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1. Objectives

We completed a comprehensive research investigation on distributed, self-initiated
plasma discharges as candidate deployable surfaces providing counter-HPM capabilities. The
study revealed how to control and accelerate breakdown using: (1) DC voltage bias effects and
seed electron sources including radioactive sources, prior breakdown discharges, UV pre-
excitation/pre-ionization, VUV radiation, multipactor, and field or triple-point emission; (2)
optimization of neutral gas pressure (1-760 torr) and collisionality effects and gas species (noble
gases, air, and Penning gas mixtures); and (3) Metamaterials and metasurfaces. Coordinated
experimental and modeling studies characterized and revealed new physical understanding of
plasma filamentation, non-thermal electron energy distribution functions (EEDFs), and post-
pulse recovery. Advanced experimental capabilities were developed and are ripe for exploitation
for further research including: (1) methods to apply DC field bias along with intense microwave
fields to window surfaces; (2) methods to exploit metasurfaces and metamaterials for enhanced
control of timing and spatial distribution of breakdown; (3) microwave reflection, transmission,
and scattering and CCD camera imaging diagnostics to extract rapidly varying properties of
highly localized plasmas in the presence of intense HPM fields; (4) advanced OES diagnostics to
extract gas and plasma temperatures, plasma densities, and non-Maxwellian EEDFs, (5) precise
gas mixture control (e.g., Penning gas mixtures); and (6) seed electron source production.
Advanced time-dependent multi-physics theoretical modeling capabilities were developed and
are ripe for exploitation in further research of phenomena such as triple-point emission,
multipactor breakdown, high pressure gas collisional discharge breakdown, field emission
(including space charge limits), statistics of seed electron production, high pressure plasma
filamentation, DC electric bias field effects, and electrical junction heating and electro-thermal
runaway physics. Scholarship completed and recognitions acquired during the grant included 54
journal publications, 129 conference papers/presentations, and 9 prestigious awards/honors
bestowed on 3 faculty with an additional 12 awards/honors for students/staff, complemented by
30 invited or award-winning talks. 48 grad students or post-docs, 8 undergrad students, and 26
faculty and staff were involved in the research sponsored in part or entirely by this grant.
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2. Research Progress Highlights

e A comprehensive research program successfully advanced our physical understanding of
microwave discharge breakdown near windows

e The study revealed the roles of an unprecedented breadth of factors related to microwave-
reflecting distributed limiter breakdown (for a single research program) including:

o
o

(0}

o

(0]
o

Two orders of magnitude of frequency! (S-band to W-band)

DC voltage bias effects and seed electron sources including radioactive sources,
prior breakdown discharges, UV pre-excitation/pre-ionization, VUV radiation,
multipactor, and field or triple-point emission

Neutral gas pressure (1-760 torr) and collisionality effects and gas species (noble
gases, air, and Penning gas mixtures)

Metamaterials and metasurfaces

Non-thermal electron energy distribution functions (EEDFs), and

Post-pulse recovery

e Advanced experimental capabilities were developed and are ripe for exploitation for
further research including

(0]

(0]

(0]

o
(0}

Methods to apply DC field bias along with intense microwave fields to window
surfaces

Methods to exploit metasurfaces and metamaterials for enhanced control of
timing and spatial distribution of breakdown

Microwave reflection, transmission, and scattering and CCD camera imaging
diagnostics to extract rapidly varying properties of highly localized plasmas in the
presence of intense HPM fields

Advanced OES diagnostics to extract gas and plasma temperatures, plasma
densities, and non-Maxwellian EEDFs

Precise gas mixture control (e.g., Penning gas mixtures), and

Seed electron source production

e Advanced time-dependent multi-physics theoretical modeling capabilities were
developed and are ripe for exploitation in further research of phenomena such as

(0}

O O O O 0O O

(0]

triple-point emission

multipactor breakdown

high pressure gas collisional discharge breakdown

field emission (including space charge limits)

statistics of seed electron production

high pressure plasma filamentation

DC electric bias field effects

electrical junction heating and electro-thermal runaway physics

e Anincredible compilation of scholarship and recognitions including 54 journal
publications, 129 conference papers/presentations, and 9 prestigious awards/honors
bestowed on 3 faculty with an additional 12 awards/honors for students/staff,
complemented by 30 invited or award-winning talks

¢ Involvement of 48 grad students or post-docs, 8 undergrad students, and 26 faculty and
staff in the research sponsored in part or entirely by this grant
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3. Research Results and Accomplishments

3.1. Experimental Achievements

3.1.1 Plasma structures observed in gas breakdown using a 1.5 MW, 110 GHz pulsed
gyrotron

Regular two-dimensional plasma filamentary arrays have been observed in gas breakdown
experiments using a pulsed 1.5 MW, 110 GHz gyrotron. The gyrotron Gaussian output beam is
focused to an intensity of up to 4 MW/cm?. The plasma filaments develop in an array with a
spacing of about one quarter wavelength, elongated in the electric field direction. The array was
imaged using photodiodes, a slow camera, which captures the entire breakdown event, and a fast
camera with a 6 ns window. These diagnostics demonstrate the sequential development of the
array propagating back toward the source (see Fig. 1). Gases studied included air, nitrogen, SFs,
and helium at various pressures. A discrete plasma array structure is observed at high pressure,
while a diffuse plasma is observed at lower pressure. The propagation speed of the ionization
front for air and nitrogen at atmospheric pressure for 3 MW/cm? was found to be of the order of
10 kml/s.

Beam

—

mm ~wes "

Fig. 1: Images of breakdown in ambient air at 710 Torr with 49 ns optical gate pulse starting at a)
t=400 ns, b) 1.28 microseconds, and ¢) 1.52 microseconds. The image is taken in the plane
containing H and k, the H-plane.
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3.1.2 Pressure dependence of plasma structure in microwave gas breakdown at 110
GHz

Our studies of 110 GHz microwave discharges in air at atmospheric pressure have demonstrated
formation of a large array of quarter-wavelength-spaced plasma filaments. Our measurements
show that as pressure is decreased from atmosphere to a few Torr, the discharge transitions from
a well-defined array to a smeared-out array and finally to a diffuse plasma. Despite the distinct
nature of breakdown phenomena at high microwave frequencies, the pressure dependence of the
breakdown threshold field is seen to follow a Paschen-type curve (see Fig. 2). Data for air and
argon at 110 GHz are compared with previous low-frequency data.

{3}50 Air Breakdown Threshold
30} 1
201
T=2.5us, A =1mm
e 10}
~
z st
T T=235us, A =0.9mm
E , A A
Her * 110 GHz data
(L = T=3us, A=4mm 4MacDonald16 24.1 GHz

" MacDonald16 9.4 GHz

| —Taylor19 theory

1 10 100 1000
pressure [ Torr ]

Fig.2 Breakdown threshold field vs pressure. Air data: 110 GHz (circles), MacDonald 24.1 GHz
triangles, MacDonald 9.4 GHz squares, Taylor model curve.

3.1.3 Measurements of Electron Avalanche Formation Time in W-Band Microwave Air
Breakdown

We have measured the formation times of electron avalanche ionization discharges induced by a
focused 110 GHz millimeter-wave beam in atmospheric air. Discharges take place in a free
volume of gas, with no nearby surfaces or objects. When the incident field amplitude is near the
breakdown threshold for pulsed conditions, measured formation times are 0.1-2 microseconds
over the pressure range 5-700 Torr (see Fig. 3). Combined with electric field breakdown
threshold measurements, the formation time data shows the agreement of 110 GHz air
breakdown with the similarity laws of gas discharges.
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Fig. 3 Measured formation time (open circles) versus pressure.

3.1.4 Observation of plasma array dynamics in 110 GHz millimeter-wave air
breakdown

We have made dynamical measurements of self-organizing arrays of plasma structures in air
induced by a 110 GHz millimeter-wave beam with linear or circular polarization. The formation
of the individual plasmas and the growth of the array pattern are studied using a fast-gated (5-10
ns) intensified camera (see Fig. 4). We measure the time-dependent speed at which the array
pattern propagates in discrete steps toward the millimeter-wave source, observing a peak speed
greater than 100 km/s. We observe the expansion of an initially spherical plasma into a disk or an
elongated filament, depending on the polarization of the incident beam. The results show good
agreement with one-dimensional ionization-diffusion theory and two-dimensional simulations.

3.1.5 Spectroscopic Temperature Measurements of Air Breakdown Plasma Using a 110
GHz Megawatt Gyrotron Beam

Temperature measurements are presented of a non-equilibrium air breakdown plasma using
optical emission spectroscopy. A plasma is created with a focused 110 GHz 3 microsecond pulse
gyrotron beam in air that produces power fluxes exceeding 1MW/cm?. Rotational and vibrational
temperatures are spectroscopically measured over a pressure range of 1-100 Torr as the gyrotron
power is varied above threshold. The temperature dependence on microwave field as well as
pressure is examined. Rotational temperature measurements of the plasma reveal gas
temperatures in the range of 300-500 K and vibrational temperatures (see Fig. 5) in the range of
4200-6200 K. The vibrational and rotational temperatures increase slowly with increasing
applied microwave field over the range of microwave fields investigated.
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Fig. 4 Open-shutter (background image, blue) and fast-gated (overlay, orange) photographs of
breakdowns with linearly polarized beam.
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Fig. 5 Measured T,;, as a function of applied microwave electric field for five different pressures
by comparing nitrogen vibrational band-heads at 353.7 nm and 357.7 nm with SPECAIR code.

3.1.6 Millimeter wave scattering and diffraction in 110 GHz air breakdown plasma
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We have made measurements of the scattering, reflection, absorption, and transmission of a
1.5MW, 110 GHz quasioptical gyrotron beam by a self-induced air breakdown plasma. The
breakdown forms a periodic array of plasma filaments, oriented parallel to the incident electric
field polarization that propagates toward the microwave source. For incident intensity of 3
MW/cm?, calorimetric measurements show that as much as 45% of the full beam power is
absorbed by the plasma, averaged over the pulse, 1% is reflected backward, and the remainder is
transmitted and also scattered into a wide angular spread. We observe that approximately 10
times more power is scattered in the direction perpendicular to the filaments than parallel. The
far-field angular distribution of transmitted power exhibits a diffraction pattern that changes
throughout the 2 microsecond life of the plasma.

3.1.7 Vacuum Ultraviolet emission from pulsed discharges at atmospheric pressure.
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Fig. 6. Energy level diagram for molecular and atomic Fig.7. Experimental and simulated spectrum of atomic
species of nitrogen showing processes of interest [1]. nitrogen emission between 130 and 150 nm [1].

The optical emission from a developing low-temperature plasma in nitrogen gas in the VUV-
VIS regimes has been characterized. A locally developed software package was utilized to
determine the temperature of the developing plasma assuming the excited state population is
Boltzmann distributed, see Fig. 6 for primary atomic nitrogen levels considered. Time-resolved
emission spectroscopy in the VUV region revealed a non-Boltzmann distributed population
before voltage collapse which transitioned into a Boltzmann distributed population with an
electronic temperature of 3.1 eV. Further investigation of the UV regime indicated the dominant
presence of the molecular nitrogen second positive system. Since emission from atomic nitrogen
appears later than the emission from nitrogen molecules, a two-step process is believed to be the
leading mechanism for the generation of excited atomic nitrogen. First, dissociation of nitrogen
molecules occurs due to electron impact, which is then followed by a second electron collision
that results in excitation of the dissociated nitrogen, followed by spontaneous emission of VUV
radiation. After voltage collapse, the increase in current, and thus electron density, leads to the
continuous emission of atomic and molecular emission even though the applied field is collapsed
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across the gap. More details available in ref. [1], which also contains a detailed description of the
utilized spectral simulation software, SPECTRAPLOT.

3.1.8 Non-intrusive diagnostic method for dissociation degree in pulsed discharges

e ] Fig. 8. Comparison of measured (blue)
caaed | @NC calculated (red) profiles for N and HI
] emission observed from the early spark
phase of plasma formation in 80%/20%

N2/H, mixture by volume at atmospheric

HI

= [ pressure (exposure time - 100 ns). The
= 1O NI Lorentzian and rectangular components
g . due to instrumentation are 0.097nm and
E [ | 0.097 nm, respectively [2].
0.5 F I
|
[ W\
119 120 121 122 123 124 125

Wavelength [nm]

We demonstrated a method for determining the dissociated density of H atoms in H, plasmas by
measuring the absorption characteristics of the 2p = 1s Lyman-a transition of H at 121.57 nm
[2]. This transition has been measured previously to determine dissociated gas density, but only
at the expense of using an invasive radiation source, such as a micro-discharge hollow cathode
lamp, to provide external photons for absorption in the plasma medium. This approach has the
drawback of introducing a large flux of high energy VUV radiation into the plasma environment,
which has the ability to directly dissociate molecules via single photon absorption. The method
presented in this paper instead uses the intrinsic self-radiation released from the plasma spark,
which undergoes partial radiation trapping as it leaves the plasma medium. Sufficient levels of
self-emission at 121.5 nm are detected, leading to a treatment of H selfabsorption as an estimate
of dissociated gas density. The plasma state is preserved without alteration by external radiation
sources in the experiment, and the H emission has the added benefit of providing information on
the electron density derived from measuring the Stark broadened line profile. If a No/H, mixture
is used, the self-absorption approach can be extended to simultaneously provide information on
the density of N atoms by comparing the absolute intensity of H radiation to N radiation at
124.3 nm, in addition to measuring the approximate absorption characteristics of the 2s?2p®3s >
2s%2p? transition(s) of ground state N at 119.96 nm, 120.02 nm, and 120.07 nm. It is worth
noting that the self-absorption treatment could also be used to determine dissociated O density of
air plasmas in the future, by using the 2s*2p*3s > 2s?2p* transition of O.

3.1.9 Post Pulse Recovery of plasma for microwave transmission
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Fig. 9. Longitudinal integral of the electron density (log)
vs. time (linear) for 90 torr in air shows a linear slope of -
118 kHz, which corresponds to the reaction rate of O,
attachment. [3]

Fig. 10. Comparison of the electron density evolution
for the 4 gases measured at 90-100 torr. [3]

It was demonstrated that for low temperature plasma in an air environment at 90 torr, the
dominant electron loss process is 3-body attachment [3]. Due to this being the lowest term of
electron density in the continuity equation, one concludes that this reaction will dictate the
lifetime of the plasma (~ 20 us per decade, cf. Fig. 9, leading to ~ 200 us plasma lifetime). For
Ny, the relaxation of the plasma at early times is dominated by 2-body recombination and is
consistent across the pressure range of 60-145 torr. For helium, the relaxation is rather complex
(four independent mechanisms with two different exponential terms of the electron temperature).
For this, detailed knowledge of the electron temperature is needed to validate the model. Under
the assumption that the developed model model is valid, the temperature can be seen to drop
from 600 K to 375 K in a matter of 12 us, which is similar to the cooling rates reported
elsewhere. In argon, the EEDF deviates from Maxwellian and energy exchange between the
electrons and metastables causes the transmitted power to oscillate low pressures (~ 10 torr).
This is caused by either (or combination thereof) the fluctuations of the EEDF (i.e., collision
frequency) or the electron density itself.

3.1.10 Pulsed VUV microhollow cathode discharge with > 1 W average output

Utilizing a short pulse, high current excitation at MHz repetition rate the overall electrical input
power to the microhollow cathode discharge, MD, was significantly increased all the while
maintaining stable operation. In addition, the VUV yield efficiency as well as the absolute VUV
power output was increased by as much as three orders of magnitude for the latter. The Ar-H,
gas mixture was found to be less susceptible to impurities and hydrogen Lyman-a emission
remained dominant in the VUV regime. A MD-VUV source with a time averaged power just
below 3.4 watts, with peak power in excess of 42.8 W was reported, see Fig, 11. These results
suggest that additional studies with repetitively pulsed gas mixtures other than the presented may
yield even higher power MD output in the VUV.
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Fig. 11. (a) Experimental argon spectrum produced by a 1.04 Fig. 12: High speed images of the MD for DC
W (5 mA) DC excitation showing Ar, excimer emission. (b) excitation, initial pulse, and 100" pulse.

Experimental argon spectrum produced by a 567 W input
pulsed excitation

The top set of images in Fig. 12 was taken of a DC discharge for comparison. The second set of
images was of the discharge during the initial pulse, and the third set were images over the 100th
pulse (note that each set has different camera setting thus the color scales do not correlate). It is
demonstrated that, even when in arc operation, the discharge remains stable. Additional images
not included show a dim glow from the MD well beyond 1 ps after the previous pulse. With this
it is reasonable to assume that a background density remains in the MD as an initial condition for
the subsequent pulse, enabling a more rapid transition to arc operation. It is planned to utilize the
VUV generating MD as pre-ionization source for HPM discharges. Adjusting the power would
enable adjusting the delay of the HPM breakdown.

3.1.11 Seed electron generation methods

100 torr 14
200 torr 1 =
1 3 400 torr
% 01 . Argon without UV
] - — Kr85/Ar 1, =378.5 ns
- ; : : . . E 0.14 Ar,=381.5ns
1 ] 400 torr IL
\ Argon with UV 1 (No UV)
% 0.1
T T T T T T T T | LE L} 7 L
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600
Delay Time [ns] Delay Time [ns]
Fig. 13. Laue plot of statistical waiting times for Fig. 14. Laue data for Kr85/Ar and Ar with the average
breakdown after pulse application showing the delay times indicated[5].

distributions of delay times for 3 pressure values without
and with UV [5].
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Radiation was used as a source for providing seed electron density sufficiently large to attempt
eliminating the statistical waiting time for HPM surface flashover initiation at 2.85 GHz
frequency and 4 MW power levels. It was estimated that the utilized UV illumination
(comparable to levels the sun provides on a “sunny day”) provided a sufficient number or density
of electrons, showing a drastic influence on the delay times and delay time distributions, see Fig.
13. It is still difficult to quantify this initial density from the UV illumination due to the
complication caused by the presence of the polycarbonate surface and corresponding charge
trapping/discharge mechanisms. To further help establish a better idea of this initial contribution
in the future, experiments are planned with varied UV power densities allowing for a clearer
picture of this initial electron density contribution. This “high intensity” UV illumination does
not eliminate all statistical variations. Fluctuations in the amplification process and variations of
the experimental conditions (magnetron output waveform and influence of switching/pulse
forming plasma) contribute about equal parts of the fluctuations, with typical widths of the delay
time distributions of several nanoseconds. While the ionizing capabilities of Kr85/Ar are poor,
see Fig. 14, radioactive isotopes are still capable of being able to produce sufficient ionization
events. A better approach might be to use an emitting isotope with much shorter absorption

length and higher ionization capability.

3.1.12 Impact of strong DC field on HPM breakdown

AC
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Fig. 15. Electric field due to (a) rf excitation at a Fig. 16. Statistical breakdown data from electrode with +20

phase with maximum field at the output window. The  kV (red), the electrode with -20 kV (blue) [6]
field direction is reversed 180° later; (b) dc

excitation, positive voltage polarity. The microwave

radiation propagates from right to left through a

dielectric window from vacuum into a nitrogen

environment [6].

Experimental data for high power microwave-induced surface flashover with the introduction of
a dc electric field, see Fig. 15, has demonstrated that the statistical waiting time and the
formative time are significantly affected with the introduction of positively or negatively
polarized dc electric field, see Fig. 16. We conclude from the experimental data that a strong
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external dc field will contribute to the ionization of the gas in the test chamber indicated by the
observed reduction in formative delay time. The distinct dependence of the statistical delay time
on the dc field polarity seems consistent with free electrons from detachment processes being the
primary breakdown initiating species. Future research will evaluate gases with electron attaching
properties.

3.1.13 Metamaterial for breakdown delay adjustment

1.0 T T T
L Nitrogen - 60 torr
0.8 k\ Experimental
10 . . : : \ | —— Simulated (5= 400 ps™)
' Nitrogen - 140 torr =z 961 | |~ 13% Field Enhancement
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Metallic Points 0.2
a.
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0 200 400 600 800 1000 1200 1400 1600 1800 2000 02
Delay Time [ns] ’ ey
0.0 v T T T T N " T—
0 50 100 150 200 250 300 350 400

Delay Time [ns]
Fig. 17. Experimental delay time distribution of the bare  Fig. 18. Measured and simulated HPM flashover

window (black curve), UV illuminated window (dark statistics; model (gray curve) and experiment al (black
gray curve), and window with metallic points (light gray  curve) data for nitrogen at 60 and 140 Torr, metallic
curve) [7]. points, no UV [7].

Accurate statistical modeling of delay times for HPM surface flashover initiation was
demonstrated for an experiment for a simple metamaterial structure in which metallic field
enhancements were deposited in a onto a dielectric surface [7]. It was shown that the probability
to find n electrons in a discharge is based on the exponential distribution, which is then
integrated in order to determine the probability of no surface flashover. Initial electron
generation rates were estimated for pressures of 60-140 Torr in nitrogen. The generation rates,
combined with an exponential distribution, effectively model the probability for no flashover for
various environments and have proven to be pressure dependent. These rates have been
quantified for the various pressures in nitrogen based on the statistical model and the overall
distribution of experimental delay times. Choosing pressure or the metamaterial’s microdot sizes
enables adjusting the observed breakdown delay times and breakdown power.
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3.1.14 Effects of DC electric field on window breakdown

Introduction

The goal of this work was to design and demonstrate a microwave window with a tunable power
threshold for signal transmission. Such a window would be transparent to powers below the
threshold, whereas higher powers would initiate rapid surface breakdown and subsequent
blockage microwaves.

The approach investigated (at UM) is somewhat unusual in that the formation of a multipactor
discharge is encouraged. Multipactor is a rapid electron multiplication phenomenon that may
quickly block HPM by quickly developing a large electron population near the window surface,
which then ionizes the background gas to form a plasma. The collective behavior of the plasma
can then absorb or reflect the incident microwaves.

Theory

The theoretical basis for this work is discussed in section 3.2.

Experiment Configuration
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Figure 19: Experiment configuration.
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A graphical depiction of the experimental configuration can be seen in Fig. 19. The window
material was Lexan, which has a relatively low secondary electron yield 6~2.5. The RF source
was a 2.45GHz, 0.2-1.0kwW CW magnetron intentionally limited to the minimum output power of
200W to avoid damaging the window. The rise time was 200ms, which was long enough to
preclude reliable timing measurements. Instead, the goal of this initial experiment was to
determine if the DC bias had any effect whatsoever on window breakdown. The background gas
was argon, and the pressure range was a relatively broad 50mTorr to 75 Torr.

4 * DCHigh
e Voltage

Seasch s ke Lead
o e

Figure 20: (Left) Lexan window with embedded conducting network. (Right) in mounted between two
WR284 waveguide flanges.

Fig. 20 shows the Lexan window with the embedded conducting network. The central conductor
is brought to high negative voltage with respect to the grounded outer conductors. The
conductors are on the low pressure side, which provides a large triple point area to provide a
source of seed electrons, which are critical for initiating a multipactor discharge. The window is
mounted between two WR284 waveguide flanges. The surrounding copper tape prevented RF
from leaking into the lab and provided electrical continuity between the waveguides. Maximum
power transmission was approximately 85%, which was sufficient for the experiment.
Diagnostics included measurement of the DC voltage and current, incident and transmitted RF
power, and an optical fiber and PMT to detect the presence of a glow discharge.

Experiment Findings

Preliminary results were collected using low-pressure air. These results showed high variability,
which motivated the use of argon to improve repeatability. However, the use of argon
necessitated the use of pressures greater than 14Torr. This is because 200W of RF power alone
was sufficient to break down lower pressures, whereas very low pressures not subject to
immediate breakdown (generally less than 50mTorr) were an argon/air mixture due to inherent
leaks in the experimental setup. While volumetric ionization is expected to dominate surface
multipactor at these higher pressures, results were nonetheless encouraging.
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Figure 21: (Left) Experimental results using argon and 200W RF power. (Right) Conceptual illustration of the
different operational regions.

Fig. 21 shows some of the experimental results. The left plot identifies the outcome of several
trial shots, and the right identifies the different regions of operation based on the results on the
left. Pressures below 14Torr can be ignored because, as previously stated, the 200W of RF power
initiates breakdown with zero DC bias. The other points can be interpreted as follows: At a fixed
pressure, some DC bias below the DC breakdown threshold is applied to the conducting network.
The window is then illuminated with 200W of RF power for two seconds. If breakdown
occurred, the point is marked as a red X, otherwise a blue circle was used.

Of particular note is the region designated by the red band where the 200W, in conjunction with
the DC bias, was sufficient to initiate breakdown. In the absence of the DC bias, the 200W was
insufficient, which shows that the window functioned successfully as a power-tunable
microwave limiter.
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Figure 22: Diode responses for RF-initiated breakdown in 50 mTorr argon.

A significant side-effect of operation at higher pressures is the localized formation of plasma on
the window. As shown by Fig. 22, breakdown at low pressures (< 1Torr) leads to smooth,
substantial elimination of transmitted power (as little as -20dB transmitted power). At higher
pressures, particularly those above 25Torr, breakdown is frequently observed in discrete steps.
The left traces shown in Fig. 23 illustrate this effect. This is thought to be due to highly localized
plasma formation at different locations on the window. Another observation at higher pressures
is the random increase in transmitted power through the window after breakdown occurred. This
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can be seen from the traces shown on the right plot of Fig. 23. Again, this is thought to be due to

localized plasma patches that occasionally extinguish as the RF bends around the plasma, which
then form again later in time.
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Figure 23: Diode responses for RF-initiated breakdown in 75 Torr argon.
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Justification for this reasoning stems from direct observations of DC discharges on the window.
Two examples are shown in Fig. 24. Low pressures exhibit a uniform glow discharge across the
conducting network, whereas higher pressures exhibit considerable filamentation and
localization. This is one possible explanation for the greater consistency observed at lower
pressures between 14 Torr and 25 Torr as compared to pressures between 25 Torr and 75 Torr.

Figure 24: (Left) DC discharge at 300 mTorr. (Right) DC discharge at 19 Torr.

A final observation was the gradual degradation of performance over time as measured by
consistency and repeatability of results. After extensive testing, the window was inspected and
found to have a significant amount of contaminants on the surface. These are thought to be due
to plasma-induced chemistry with the window material.

Ongoing Work

Based on the initial experiment, there are several goals for ongoing work. Measurement of RF
extinction times is of significant interest, which necessitates the use of a pulsed source with fast
rise-time. The impact of different secondary electron yields is also of interest, particularly
materials with high yields that are also resistant to plasma-induced surface degradation. Finally,
the target pressure range is between 50-500mTorr to reduce plasma localization and operate in a
multipactor-dominant regime. Operation in this pressure range therefore requires RF powers

below 200W at 2.45GHz to avoid immediate RF breakdown. There is some interest in the effects
of different frequencies as well.
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Figure 25: (Left) New experiment configuration. (Right) Basic microwave window design for simplified testing of
different conducting networks and materials.

The new experimental setup shown on the left of Fig. 25 preserves the same diagnostics and
utilizes the same background gas, but contains several improvements. The first window material
to be tested is hexagonal boron nitride (AXO05, 6~3), which has a slightly higher secondary yield
than Lexan, and is easily machinable. The new microwave source is pulsed (<50us), exhibits fast
rise-time (<50ns), and is frequency-agile (2.3-2.7GHz). Using ferrite circulators, the RF power
can be attenuated as low as necessary using a variable mismatch load.

A process has been developed to more easily design and manufacture these microwave windows
to simplify the testing of different materials and conducting network patterns. The window
shown on the right of Fig. 25 illustrates the basic flange design for mounting different windows.
The left side of Fig. 8 shows an example of an embedded conducting network optimization using
Maxwell electrostatic simulations to obtain the desired field profile across the window surface.
Finally, the right side of Fig. 26 shows how the window iris is optimized using HFSS
simulations to match the window impedance to the waveguide impedance.

Figure 26: (Left) Example of an electrostatics simulation using Maxwell. (Right) Example of iris optimization to
match waveguide impedance using HFSS simulations.

Summary

To summarize the experimental proof of concept, initial results were encouraging and a -20dB
reduction in transmitted power was typically observed. However, operation at higher pressures
appears to come at the expense of plasma localization. Window performance degraded over time,
and a significant amount of residue was found on the window surface. This is thought to be a
thin film formed by plasma interaction with the plastic window.
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Ongoing work includes the investigation of RF elimination times, the effect of materials with
high secondary electron yields, and targets materials resistant to plasma-induced surface
degradation. A framework for testing several window designs is in place, and a new
experimental setup has already been constructed.

3.1.15 LaBs-coated knife-edge field emission

Motivated by the idea of enhancing breakdown with sharp metalized features on or near
windows [A-D], we conducted a study of increasing the seed electron emission capability of
such metallizations by coating them with a low work function material, specifically LaBs. We
sputter-deposited LaBg films on copper knife-edge field emitters, such as the test structure shown
in Fig. 27(a), below. The surprising result, seen in Fig 27(b), was that with 300 nm thick films
the emission was reduced rather than increased. However, with very thin (< 10 nm) films the
emission did increase, as originally expected. Extensive investigation, comparing the results of
detailed experiments with quantum mechanical modeling calculations revealed that the interface
between a conducting, high work function material and an insulating or semi-conducting low-
workfunction material creates a quantum transport barrier for electrons. This barrier reduces the
field emission ability of a cathode rather than increases it. When the low work function film is
thin enough, then electrons at the interface are able to easily tunnel through this barrier into the
film, and the emitted current is higher due to the low workfunction of the deposited film. The
computed thin- and thick-film potential profiles showing the barrier at the interface are shown in
Fig. 27(c).
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Fig. 27. (a) Photo of uncoated knife edge cathode. (b) I-V characteristics of cathodes with different
thicknesses of the LaB6 coating. Emission is greatly enhanced for thin films and suppressed for thick
films. (c) Simulated electron potential energy as a function of position for a thin and thick LaB6 film at
high applied field and low carrier density. The internal barrier is much thinner in the thin LaB6 film case,
resulting in increased tunneling and greater total field emission.

[A] B. Kupczyk, A. Garcia, C.-H. Liu, X. Xiang, N. Behdad, J. Scharer, and J. H. Booske,
“Reduced breakdown delay in high power microwave dielectric window discharges,” San
Francisco, CA, Jun. 2013. [Online]. Available:
http://dx.doi.org/10.1109/PLASMA.2013.6635056
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breakdown theory and experiments,” Monterey, CA, 2012,

[D] G. Greening, M. Franzi, P. Zhang, Y. Y. Lau, and R. M. Gilgenbach, “Multipactor-
susceptible RF windows as power-tunable microwave limiters,” Denver, CO 2013.

3.1.16 X-band microwave distributed limiter research results

After evolving through multiple versions, a mature, versatile, productive experimental system
emerged for studying the physics of X-band HPM distributed limiters. Features include:

o ~25KkWp X-band (~9.4 GHz), 800 ns pulse, 43 Hz repetition rate (23 ms between pulses)

e Completely automated operation controlled with MATLAB

e Discharge chamber: stainless steel, 14.6 cm diameter x 15.2 cm long with polycarbonate
(PC) windows on each end.

e Precise gas mix control ~ 1 Torr to ~ 300 Torr, gas mixture ratios ranging from 0.1/200 to
1/1, species including Xe, Ar, vs Ne, He

e Time-resolved (from multi-shot aggregated data) OE (optical emission) 3D visual
imaging

e Microwave reflection and indicator of power transmission

e Microwave reflection amplitude and phase measurement + 1D equivalent slab model to
characterize effective plasma density, n., and (Maxwellian) temperature. T,

e OES based non-invasive measurements of T (Tgas) and EEDF

e Design for (not yet implemented) full microwave power transmission diagnostic that also
permits single-shot time-resolved spatial imaging of plasma

Figure 28 shows a layout sketch of the entire experimental system and a photograph of the
microwave discharge chamber.
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Fig 28. Layout sketch of the X-band distributed limiter system and photo of the microwave discharge
chamber.

Breakdown has been repeat-ably observed, although only with pulse trains of 3,000-10,000
pulses and not yet with single shot illumination. Here breakdown is “defined” to involve dense
and spatially large enough plasma to reflect a detectable fraction (> 10%) of the incident
microwave power. Generally, breakdown is first observed between the 2" to the 2000™ pulse in
the pulse train. The likelihood of early (2" pulse) or later (2000™ pulse) breakdown in the pulse
train depends on a number of factors. After the first observation of breakdown in the pulse train,
each subsequent pulse exhibits breakdown.

A typical example of the plasma (i.e., it’s visible light emission’s spatial distribution) is shown in
Fig. 29. It forms flush against the inside chamber surface of the PC window, eventually covering
an area larger than the X-band aperture, but not the entire window (Figs. 29(b) — (e)). Although
not shown in the figure, detectable light emission was observed for approximately 6 us after the
end of the microwave power pulse.
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Fig. 29. ICCD images showing time-resolved neon plasma formation and decay process at 100
torr. The exposure time for each picture is 50 ns, and the gain is 200. These pictures are taken
from the side port (62 degrees). The red dashed box is the X-band waveguide port.

Microwave power diagnostics are currently the basis for defining the occurrence of
“breakdown”, since the application context seeks plasma densities and size sufficient to reflect
most of the incident microwave power. Seen below in Fig 30, that happens at ~ 150 ns versus ~
500-600 ns for the images in Fig. 29. The “breakdown time” varies with gas pressure, gas
Microwave power transmission measurements

received by a single centrally located dipole probe at 31.1 cm from the first polycarbonate
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window showed a -15 dB received power reduction (97% reflection of the incident power) when
the plasma was formed.
1.0

,""_"'"-.--.--—.—

-

0.8

0.6

0.4

0.2

0.0
0 200 400 600 800 1000
Time [ns]

Fig. 29. Illustrative microwave power diagnostics.

By comparing the amplitude and phase of the reflection coefficient measured by microwave
diodes and mixers to the six-region, 1-D model, the effective plasma density and electron
temperature could be estimated corresponding to an estimated 1 cm maximum plasma thickness.
At 100 torr, under a Maxwellian electron energy distribution assumption, the estimated effective
plasma density peaked at 2 x 1012 cm™3, while the maximum effective electron temperature was
25¢eV.

An OES study of the plasma was conducted to measure the effective electron temperature in
Ne/Ar mixture gas by measuring the 420.1 nm/419.8 nm (3pg—1ss/3ps—1s4) neutral line ratios,
allowing the determination of different electron distribution functions between a Maxwellian and
a Druyvesteyn. At 100 torr with 2% argon in neon, the line ratio result indicated that the electron
energy distribution was not a Maxwellian, but tended somewhat towards a Druyvesteyn
distribution that is expected for these highly collisional, unconfined microwave produced
plasmas. The above results have been disclosed in several conference presentations and in a
journal paper accepted for publication (Journal of Applied Physics, to be published).

Our experiments use magnetron pulse trains with thousands of pulses per pulse train. The pulses
are separated by 23 ms (43 Hz). Typically, we do not yet observe breakdown on the first shot in
a pulse train. Instead, it takes 2-200 pulses in a pulse train before breakdown is observed, after
which all subsequent pulses in the pulse train exhibit nearly identical breakdown characteristics
(breakdown time, plasma properties, etc). Figure 30, below, shows data on which pulse in the
pulse train exhibits breakdown as a function of number of pulse trains on a given day of
experimental runs. For the first pulse train of the day, breakdown (at 150 torr) is not observed
until the ~100™ pulse. For the second pulse train, delivered 20 minutes later, breakdown (at 150
torr) is observed to first occur for the 20™ pulse in the pulse train, and similarly for the third
pulse train delivered after another 20 minutes. For the fourth pulse train, breakdown first occurs
for the 10 pulse in the pulse train. For the fifth and sixth pulse trains (each separated by 20
minutes), breakdown is first observed to occur earlier, for the 2" or 3" pulse. Thus, there is a
memory effect in which breakdown will occur more readily in a pulse-train if it is preceded by
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plasma breakdown event(s). By varying the time between pulse-trains, we determined that this
memory effect persists for several hours, but disappears after tens of hours (e.g., between two
separate days of experiments). Based on lifetimes of excited metastable neutral atoms and the
fact that we are constantly purging the gas chamber with new gas supply, this effect has been
deduced to result from slow-to-dissipate residual electron charge remaining on the PC window
between pulse trains. The delayed breakdown during any one pulse-train is hypothesized to be
due to the fact that our experiment’s microwave electric field strength is insufficient to produce
enough ionization of a completely neutral (ground state) gas to ~10™ cm™ plasma densities
(required for significant microwave power reflection) in a mere 800 ns. However (we
hypothesize), it is sufficient to produce smaller fractional ionization and excited metastable
atoms, some of which persist on the window (electrons) or in the gas (metastables) for tens of
milliseconds (or longer). Each subsequent pulse in a pulse-train has a “headstart” to breakdown
over the preceding pulse. Eventually, these “seed electron sources” are sufficiently populated to
enable breakdown in all subsequent individual 800 ns pulses. By the time the first pulse with
breakdown occurs, we hypothesize the system has established a sustained steady-state population
(at the beginning of the pulses) of initial seed electron charge on the window and/or metastables
in the gas. Thus, we observe nearly identical breakdown times and time histories of all
diagnostic signals between the first pulse to exhibit breakdown and all subsequent pulses in the
pulse-train. The results described above indicate that anything that decreases ionization potential
(e.g., metastables take less energy to breakdown than ground state atoms) or increases seed
electron population (e.g., static electric charge on window surface) has a dramatic effect on the
time to breakdown.

Magnetron Pulses to Plasma Formation
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Fig. 30. Required number of pulses in a pulse-train to achieve plasma breakdown for pure neon

gas at 50, 100, and 150 torr. Each series was initiated on a separate day with no plasma formation
within the plasma chamber for at least 18 hours prior.
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3.1.17 Penning gas mixture effects on X-band breakdown

The use of Penning gas mixtures to reduce breakdown times or thresholds was proposed in our
consortium proposal. The basic idea is to mix a majority population of smaller atoms with lower
collision cross-section but higher ionization potentials with a minority population of larger atoms
with higher collision cross-sections but lower ionization potentials. The lower collision cross-
section of the majority species allows electrons maximum opportunity to gain energy between
collisions, even though this gas species is hard to break down due to higher ionization energies.
The lower ionization potential of the minority species provides a source of more easily ionized
electrons that can act as seed electrons to ionize the atoms of the majority species. We
completed a comprehensive study of X-band HPM breakdown with four Penning mixtures
(Ar:He, Xe:He, Ar:Ne, Xe:Ne) at 50, 100 and 150 torr and with varying mixture ratios. We
identified that fastest breakdown is achieved with a 1:20 ratio of Xe:Ne at 50 torr. The
breakdown time of this mix is ~ 62 ns compared with a breakdown time of pure Ne of 136 ns at
50 torr. Results are shown in Fig. 31. This work is being written up for journal publication.
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Fig. 31. Data showing that Penning gas mixtures reduce breakdown time compared with pure
noble gases such as Ne. Of the mixtures tested, Xe:Ne achieved the fastest breakdown of 62 ns at
50 torr with a Xe:Ne ratio of 1:20. This compares with a breakdown time of 136 ns for pure Ne at
50 torr.
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3.1.18 Effects of metasurfaces on X-band breakdown

Metamaterials and metasurfaces are heterogenous (typically periodic) structures that function as
a homogenous medium, due to fact that unit cell sizes are much smaller than a wavelength.
Intentional design and fabrication allows for electromagnetic properties unavailable from natural
materials. Experiments with metallic masks layered on the inner surface of our X-band system’s
transparent PC window demonstrate the potential benefits for distributed HPM limiters. These
include

(1) faster or lower threshold breakdown at designable thresholds, and

(2) broad area (distributed) protection, prohibiting leakage even when HPM illumination is

primarily localized.

An example of a mask is shown in Fig. 32 below. In preliminary experiments, we have observed
a reduction in breakdown times with Xe:Ne and Kr:Ne gas mixtures (1:20 ratio at 50 torr) from
60-80 ns without a metasurface to ~ 10-15 ns when a metasurface mask is used. The main
explanation for the enhanced breakdown rate is hypothesized to be the higher local electric fields
achieved within the unit cells of the metasurface mask. This research is being written up for
journal publication.

LT, S AL
Fig. 32. Photograph of metasurface mask used to reduce breakdown time of Penning gas mixtures
from 60-80 ns to 10-15 ns (at 50 torr).

A second, unexpected advantage of using metasurfaces was the observation that plasma
breakdown changed from being localized to the center of the window close to the X-band
radiation feed aperture to a complete discharge covering the entire window, as shown below in
Fig. 33. On the left side, as viewed from the side port, one can see that the plasma is
concentrated near the center of the window, where the incident X-band waveguide aperture is
located. On the right side, one can see that the breakdown occurs in every unit cell, covering the
entire window. This research is being written up for future journal publication. The mechanism
for full-window distributed breakdown has been identified as VUV radiation, as revealed in
conference papers and in a manuscript that is under review for publication.
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Fig. 33. Left side: localized breakdown concentrated at the center of the window when no
metasurface is used (similar to images in Fig. 29. Right side: complete breakdown over full
window surface when metasurface mask is used.

3.2.  Theory and Modeling Achievements

3.2.1 High Voltage Dielectric Surface Breakdown

The physics of breakdown of dielectric surfaces under high DC field stress was studied using
theoretical models. The development of a number of new models for surface physics of
secondary emission and neutral desorption, as well as adding emission distributions has enabled
the study of new breakdown physics for angled dielectrics from vacuum to high pressure. A
model for surface emission based on the Schécter triple point model was studied, along with
fixed current emission and self-consistent field emission models. Two modes of operation were
identified for vacuum multipactor: (1) a multipactoring regime in which the surface charges
positively due to the secondary emission phenomena, reducing the time of flight of secondary
electrons and hence reducing their energy gain, until the impact the surface with an energy
sufficient to result in a secondary emission coefficient of unity averaged over the ensemble; and
(2), a dark current regime in which the surface charges negatively, and the electrons no longer
impact the dielectric but skim the surface until they are collected at the anode side. A particularly
interesting result of the study was the transient formation of a multipactor front, which sweeps
the surface from cathode to anode at a velocity close to the mean secondary emission velocity.
This multipactor front consists of a high density of secondary electrons, and leaves surface
charge in its wake. Depending on the parameter space, the surface charge is either positive or
negative, resulting in either the multipactoring regime or the dark current regime, as described
above. After the front passes, the space charge and currents quickly converge to their steady state
values. Holding all other parameters fixed, a dependence of the angle of the dielectric with
respect to the electrodes, which affects the vacuum and space charge fields, can be observed with
a sharp delineation between the multipactor and dark current modes of operation. The study was
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also extended to include the effects of desorption of gas due to surface heating by impacting
particles. Due to the slow diffusion of the background gas on breakdown timescales, near surface
discharges predominate compared to a uniform background gas. However, in both cases, the
surface quickly becomes negatively charged, and multipactor is eliminated.

A new theoretical model for breakdown susceptibility considering time of flight in the early
stages of multipactor with known field strength and angles was developed, with good agreement
with simulation results. This model allows the mapping of parameter space so that early growth
rate of multipactor can be predicted. The model does not presently consider time-dependent
surface and space charge, nor the distribution of emission angles and energies of secondaries.
Nevertheless, simulation results closely reproduce the predictions, which can include static
surface charge. Theoretical understanding of breakdown susceptibility allows engineering
methods of breakdown control by understanding field evolution and perturbing the system using
external fields to suppress or enhance breakdown as desired.
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Figure 34. Susceptibility to breakdown for a dielectric surface at (a) 10 deg. and (b) 22.9 deg. from the electrode perpendicular.
(a) is an example of a multipactor, while (b) is an example of a dark current. The color traces follow the evolution of the parallel
and perpendicular fields in time, with time measured in the color bar. W1 and W2 refer to the lower and upper energy,
respectively, for which the secondary emission coefficient exceeds unity.

3.2.2 High Pressure Gaseous Breakdown Modeling

The Kinetic Global Model (KGM) was enhanced in a number of ways to better model high
pressure gaseous breakdown rapidly. The KGM solves coupled continuity equations for large
numbers of species interacting collisionally, for an arbitrary electron distribution function
obtained from other models (analytic, particle-in-cell, etc.), along with an electron energy
equation which can include electromagnetic wave driving terms. The framework was constructed
in Python, enabling user control and programmability of every aspect of operation. The model
automatically imports energy dependent cross section data from a number of databases,
including LXcat, NIST, CHEMKIN, and others. The imported collision cross sections are
convolved with the energy distribution function to obtain reaction rates, which appear as gain
and loss terms in the coupled continuity equations. The model includes bidirection rate
equilibria, so that inverted populations calculations such as in a laser can be performed.

DISTRIBUTION A: Distribution approved for public release.




Efficiency is improved by precompiling code sections once the physics has been determined. The
improved model allows flexibility for modeling many high pressure systems in which spatial
dependence is not a primary effect. Future work will include analytically determined spatial
effects such as sheaths and finite plasma dimensions, by adding terms to the continuity equations
to account for net diffusion and wall loses.

3.2.3 High Frequency Multipactor on Conducting Surfaces

Multipactor was studied in conducting structures with an added harmonic signal to enhance or
suppress the multipactor effect, depending upon phase and amplitude of the added signal. The
results demonstrated the complex nature of the spatially and temporally varying phenomena,
since suppression in one region often led to enhancement of multipactor in another. However,
when the goal is enhancement, a modest enhancement in one area can push a marginal system
into a multipactor breakdown event due to the nonlinearity of the breakdown once the averaged
secondary emission coefficient exceeds unity for the ensemble. Hence, for a given input signal
that might ordinarily fall below breakdown, an additional signal can be used to ensure the
combined signals will breakdown, at least locally. The multipactor model was further improved
by comparing the Vaughan and Pivi-Furman secondary emission models. The Vaughan model
has its roots in the microwave tube community, while the Pivi-Furman model is a recent
development in the accelerator community. Although the Pivi-Furman model is much more
complicated to construct and use, it has notable physics differences that can be important. In
particular, it has a non-zero secondary emission coefficient for low energy impact well below the
first cross over energy, where the VVaughan model gives a zero secondary yield. Depending on
the electron energy distribution function, this difference can lead to substantial broadening of the
multipactor breakdown susceptibility curves, with important implications for the parameter space
in which multipactor can occur. The simpler Vaughan model was modified to account for the
non-zero low-energy secondary yield, and provided results very similar to the Pivi-Furman
model for susceptibility.
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Figure 35. Comparison of multipactor susceptibility for Vaughan and Pivi-Furman secondary emission models.
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3.2.4 Bipolar Space Charge Limited Flow

The space charge limit has been carefully studied for a wide range of parameters and geometric
configurations. However, many forms of low frequency breakdown result in a bipolar flow in
which electrons and ions counterstream, with the space charge partially cancelling to allow a
higher limiting current. The study of bipolar space charge flow was performed using analytic
theory as well as particle-in-cell models, to develop scaling laws from classical to ultra-
relativistic regimes. A Python wrapper was developed for the 1D OOPDL1 code, in order to
automate the search process for the peak current limit while iterating over ion current. The theory
agrees very well with the 1D model. In addition, the model was extended to 2D, and the 2D
current emission model was improved to properly account for emitted charge weighted to the
mesh by the PIC algorithm, so that the field solution would not lead to small oscillations near
edges and for non-uniform grids.
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Figure 36. Current density versus voltage in a 1 micron gap. q = 0 indicates the current limit for electron only flow, while g = g
denotes the electron current limit in the presence of saturated ion counterflow.

3.2.5 Plasma Filaments Formed in High-Power W-Band Breakdown

Previous work on the fundamental theory for plasma filament formation in focused high power
W-band beams was extended to consider power levels higher than possible in the original
experiments at MIT in which the phenomena was observed. Initial theoretical models indicated
that filaments should be spaced apart at the next peak in the standing wave pattern of the fields,
at one quarter wavelength (A/4). Theory predicts that filament spacing will decrease as power is
increased, with the upper limit as minimal breakdown field at the experimentally observed
spacing of A/4, as shown in Fig. 37. As the field strength increases, the breakdown threshold is
exceeded before the next peak in the field. This phenomena could lead to the ability to form
conductive plasma filament structures with tunable spacing by varying the driving power.
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Figure 37. Plasma filament spacing versus field strength for W-band breakdown at 760 Torr.

3.2.6 Modeling of the Statistical Nature of Seed Electron Production

A typical simulation of pulsed breakdown or surface flashover in a gaseous environment simply
assumes an initial density of free electrons in the gaseous volume. A value of ~ 10° cm™ is often
quoted as an electron seed value under atmospheric conditions. While the value of a few
thousand charged particles in atmospheric air is found throughout the open literature, one
discovers, however, little evidence that these charge carriers are indeed free electrons. Rather,
one finds that the charge carries are commonly believed to be comprised of small and large ions.
If one also notes that the charge carrier generation rate is only a few tens per cubic centimeter
and second, it has to be concluded that there is a very small probability that a free electron is
initially available or will be generated in a cubic centimeter sized volume under pulse conditions
with a duration of nanoseconds or microseconds. We have gathered strong experimental
evidence and developed a model that are consistent with field dependent detachment of electrons
from ion clusters in an initially (before pulse application) gaseous volume void of free electrons
[E], [F]. The model enables calculating statistical distributions of HPM breakdown, see Fig. 38.
A simple generic equation describing the field dependent detachment rate,
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‘IJ(E) =A-E- €_B':E (Eq 1)

was successfully implemented into a 3D Monte Carlo code specifically developed for HPM
breakdown at 2.85 GHz. The present model clearly reproduces the experimentally observed
statistical variations, which is a dramatic improvement over the previous model and any other
previously reported HPM flashover codes. The calculated delay also exhibits an increasing
distribution with pressure, correlating well with experimental data, see Fig. 39.
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Fig. 38. Measured breakdown statistics. Calculated Fig. 39. Comparison of delay times obtained from the of
data are from the developed statistical model based on  Monte Carlo Code with best fit A and B values, cf. Eq. 1,
field detachment of electrons from large ion clusters. 1 x 10" cm/kV s and 75 kV/cm, respectively, with

experimentally observed average delay times and standard
deviations in air for a 11 kV/cm field amplitude and 50 ns
risetime.

Note that simply randomly seeding the volume with free electrons fails to provide the statistics
as shown in Fig. 39; all calculated delay times fall on a single line with very little standard
deviation at a given pressure. The problem with the free electron seeding approach becomes even
more pressing if pulsed unipolar conditions with “slow” voltage ramp up are concerned. During
the voltage increase any hypothetically free electrons pulled to the positive electrode before the
necessary field for breakdown is established, thus never leading to breakdown. Many models get
around this difficulty by simply assuming an infinitely steep voltage step, which of course is not
very relevant for many real-world situations.

3.2.7 Modeling of unipolar discharge onset in 3D at atmospheric pressure.

In order to expand the statistical seeding model to the unipolar pulse case a 3D PIC/MCC
simulation has been developed. It is noted that the development of low-temperature plasmas
under pulsed conditions at atmospheric pressure proves to be increasingly difficult to simulate
due to the large charged particle numbers encountered. Therefore, many simulations are
implemented as reaction/drift/diffusion models with cylindrical (2D) symmetry where the
species of interest are tracked as densities. Modern graphics processing units (GPU) have
enabled large-scale particle simulations to be performed on standard PC’s. A GPU-accelerated
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3D particle-in-cell (P1C)/Monte Carlo Collision (MCC) simulation was developed that utilizes a
single NVIDIA GTX Titan (6GB of global memory, 2688 CUDA Cores) to run the code that is
developed in a Linux environment in C++ using NVIDIA CUDA. Electron collisions are treated
with the null-collision technique that uses a single random number to determine if and what type
of collision occurs. An ionization event generates positive and negative space charge that is
linearly weighted to the mesh points and coupled to the electric field. Due to the high electric
fields near the needle tip, a drift-diffusion approximation for the ions was implemented to allow
ion movement rather than assuming static space charge. Photon emission is incorporated where
the excited density is determined to radiate by comparing a uniform random number to the
solution of the spontaneous emission rate equation. The resulting photons are tracked in a
similar manner to electron particles utilizing the null-collision technique and absorption cross
sections for photoionization. This differs from other methods of photon implementations such as
Helmholtz equation solutions. Initially, the simulation is set to be void of free electron charges.
Rather, seed electrons are generated with a semi-empirically derived field-detachment model
based on ion-cluster theory as described in [F].
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Fig. 40. Spatial distribution profiles of electron, excited state, and ion densities for a positive needle / plane gap in
nitrogen at standard temperature and pressure under an applied voltage ramp of 5 kV increased to 9.5 kV over 23.5
ns (~ 200 V/ns ramp). (a) 2-dimensional cut through needle protrusion tip of density profiles at the time t = 22.6 ns,
Vappliea = 9.4 kKV. (b) t=22.9 ns. (c) t =23.4 ns. Simulation time of approximately 24 hours on GPU with ~2 x 10°
particles tracked [G].
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Although an axisymmetric background electric field is applied, positive space charge left behind
from fast moving electrons moves the high-field region based upon random ionization events
causing non-uniform plasma development. Successive simulation runs generated similar results
starting with plasma formation near the needle tip; however, each with its own individual shape
as one expects from the statistical nature of the electron field detachment and photoionization
processes. Future implementations of this code will refine the photo-absorption and emission
model to include several photo processes

[E] J. Foster, H. Krompholz, A. Neuber, “Investigation of the Delay Time Distribution of High
Power Microwave Surface Flashover,” Physics of Plasmas 18, 013502 (2011).

[F] J. Krile and A. Neuber, “Modeling statistical variations in high power microwave
breakdown,” Appl. Phys. Lett. 98, 211502, (2011).

[G] A. S. Fierro, J. C. Dickens, and A. A. Neuber, “3D Simulation of Low-Temperature Plasma
Development Under Pulsed Conditions,” to be published in IEEE TPS, 2014.

3.2.8 Effects of DC electric field on multipactor

Multipactor discharge is a well-known phenomenon that initiates dielectric window breakdown.
To make use of this phenomenon for counter HPM, we introduce a bias DC electric field that is
parallel to the dielectric surface. This additional DC electric field is expected to lower the
threshold of the RF electric field for multipactor initiation, and therefore, offers a more robust
protection of sensitive electronics from HPM attack even at a lower power level. We used
analytical calculations and Monte Carlo simulations to derive the condition for the onset of
multipactor discharge at various combinations of the bias DC electric field, RF electric field, and
background pressures of some noble gases, such as Argon.

It is found that the tangential bias dc electric field on the dielectric surface indeed lowers the
magnitude of rf electric field threshold to initiate multipactor. The presence of low pressure gases
may lead to a lower multipactor saturation level, however. The combined effects of tangential dc
electric field and external gases on multipactor susceptibility are tested in the (UM) proof-of-
principle experiment described in the preceding Section 3.1.14.
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Figure 41: (Left) Example of an HFSS simulation showing TE;, waves incident on a microwave window with an
embedded conducting network (Right) Monte Carlo simulation configuration used to determine multipactor
susceptibility conditions.
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The theoretical basis for the experiment discussed in section 3.1.1 begins by considering the
arrangement shown in Fig. 41. The left image shows TEj;, microwaves propagating in a
waveguide incident on a microwave window embedded with a horizontally-oriented conducting
network designed to manipulate the electric field on the window’s surface. Characterization of
multipactor susceptibility was accomplished using Monte Carlo simulations of the configuration
shown on the right, which shows the microwave window as seen from the side with RF incident
from the left.

Simulation results can be seen in Fig. 42. The lower multipactor susceptibility boundary in the
left plot demonstrates that increasing the DC bias applied to the conducting network embedded
in the RF window effectively pulls the boundary down, which exposes a greater area of the plot
to a multipactor-susceptible combination of E4. and E+. The plot on the right illustrates a similar
effect for different background argon pressures. Most significant is the fact that a configuration
that ordinarily would not be expected to be susceptible to multipactor can be made susceptible
through a sufficient increase in the tangential electric field E; or reduction in background gas
pressure. This is the theoretical basis for the power-tunable window in section 3.1.14.
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Figure 42: (Left) Lower multipactor susceptibility boundary for variable tangential electric field. (Right) Lower
multipactor susceptibility boundary for variable background gas pressure.

Susceptibility was found to be primarily a function of the secondary electron yield 6 (a material
property), the magnitude of the tangential electric field E; (provided by the conducting network
in a microwave window), and the background gas composition and pressure. Controlling
susceptibility to multipactor in an experiment should therefore be possible through the choice of
window material, the bias applied to the embedded conducting network, and the background gas
composition and pressure.

3.2.9 Electrical contacts (rim heating, contrast in heatings in vertical vs horizontal
contact)

All junctions involve electrical contact of some sort. RF window is no exception. In fact, Dr.
Michael Haworth of AFRL pointed out that RF contacts have always been a most important
issue in HPM device performance. Partly for this reason, we launched a massive, systematic
study of electrical contacts. We have made vast generalizations on the theory of electrical contact
resistance on both bulk and thin film contacts. The effects of dissimilar materials and higher
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dimensions are investigated in detail. We found vast difference in the spreading resistance and
current crowding behaviors of vertical bulk contact and horizontal thin film contact. However,
we also found that the high frequency behavior of vertical bulk contact is very similar to the DC
horizontal thin film contact (because the skin depth of the bulk at high frequencies plays the role
of a thin film). We found severe current crowding at the rim of the contact electrode, indicating
the highest power density dissipation there and therefore the most vulnerable spot for
overheating. It would thus not be as helpful simply to increase the contact area to reduce current
crowding so as to alleviate the severe Joule heating. Our theoretical study is therefore widely
applicable to high power microwave sources, pulsed power systems, field emitters, thin film
devices, and interconnects, etc. There was intense interest in this subject at AFOSR a
presentation of this work was made there (especially related to the problem of electro-migration
due to severe heating at semiconductor contacts). Encouraged by this, we (UM investigators)
studied electro-thermo instability as a side project, the result of which is reported in the next
subsection.

3.2.10 Voltage scale for electro-thermal runaway

We investigated electro-thermal instability (ET) due to the increase in electrical conductivity as
temperature increases, which may lead to thermal runaway at fixed voltage. We deduced a

voltage scale for ET onset, V, :m [in volts], where x is the thermal conductivity [in
W/(m-K)] and o, is the rate of change of the electrical conductivity with respect to temperature
[in 1/(chm-m-K)]. V, depends only on material properties and is independent of geometry or the
operating voltage. It measures the intrinsic tolerance of the material to ET. The calculated V, are

consistent with the well-known properties of several common materials, such as Si, Ge, C
(graphite), and SiC, as summarized in the following table.

Voltage scale for electro-thermal runaway

K oy’ Vi
[W/(m-K)] | [1/(Q-m-K)] [Volt]
[6-9] [10-13]
Si 142 0.0012-0.7 | 14.2-348.9
Ge 58 0.0001-0.05 34-761.6
C 127 1.67x10™- 872.9-
(graphite) 8.33x10° 3903.8
SiC 370 4x107 or 3x10*
negative

3.2.11 Langmuir-Blodgett law

For breakdown initiation, the maximum current from a local protrusion is of fundamental
interest. It is governed by the space charge limited (SCL) condition pertaining to that geometry.
For the simple spherical and cylindrical geometry, the SCL current is described by the
Langmuir-Blodgett (LB) law, which only gives the SCL current density in numerical forms.
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Collaborating with colleagues in Singapore and Iceland, the UM investigators proposed a novel
scaling law for the LB solution which depends mainly on the surface electric field on the cathode
and the anode-cathode spacing, in a form very different from the LB law and the classical Child-
Langmuir scaling. They also obtained a simple empirical formula which is accurate to within 4
percent of the LB law. The model is found to be applicable to space charge limited electron
injection into a solid.
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M. P. Aldan, J. P. Verboncoeur, and R. L. lves, “Simulation of high-voltage dc
breakdown for angled dielectric insulator including space-charge effects” 37th IEEE
ICOPS, Norfolk, VA USA (2010).

J. P. Verboncoeur, A. C. Wu, R. H. Jackson, and T. Bui, “Improved space charge
modeling in cylindrical coordinates”, 37th IEEE ICOPS, Norfolk, VA USA (2010).
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breakdown for angled dielectric insulator including space-charge effects”, IEEE Power
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Charge Limited Field Emission Flow: From Classical to Ultrarelativistic Regimes”, Bull.
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6.1. Co-PI’s (during this grant)

Dr. A. Neuber: Fellow of the Institute of Electrical and Electronics Engineers, 2012;
Distinguished AT&T Professor (2011); IEEE William Dunbar Award for “Continuing
Contributions to High Voltage Research, Technology, and Engineering Education”, 2010

Dr. Richard Temkin: IEEE Plasma Science and Applications Award (2013); Exceptional
Service Award, Intl. Soc. Infrared, Millimeter, and Terahertz Waves (2011).

Dr. John Booske: University of Michigan, College of Engineering Alumni Merit Award,
Nuclear Engineering and Radiological Sciences Department recipient (2012); Elected Fellow
of the American Physical Society (2011); Re-selected for second term to receive the Duane
H. and Dorothy M. Bluemke Professor endowed chair (2010); Selected as a 2009-10 Fellow
in the Committee on Institutional Cooperation (CIC) Academic Leadership Program (ALP).
The CIC is a consortium of 12 research universities, including the 11 members of the Big
Ten Conference and the University of Chicago.

6.2 Other personnel

10.

Jacob Stephens, TTU, received the 2013 Art Guenther outstanding graduate student
award sponsored NPSS IEEE.

George Laity, TTU, won the best student paper competition at the IEEE Pulsed Power &
Plasma Science Conference in San Francisco, California, June 16-21, 2013

Andrew Fierro, TTU, received the 2013 Institute of Electrical and Electronic Engineers
Dielectrics and Electrical Insulation Society (IEEE-DEIS) fellowship aimed at students
pursuing their Ph.D. degree.

Sterling Beeson, TTU, received the 2013 IEEE Nuclear and Plasma Science Society
(NPSS) Graduate Scholarship Award for his research on transient plasmas generated by
High Power Microwaves (HPM)

George Laity was awarded the 2012 graduate directed energy scholarship from the
Directed Energy Professional Society.

Sterling Beeson, TTU, doctoral student received a scholarship from the Science,
Mathematics And Research for Transformation (SMART) Scholarship for Service
Program from the Department of Defense.

George Laity, doctoral student at TTU, received the Tom Burkes Outstanding Graduate
Student Award at the 2012 International Power Modulator and High Voltage Conference.
Jonathan Foster received the international IEEE Outstanding Pulsed Power Student
Award for 2011.

Jacob Stephens and Andrew Fierro, both TTU, received a NPSC (national physical
science consortium) graduate student fellowship, a first at Texas Tech University, in
2011. The fellowship is continuing until graduation.

George Laity, TTU, received the 2011 Lawrence F. Skibbie Graduate Scholarship from
National Defense Industrial Society.
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11.

12.

Jonathan Foster, TTU, received a National Defense Science and Engineering Graduate
Fellowship, 2010 until graduation.

George Laity, TTU, has been selected as a NASA/Texas Space Grant Consortium Fellow
for the 2010-2011 academic year. Mr. Laity also received a national 2010 graduate
fellowship from the Directed Energy Professional Society.

6.3 Invited or Award-winning Talks

1.

10.

11.

12.

13.

Invited: G Laity, A Fierro, L Hatfield, J Dickens, A Neuber, K Frank, “A passive method
for determining plasma dissociation degree using vacuum UV self-absorption
spectroscopy,” presented at the IEEE Pulsed Power & Plasma Science Conference, June
16th-21st, 2013

Invited: A. Neuber, “Stand-Alone Pulsed Power Generator for HPM Generation,”
International Conference on Plasma Science, Edinburgh, Scotland, July 8-12, 2012
Invited: A. Neuber, “Compact Pulsed Power — Dielectric Breakdown,” GE Global
Research Center, Niskayuna, NY, 2011

Invited: A. Neuber, “High Power Microwaves — Issues and Challenges”, Penn State
University, 2011

Invited: A. Neuber, “Surface Flashover,” Pulsed Power School 2010, Mianyang, PR
China, July 2010

P. Zhang, Y. Y. Lau, and R. S. Timsit, “Spreading Resistance of Contact Spot on a Thin
Film”, 59th IEEE Holm Conference on Electrical Contacts, Newport, Rl USA
(September 2013). [Oral]

(Invited Seminar) Y. Y. Lau, “Effects of Surface Roughness on Electrical Contact, RF
Heating and Field Enhancement”, Nanyang Technological U, Singapore (5/4/2011); NRL
(9/19/2011); UC Davis (10/17/2011); AFOSR (1/9/2012); Rutgers U (2/22/2012); AFRL
(6/26/2012); Caltech (10/16/2012); Tsinghua U, Beijing (6/24/2013).

(Invited Seminar) P. Zhang, “Contact resistance and current crowding in bulk and thin
film contacts with dissimilar materials”, Electrical and Computer Engineering Seminar
Series, Michigan State University, East Lansing, Michigan, 01/30/2014.

(Invited Talk) P. Zhang, and Y. Y. Lau, “Recent development on the modeling of
electrical contact”, IEEE Pulsed Power & Plasma Science Conference - PPPS 2013 (June
2013, San Francisco, California, USA).

(Invited Talk) P. Zhang, Y. Y. Lau, and R. M. Gilgenbach, “Bulk and Thin Film Contact
Resistance with Dissimilar Materials”, The Semiconductor Manufacturing Advanced
Process Control (APC) Conference XXIV 2012 (September 2012, Ann Arbor, MI, USA).
(Invited Seminar) Peng Zhang, “Current Crowding and Constriction Resistance in Bulk
and Thin Film Contacts”, Microwave Technology Branch Seminar, Naval Research
Laboratory, Washington, DC, 04/10/2013.

(Invited Seminar) P. Zhang, “Current Crowding and Constriction Resistance in Bulk
and Thin Film Contacts”, Special Seminar, University of Maryland, College Park, MD,
04/11/2013.

(Invited Seminar) P. Zhang, “Effects of Surface Roughness on Electrical Contact, RF
Heating and Field Enhancement”, Center for Energy Research, University of California
San Diego, La Jolla, CA, 01/2012.
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14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

217.

28.

29.

30.

Invited Plenary Presentation at PPPS 2013 in San Francisco, CA by Richard Temkin, the
IEEE Plasma Science and Applications Award winner invited talk.

The IVEC 2012 paper, “1.5 MW, 110 GHz Gyrotron Breakdown in Air,” by Jason
Hummelt was selected as one of the five finalists for the IVEC 2012 Best Student Paper
Award.

Verboncoeur, J. P., “PIC Modeling Techniques”, Nuclear Physics Institute, Catania, Italy
(2009) invited.

Verboncoeur, J. P., “Using XOOPIC”, Nuclear Physics Institute, Catania Italy (2009),
invited.

Verboncoeur, J.P., “Computer Experimentation: Particle-in-Cell Simulation of
Collisional Plasmas”, 19th Int. Symp. Plasma Chem., Bochum, Germany (2009) invited.
Lieberman, M.A., E. Kawamural, A.J. Lichtenberg, and J.P. Verboncoeur, “Double layer
formation in a two-region electronegative plasma”, 19th Int. Symp. Plasma Chem.,
Bochum, Germany (2009) invited.

Verboncoeur, J. P., “Multipactor Breakdown”, L3 Communications, San Carlos, CA
(2010) invited.

Verboncoeur, J. P., “Modeling Plasma Breakdown of Dielectric Windows”, Dept. ECE,
Michigan State University, East Lansing, MI (2010) invited.

Verboncoeur, J. P., “Particle-in-Cell Modeling of Plasmas”, Science at the Edge Series,
Michigan State University, East Lansing, MI (2010) invited.

Verboncoeur, J. P., “Microwave-driven breakdown: from dielectric surface multipactor to
ionization discharge”, Michigan Institute for Plasma Science and Engineering
Colloquium, University of Michigan, Ann Arbor, Michigan (2011) invited

Verboncoeur, J. P., “Microwave-driven breakdown”, National Superconducting
Cyclotron Laboratory/Facility for Rare Isotope Beams Colloquium, Michigan State
University, East Lansing, MI (2011) invited

Verboncoeur, J. P., “Challenges in plasma modeling”, Electromagnetics Seminar Series,
Michigan State University, East Lansing, M1 (2011) invited

Verboncoeur, J. P., “Computational plasma physics and applications”, College of
Engineering Seminar, Michigan State University, East Lansing, MI (2011) invited.
Verboncoeur, J. P., “Kinetic global model for high pressure plasmas”, Pusan National
University, Busan, South Korea (2013)

Verboncoeur, J. P., “Fundamentals of Particle Simulation of Plasmas”, Tsinghua
University, Beijing, China (2013)

Verboncoeur, J. P., “High Voltage Breakdown Physics”, Xi’an Jao Tong University,
Xi’an, China (2013)

“Vacuum Electronic Sources of High Power Terahertz-Regime Radiation,” John H.
Booske, Plenary Talk, IEEE International Conference on Vacuum Electronics,
Bangalore, IN, February 21-25, 2011.
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