., the plasma forms in the gas only and not on
the electrodes). The evolution of the plasma
channel diameter is determined by imaging the
visible luminosity with a full-chip ICCD
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Figure 2. Optical setup for laser Thomson scattering diagnostic and laser triggering of switch.



(Princeton Instruments PI-MAX4:1024f). A
thresholding technique is used to find the contour
of the plasma from images at different times. The
plasma channel diameter is observed to expand
from ~0.5 mm to ~1.2 mm during the current
pulse. After the current pulse, from time ~400 ns
to ~2 ps (relative to laser trigger), the plasma
channel diameter continues to grow at a rate of
t*(0.63 + 0.017), based on fitting the imaging
data. This power-law dependence is similar to
what has been reported for other spark gap
switches™®!*, A peak current density of 0.21
MA/cm? is recorded when the plasma channel
diameter is 0.65 mm.

The Thomson scattering measurements
use a frequency-doubled Nd:YAG (Quantel Q-
Smart 100) operating at 532 nm with a pulse
energy of 28 mJ and duration 8 ns. A half-
waveplate and polarizer are used to control the
beam energy and set a linear polarization
perpendicular to the plane of the scattering. (This
polarization maximizes the Thomson signal
while avoiding plasma heating from a
polarization component that does not contribute
to the Thomson signal.) The Thomson beam is
weakly focused with a 400 mm focal length lens
(L1) positioned such that the focal point is at an
iris just upstream of the switch. At the location of
the plasma channel, the probe beam diameter is
~0.9 mm. The Thomson probe beam fluence at
the measurement location is ~1.1 J/cm?, several
orders of magnitudes lower than what is typically
used for laser Thomson scattering?2*3%34, The
low fluence is used to minimize heating of the
plasma by the probe beam through inverse-
Bremsstrahlung absorption®.

The scattered light, along with plasma
luminous emission, is collected and collimated by
a lens (L3) through an iris set to 1 cm. The iris
limits the collection solid-angle leading to
improved performance of the Bragg Notch Filter
(BNF) that is designed for collimated incident
light. The BNF provides an optical density of ~3
for the 532 nm laser-line with FWHM of 0.1 nm.
The role of the BNF is to suppress the Rayleigh
and elastically scattered laser light from

saturating the ICCD and/or distorting the
recorded spectra. The collected light is imaged
onto the 40 um width slit of a monochromator
(Princeton Instruments SP-2300i) using 1:1
magnification relative to the probe volume. The
light is dispersed with a 1200 groove/mm grating
onto the ICCD using a gate width of 10 ns. The
resulting spectral resolution and wavelength
range are 0.030 and 30 nm respectively.

We report temporally resolved plasma
measurements based on delay between the
measurement time (defined as the center of probe
laser) and the laser trigger time (defined as the
10% rise in signal of photodiode PD1). A delay
generator  (Stanford Research Instruments
DG535) is used to set the laser pulse timings.

To determine electron density and
temperature from experimental Thomson spectra,
the data are fit with a simulation. For the electron
properties in this letter, the scattering parameter,
o, which describes the nature of the Thomson
scattering, is in the range of 2-4, the collective
regime??*3¢38  The scattering parameter is
defined as’®:

nee? _ 1
T.kpeok?  kap (1)

a

where kp is the Boltzmann constant, ¢ is the
vacuum permittivity of free space, k is the
wavenumber of the incident light and Ap is the
Debye radius of the plasma.

In collective Thomson scattering,
scattering takes place over an optical wavelength
greater than the Debye radius of the plasma, and
therefore interactions are with shielded electrons.
During the interactions, the photons are
accelerated by charged particles in the
plasma®?*#373  In the case of collective-
Thomson scattering, the Doppler shifted photons
result in two satellite peaks in the spectrum that
are symmetrically shifted from the laser’s
incident wavelength?*-3%3!° In addition to the
electron features, there is also a ionic feature,
however, the large mass of the ions results in this
feature being spectrally close to the incident



laser’s wavelength?. We do not consider the ion
feature in this letter.

Assuming  the  electron  energy
distribution function (EEDF) is
Maxwellian?!**4°, the Salpeter approximation of
the scattering form factor, S(k, »), is used*®!:

\2m
S(kw) ~ T=Ta(8e) )
where the line shape function, I, is:

Lu(6,) = 2Lt 3)

[1+a?w(e)|?

where the plasma dispersion function, W(Ee), is*:
—-&,2 (Se -2 L1 _z2
W(fe) = 1 - Zfee Se f[] e ¢ d( + ln’zfee e (4)

where the ratio, £,, of wave phase velocity to the
electron thermal velocity is**:

w

e =z )
and the electron thermal velocity, vy, is:

8kpT,
Vee = [ Tme (6)
Therefore, the scattering form factor is a function
of T., allowing for the electron temperature to be
determined from measured LTS spectra. In
addition to electron temperature, the electron
density can also be determined from the
wavelength separation of the (electron) satellite

peaks from the incident laser wavelength?>:
1

3kpT.k?\2
s = (o 2512

(7)

where the plasma frequency, wy, is:

e?ng

®)

“pt = EoMe

The above equations allow computation
of a synthetic Thomson scattering spectrum based
on assumed values of electron temperature and
density. To further improve simulation accuracy,
a calibration is performed with Rotational Raman
Scattering’. Best-fit values of n. and T. are based

on seeking the best agreement (via least-squares
minimization) between a measured spectrum and
simulated spectra. Figure 3 shows an example of
a simulated Thomson fit with corresponding
experimental data (each data point is a 200 shot
average). The plotted spectra are after subtracting
the plasma background (which is collected under
the same conditions as the Thomson
measurement but without the probe beam). At
delay times less than 340 ns, the simulation and
fit were only performed on a single peak®’. This
method was used due to the wavelength
separation of the satellite peaks being greater than
the wavelength range of a single ICCD image.
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Figure 3 Simulated Thomson scattering fit of experimental
data for delay of 450 ns yielding T.= 8.1+1.6 eV and
ne=7.3+1.5x10% cm?3.

Thomson scattering has a small cross-
section resulting in a low scattering power
relative to the plasma luminosity?’. Therefore, at
each measurement condition, 200 Thomson
spectra (switch firings) were recorded and
averaged to achieve sufficient signal-to-noise.
Another challenge is that at most measurement
conditions, the Thomson satellite peaks are
overlapped by N II ionic emission lines between
~545-560 nm*. To minimize the impact of the
rapidly changing emission on the Thomson
spectra (even after background subtraction), it is
essential to use short ICCD time-gate
windows**, In many cases, the optical emission
is as much as 100 times stronger than the
Thomson peaks, reinforcing the need to subtract



a plasma background spectrum. The above
factors limit the signal-to-noise ratio and
dominate the final uncertainty which is found as
~+20% for both electron density and temperature
based on the combination of standard-deviation
of repeat measurements and error in fitting
simulations to experimental data. The uncertainty
on reported delay time is 10 ns due to combined
contributions of equipment timing jitter.

Figure 4 shows the measured electron
temperature, plotted versus delay (relative to
laser trigger), during the current flow through the
switch. These data are overlaid with the current
profile measured by the CVR. 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 ~120-200 ns), C) decaying current flow
(delay = 200 ns).
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Figure 4 Electron temperature during current pulse of HV-
LTS operating at 6 kV. Trigger refers to the time of the
triggering laser pulse.

In the first phase, before ~120 ns, the
switch has not closed and only the plasma
produced by the trigger laser is present. 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).

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. Importantly, and in

contrast to the assumptions of Martin and
Braginskii, Thomson measurements reveal
increasing T during this phase. At the start of the
rising-edge of the current flow, the plasma
temperature is ~8.1+1.6 eV (as defined by the
cooling of the trigger laser plasma and consistent
with measurements of similar laser-induced air
plasmas?). The electron temperature continues to
increase until a maximum of ~26+5 eV is reached
at delay 200 ns, which closely matches the time
of the maximum recorded current. The rise in
temperature during the current flow is likely due
to Joule heating. The electron temperature is
proportional to the DC plasma conductivity*® and
therefore plays an essential part in modeling the
electrical characteristics of the plasma channel.
There is currently no published experimental data
on the evolution of the electron temperature
during the rising-edge of the current-pulse.
Furthermore, this represents empirical data
showing a breakdown of a key assumption
(constant T. during current rise) in the
Martin/Braginskii HV-LTS model, indicating
that our switch is likely not well described by that
model.

The final temporal section is after 200 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.

Figure 5 is a plot of the evolution of
electron density and can also be interpreted based
on the same three temporal regimes. Before the
switch closes at ~120 ns, the electron density of
the laser-induced plasma is 8.6+1.8x10'7 ¢m™
(also comparable to values for similar laser
induced plasmas?®).

During the rising edge of the current,
~120—200 ns, there is a rapid increase in electron
density to a maximum value of ~3.1+0.6x10'®
cm?. The maximum electron density represents
an ionization fraction of ~0.12 of the ambient air



x10"®

35 : 2
Hony
3 --- Trigger
——Current|11-5

B
wn
.

Electron Density [cm'3]
N
Y
Current [kA]

1.5}!
:' ': 0.5
108
i T e
0,5 temilane . 4 e )
0 100 200 300 400 500

Delay [ns]

Figure 5 Electron density during current pulse of HV-LTS
operating at 6 kV. Trigger refers to the time of the triggering
laser pulse.

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. This conclusion is based
on finding that the peak electron density due to
the current is S10% 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.

During the falling edge of the current
pulse there is an initial rapid decrease in electron
density for the first tens of nanoseconds which is
then followed by a relatively constant power-law
decay of ~t~16* that lasts for several
microseconds after the current pulse. 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*’.

In conclusion, this letter demonstrates the
viability of an experimental and diagnostic
testbed to measure the evolution of electron
properties during current flow within a HV-LTS.
The measurements provide nanosecond
temporally resolved measurements of electron
temperature during a current pulse through a
plasma channel. During the critical rising-edge
portion of the current flow, we observe an
increase in electron temperature caused by Joule
heating and an increase in electron density due to
increased ionization. The increase in T. during
this regime is at odds with the assumption of
constant T. used in some switch models
emphasizing the need to consider underlying
assumptions when selecting suitable models for a
given switch.

Future work will include spatially
resolved study of the plasma properties (by using
the spatial axis of the I[CCD which corresponds to
~13 pm per pixel in the current setup) as well as
studying the plasma and switch closure for
different fill gases at different pressures. While
synthetic air is a common working gas in these
switches, other gases such as noble gases and SFs
are also used.
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