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We present measurements of high power (25.7 kW), pulsed (800 ns), X-band (9.382GHz)
microwave breakdown plasmas, including reflected power measurements, mixer reflected amplitude
and phase measurements, optical emission spectroscopy (OES) measurements, and an analysis that
estimates the average electron density and electron temperature. In addition, a six-region, 1-D
model was used to determine plasma parameters and compare with the experimental results. The
experimental results show that using a 43Hz repetition rate with an 800 ns pulse, fast (<300 ns)
breakdown occurs in neon measured between 50Torr and 250Torr, producing plasma that lasts for
over 7ls. It also leads to large microwave reflections (70%) and an on-axis transmission attenuation
of 15 dB. Moreover, a comparison between a 1-D model and mixer measurements shows that at
100Torr, the neon plasma electron density peaked at 2 1012 cm3, and the electron temperature
peaked at 2.5 eV assuming a Maxwellian distribution. The addition of 2% Ar in Ne reduced the
breakdown time and allowed OES measurements to determine the effective electron temperature.
OES measurements of mixed (Ne/Ar: 98/2) argon line ratios (420.1 nm/419.8 nm) were used to
determine the average effective electron temperature Te(eff) 1.2 eV, averaged over the entire 7ls
plasma lifetime. They indicate that the electron energy distribution was not Maxwellian but, instead,
tended towards a Druyvesteyn character.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4865275]

I. INTRODUCTION

Research on continuous wave (CW) and pulsed micro-
wave breakdown in air and noble gases has been conducted
for some time since the pioneering work of MacDonald1 in
microwave cavities. Given the technical advances including
optical emission spectroscopy (OES) and fast ICCD
(Intensified Charge Coupled Device) imaging that can be
used to examine pulsed breakdown, we have further exam-
ined the conditions and plasma characteristics that enable
rapid (<300 ns) breakdown in noble gas plasmas. This was
carried out as a basic study of distributed plasma breakdown
and plasma evolution in a large cylindrical vacuum chamber
(having a diameter of 14.6 cm and a length of 15.2 cm). To
achieve this goal and better understand the plasma formation
and decay under different conditions including different gas
compositions, pressure, pulse length, and repetition rate,
non-invasive diagnostic measurements and modeling of the
plasma density, temperature, and transient spatial evolution
were carried out.

To examine the plasma breakdown, we used pulsed
(800 ns), high power (25.7 kW) X-band (9.382GHz) micro-
waves in a noble gas (neon) and Ne/Ar mixes that enhanced
the plasma breakdown and discharge. We also carried out
experiments and 1-D modeling of the plasma to investigate
its parameters, including the effective plasma density,
electron temperature, and spatial extent. We examined an
incident single pulse of microwave power at 25.7 kW in our
X-band waveguide propagating through 0.953 cm thick,

14.6 cm diameter polycarbonate windows spaced 15.2 cm
apart that was evacuated to 103 Torr and filled with neon
gas to 100 Torr. We found that single shot breakdown did
not occur near the first window where the electric field
strengths were highest. However, when repetitive pulses
were sent with a 43Hz repetition rate, breakdown in neon
and Ne/Ar gas mixes did occur. For this study, a working
definition of breakdown was used. Specifically, breakdown
referred to the occurrence of a plasma discharge with suffi-
cient density and size to emit a detectable intensity of visible
light emission and to reflect a significant fraction of the inci-
dent microwave power.

The purpose of our study was to examine characteristics
of rapid plasma breakdown in distributed, laterally
unbounded volumes by high power microwave pulses.2

There are several features of this study that differed from
previous investigations. Our experiments used short pulses,
which generally require higher field strengths for breakdown
than experiments using a CW microwave source,1 where the
peak fields occurred in space between microwave cavity
walls. As a result of the pulsed power condition, the plasma
in our studies rapidly changed as it grew during the pulse
and decayed after the short microwave pulse was turned off.
Thus, the plasma size, density, temperature, and luminosity
all varied rapidly in time. Unlike some previous microwave
plasma studies3,4 conducted in waveguides, we used the pre-
viously described comparatively large cylindrical chamber
to examine the plasma evolution without the influence of
metallic conducting waveguide boundaries. As a result,
the diffuse nature of the plasma in the transition between the
X-band waveguide to the cylindrical, over-moded chambera)Electronic mail: xxiang3@wisc.edu
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introduced additional factors to consider. For example, the
use of a polycarbonate window between the X-band wave-
guide and the plasma chamber as well as the abrupt change
in lateral dimensions between the waveguide and the
window-and-chamber caused wave impedance mismatches,
which resulted in a 5% power reflection that needed to be
considered in determining the reflected power arising from
plasma creation. Furthermore, the abrupt change from a fun-
damental mode waveguide to the window-and-chamber
modified the transverse electric field pattern from the inci-
dent, simplified TE10 mode distribution.

In this paper, we describe and discuss plasma reflection
and absorption power measurements and plasma parameter
diagnostic results using an 800 ns pulse with a 43Hz repeti-
tion rate at 100 Torr. A six-region, 1-D model was developed
to estimate the plasma temperature and density, in addition
to five diagnostics of the plasma. Section I discusses the
plasma reflected power measurements. Section II discusses
determination of the gas temperature of the microwave
plasma using an OES method. Section III shows fast-gated
(50 ns) ICCD images and analyses to characterize the plas-
ma’s spatial evolution. Section IV compares the microwave
reflection mixer experimental results and 1-D model to deter-
mine spatially averaged peak plasma parameters. Section V
discusses OES line ratio studies to determine the plasma
effective temperature and nature of the electron energy dis-
tribution. Finally, summaries and comparisons of the diag-
nostic results are discussed.

II. EXPERIMENTAL CONFIGURATION

The X-band magnetron source launched 25.7 kW micro-
wave pulses at 9.382GHz using the experimental system
shown in Fig. 1. The pulse width was 800 ns, and could be
repeatedly pulsed at different rates. In this paper, all the
experiments reported used a 43Hz repetition rate. Two
X-band directional couplers were used to detect the ampli-
tude and phase of the incident and reflected signals by mix-
ing with a sample of the incident signal through microwave
diodes and mixers. Isolation of the reflected signal from the
incident pulse was accomplished by a three-port circulator.

A cylindrical stainless steel chamber with two side ports was
used as the discharge chamber, which was enclosed with
0.953 cm thick polycarbonate windows on both ends that
could be pumped down to a base pressure of 103 Torr with
a turbo pump and a scroll pump before filling with neon to
the 10 to 300 Torr range. The discharge chamber was fol-
lowed by an absorbing or matched load end wall chamber
that had the same size as the discharge chamber, filled with a
microwave absorber with <20 dB reflection, assuring that
the transmitted power was absorbed via the matched load
section. The mass flow controller adjusted the gas flow rate.
There was a coaxial probe that could be moved in the verti-
cal direction in the cylindrical chamber centrally located at
z 31.1 cm from the first polycarbonate window (z 0) to
monitor the on-axis transmitted wave amplitude and phase
via a microwave mixer that used a sample of the incident
signal as a reference.

In addition, an Andor iStar 734 ICCD detector capable of
a 2 ns gated time window was used to take temporal plasma
images from a side port angled at 62 from the axis or end on
with a 32 dB transmission screen located at z 35.6 cm,
which provided images of the rapid time evolution of the
plasma formation and decay. An Acton SpectraPro 500i spec-
trometer was used with the ICCD to measure the plasma’s
emission spectrum to determine the gas temperature and the
effective electron temperature.

III. WAVE-PLASMA-DIELECTRIC MODEL

In order to model the experimental configuration, a sim-
plified six-region, 1-D model was developed. This was done
in order to obtain approximate values for the plasma density
and effective electron temperature and minimize 2- and 3-D
effects of the plasma evolution and wave mode character
that would require much more extensive computational mod-
eling and measurements. As shown in Fig. 2, each region
was labeled with the thickness that was measured in the
experimental setup. According to our ICCD plasma images
and microwave reflected power measurements, once the
plasma was formed, it extended well beyond the incident
X-band waveguide port and resulted in very large reflections,

FIG. 1. Experimental configuration.
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which were over 70% of the total reflection. For comparison,
we determined a reference condition corresponding to 100%
reflection of all microwave power transmitted through the
polycarbonate window by placing a copper disk against the
downstream side of the first polycarbonate window. The
voltage recorded on the reflected power diode detector when
the copper disk was inserted, therefore, provided a 100%
reflecting reference signal. The peak diode detector voltage
observed with the plasma corresponded to 70% of this
100%-reflection reference condition. We interpreted this
large reflection and the fact that the lateral size of the dis-
charge exceeded the incident x-band waveguide dimensions
as evidence supporting the reasonableness of characterizing
the plasma with an effective 1-D slab model for the purpose
of estimating the plasma density and electron temperature.

At higher and atmospheric pressures between 10 and
760Torr, the plasma will be highly collisional. Thus, it can
be modeled as a collisional dielectric medium and the dielec-
tric constant can be expressed as5

ep  eo 1
x

2
p

xx ien

" #

; (1)

where ep is the plasma dielectric constant, xp is the plasma
frequency, and en is the electron-neutral collision frequency
in this 1-D model. Using these assumptions, one can apply
electromagnetic wave equations and boundary conditions
(see Appendix) together with the dielectric function for a
highly collisional plasma to predict the microwave reflection
coefficient as a function of gas pressure and assumed values
for the plasma density, thickness, and Maxwellian electron
temperature. Comparison with the experimentally measured
reflection coefficient enabled us to infer values for the effec-
tive plasma frequency and electron temperature in the
experiment. Figure 3 is an example of the power reflection
coefficient, |C|2, from the polycarbonate material into the
X-band waveguide predicted by assuming a uniform plasma
thickness of 1 cm at 100 Torr. The maximum value for the
plasma thickness was estimated by observing optical light
images that used the ICCD mounted on one of the side ports.
Note that the model predicts a substantial power reflection
coefficient, |C|2 (>70%), similar to what was observed in the
experiments, for values of xp/x> 1.5 and Te< 3 eV. In the
no-plasma case, this simplified six-region 1-D wave model
predicts a wave field magnitude reflection coefficient of
|C| 0.15, which is comparable to the measured value of
|C| 0.17 when plasma was not formed. The detailed

electromagnetic equations and boundary conditions can be
found in the Appendix.

IV. EXPERIMENTAL RESULTS

A. Reflected power measurements

The transmission dipole probe (see Fig. 1) was located
in the transverse and vertical center of the cylindrical cham-
ber at z 31.1 cm from the first polycarbonate window
located at z 0 and could be adjusted vertically. As a local-
ized sensor, it did not measure the total transmitted power.
However, three-dimensional electromagnetic simulations
suggested that it was useful as an indication of transmitted
power since even though the chamber is over-moded, the ex-
citation conditions resulted in a significant fraction of the
wave energy peaking near the axis. In contrast, the total
reflected power was measured with a directional coupler
coupled to the incident X-band waveguide and was a more
accurate measurement for comparison with our 1-D model’s
predictions. This premise is supported by observing that the
plasma discharge light emission images after breakdown
extend well beyond the incident X-band aperture. Measuring
the reflected power under different gas mix and pressure con-
ditions provided information regarding the breakdown time
and the amplitude of plasma reflection coefficient. As previ-
ously described, we determined the total reflected power ref-
erence by covering the entire downstream surface of the first
polycarbonate window with a copper disk. This method
intrinsically accounted for the small skin effect absorption
losses from the conductors and the dielectric losses from the
polycarbonate. We then measured the reflected power for a
neon plasma and for a mixed Ne/Ar (98/2) plasma case.
Figure 4 compares the reflected power for different plasma
cases with the total reflected power obtained with the copper
disk.

As shown in Fig. 4, the calibrated total reflected power
with the copper disk is 73.5 dBm, slightly less (0.6 dB 4%)
than the incident power (74.1 dBm). When plasma was
formed, the reflected power increased substantially compared
to the case where only the polycarbonate windows and cham-
ber were present without plasma formation. For both Ne and a
Ne/Ar (98/2) mix (determined by our calibrated mass flow con-
trollers) plasmas, the reflected power was 70% of the total
reflected power reference condition. In addition, for pure neon,

FIG. 2. Six-region, 1-D model.

FIG. 3. Reflection coefficient (from first polycarbonate window to X-band
waveguide) amplitude simulation for neon plasma at 100Torr assuming the
plasma is uniform and the plasma thickness is 1 cm.
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the gas breakdown occurred at 250 ns into the pulse and for the
Ne/Ar (98/2) case that allows Penning ionization processes,1,6

the breakdown time is reduced to 200 ns. Thus, we observed
that Ne/Ar Penning gas mixes resulted in a more rapid plasma
breakdown time than for neon alone.

B. Gas temperature measurements

One of the important plasma temperatures to character-
ize for the microwave plasma is the translational temperature
Ttrans, which describes the translational velocity distributions
of the N2 molecules and N2 ions in the plasma. Ttrans is
often simply referred to as the gas temperature. Optical emis-
sion spectra have been widely used to obtain the gas temper-
ature.7,8 In particular, by fitting the measured nitrogen lines
with the SPECAIR9–11 model, the rotational temperature can
be obtained. For our high pressure plasmas, since the colli-
sion rates between species are high, the translational temper-
atures of neutrals and ions are about equal, and TtransTrot

can be assumed because the rotational relaxation time is
quite fast.12 Therefore, the gas temperature was assumed
equal to the rotational temperature.

To obtain the gas temperature of the neon microwave
plasma, we added 4.8% nitrogen into the system and then
measured the 336 nm, 357 nm, and 375 nm neutral spectral
lines. Because of our high operating pressure at 100 Torr,
collisional equilibrium was assumed between nitrogen and
neon so that the nitrogen gas temperature was equal to the
neon gas temperature. At 100 Torr, each of the three nitrogen
lines yielded a rotational temperature of 3506 50K obtained
by fitting with the SPECAIR model. Figure 5 is an example
illustrating how well the 3506 50K SPECAIR model fitted
the measured 357 nm N2

(2) nitrogen line. Further studies
obtained by varying the pressure from 10Torr to 180 Torr
showed that the gas temperature varied only slightly (50K)
in this pressure range.

C. Plasma images

An Andor iStar 734 ICCD camera was used to take
plasma images through the angled (62 degrees) side port of

the discharge chamber. As shown in Fig. 6, the discharge
images start as a small ball at around 300 ns, and then grow
larger while developing smaller finger-type structures at the
upper and lower edges. After 900 ns, the plasma light

FIG. 4. Time resolved reflected power study for different plasmas and cop-
per disk cases. (a) Black represents the calibrated total reflected power meas-
ured with a copper disk after the incident X-band waveguide and the first
polycarbonate window. (b) Red represents reflected power in pure neon. (c)
Blue represents reflected power in mixed neon and argon gas
(Neon/Argon 98:2). Both plasmas are formed at 100 Torr with a 43Hz
repetition rate.

FIG. 5. The fitting of N2
(2) 357 nm line to determine Tgas. Black represents

spectra data by adding small amount of nitrogen into neon, and red repre-
sents the SPECAIR simulation when Trot 350K.

FIG. 6. 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). The red
dashed box is the X-band waveguide port.
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emission images get dimmer and are extinguished at 7 ls.
All pictures in Fig. 6 were taken with an exposure time of
50 ns and a gain of 200. The plasmas for these images were
obtained with pure neon at 100 Torr with a 43Hz pulse repe-
tition frequency. The substantial microwave reflections from
the plasma that were observed to extend well beyond the X-
band waveguide perimeter support the use of a 1-D model to
obtain estimates for the effective plasma density and electron
temperature caused by microwave breakdown.

D. Mixer experiment

By comparing the amplitude and phase of the measured
wave reflection coefficient to the predictions of the six-
region, 1-D model, effective plasma parameters such as den-
sity, temperature, and collision frequency could be esti-
mated. To determine the phase of the reflection coefficient,
we carried out a mixer quadrature experiment, which
involved two steps. The first step was to use the incident sig-
nal as the reference and then mix the reflected signal with it
using a microwave mixer, to obtain the mixed signal s1.
Then, we introduced a 90 phase shift in the incident signal
to obtain the mixed signal s2 as follows:

s1  ReAiAre
j /r/i ; (2a)

s2  ReAiAre
j/r/ip

2: (2b)

The phase of the reflection coefficient was then obtained as

/r  /i  arctan
s2

s1

 
: (3)

Since the measured mixed reflection signals were not at
the same waveguide-to-polycarbonate terminal plane as
where the six-region 1-D model was evaluated, a phase cor-
rection between the mixer location (on a reflected port, see
Fig. 1) and the polycarbonate plane was made. We used a
network analyzer to measure the phase difference between
the mixer port and the waveguide-polycarbonate interface.
Since all the components, including the X-band waveguides
and microwave circulator were linear, the phase differences
measured via the network analyzer were the same when
plasma was formed. The phase difference correction was
subtracted from the measured values at the diode to extract a
phase shift that was referred to the phase at the X-band
waveguide-to-polycarbonate plane that was compared with
the amplitude and phase of the six-region, 1-D model. The
amplitude of the reflection coefficient was obtained from the
power measurement by the calibrated diodes as

jCRj 



PR
PI

r : (4)

By comparing the measured amplitude and phase of the
reflection coefficient with the prediction of the model (Eqs.
(A1)–(A20) in Appendix), the average plasma density and
electron temperature were estimated. Figure 7 shows the
plasma parameters for neon plasma at 100 Torr by assuming
the maximum plasma thickness was 1 cm and using the neon

collisional cross section13 as a linear function of electron
temperature between 1 and 5 eV.

Using the results from the mixer experiment, we esti-
mated that the maximum effective plasma density was
2 1012 cm3, and the maximum effective Maxwellian elec-
tron temperature was 2.5 eV, as shown in Fig. 7 at 380 ns.
Correspondingly, the maximum xp/x 1.4 and maximum
en/x 1.1. These peak values are comparable with highly
collisional model microwave plasma properties.14,15 It is
noted that the results shown in Fig. 7 were obtained by fixing
the plasma thickness as 1 cm at all times in the model. But, in
reality, the plasma thickness changed with time. Similarly,
the model presented in this section assumed a Maxwellian
distribution, but the electron energy distribution might lie
between Maxwellian and Druyvesteyn distribution in this
highly collisional and unconfined plasma. Therefore, as stated
previously, the parameter values are all effective values, asso-
ciated with this and other simplifications assumed in the 1-D
model. Nevertheless, they provide a useful estimate of the
plasma density and electron temperature associated with the
breakdown discharges observed in our experiments.

E. OES line ratio study

OES has been widely used for noninvasive plasma diag-
nostics. Line ratio methods are used to obtain plasma parame-
ters such as electron temperature and plasma density. Boffard

FIG. 7. Neon plasma parameters at 100 Torr estimated from mixer measure-
ments with an assumed 1 cm thickness.
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and Wendt16 have introduced an argon line pair ratio
420.1 nm/419.8 nm to estimate the effective electron tempera-
ture in an argon plasma. In Ref. 16, the results obtained from
the line ratio method match very well with the results measured
by a Langmuir probe in an inductively coupled RF plasma. To

apply this method in our system, we extended their corona
emission model by including excitations from the resonance
levels (1s2 and 1s4), which are ignored in lower pressure plas-
mas due to the very short resonance state lifetimes. Thus, the
extended corona emission photon flux model can be written as

U420:1 nm

U419:8 nm


kg420:1 nm Te eff 
 

 nm
no

 
km420:1 nm Te eff 

 
 nr

no

 
kr420:1 nm Te eff 

 

kg419:8 nm Te eff 
 

 nm
no

 
km419:8 nm Te eff 

 
 nr

no

 
kr419:8 nm Te eff 

  ; (5)

where U is the photon emission rate (photons/s); no, nm, and
nr are the number density in ground state, metastable (1s3
and 1s5), and resonance levels; klij represents the emission
rate for a particular i ! j transition due to electron-impact
excitation of atoms initially in the lower level l (l can be
ground state, metastable level and resonance level) and

klij Te eff 
 



2

me

r 1

0

Ql
ijEfeE;Te eff 


E

p
dE; (6)

where me is the electron mass, Ql
ij is the i ! j optical emis-

sion cross section for excitation from level l, and fe is the
electron energy distribution function (EEDF).

Note that the extended corona model requires knowledge
of the number density in ground, metastable, and resonance
levels. The number density in the ground state level is straight-
forwardly obtained from the gas temperature measurements
and no  2:76 1018 cm3 for a 100Torr plasma with
Tgas 350K. As for the metastable density values, Donnelly17

developed a model to estimate them. By equating the produc-
tion and loss rates, and ignoring the diffusion loss, the metasta-
ble-to-neutral-number-density-ratio nm=no can be expressed as
a function of the effective electron temperature T

e ef f   2
3 hEe

i

nm
no



1:2T0:62
eeff exp  20:11

Teeff

 !

1:16 0:59Teeff  0:03T2
eeff

: (7)

For the resonance number density nr, we assumed that
nr 0.6 nm, based on the angular momentum relationship
between the two levels.16

Thus, by combining the corona and metastable number
density models, given the 420.1 nm/419.8 nm line ratio, we esti-
mated the effective electron temperature by iteration using Eqs.
(5) and (7). We chose to start with an initial estimate for nm=no
in Eq. (5) to obtain Teeff, then used this Teeff to determine a
new nm=no value from Eq. (7). We used this procedure because
Eq. (5) is more tolerant of errors in nm=no than Eq. (7) is in
estimating Teeff. This is because Eq. (5) is a linear function of
nm=no, while Eq. (7) is an exponential function of Teeff.

Figure 8 shows the 420.1 nm and 419.8 nm line spectra
with a 200 ICCD gain and a 10 ls exposure time, which

covered the whole 7 ls lifetime of the plasma, accumulated
800 times. To determine the line ratio, we applied a
Gaussian fit to obtain the peak area (the area enclosed
between the peak and the peak base). For a discharge in a
gas mixture of Ne/Ar at a ratio of 98:2 and pressure of
100 Torr with a 10 ls observation gate, the line ratio was 2.0.

However, the iteration procedure did not converge under
the assumption of a Maxwellian electron energy distribution.
Thus, a more general form to represent the EEDF18 was used

f E;Te eff 
 

 c1T
3=2
eeff


E

p
e
c2 E

Teeff
x
; (8)

where x 1 corresponds to a Maxwellian EEDF and x 2
corresponds to a Druyvesteyn EEDF.

By choosing x 1.3, the iteration converged and
resulted in T

eeff   1:2 eV. Although this is smaller than the
peak value of 2.5 eV determined by analyzing the mixer
measurements near 380 ns, we note that the OES-derived
experimental value was an average T

eeff  acquired for a
10 ls time interval, while the pulsed microwave power was
only on for 800 ns. Furthermore, the mixer experimental-1D
model results were based on a Maxwellian electron distribu-
tion assumption that allowed more high energy electrons in
its distribution than the partial Druyvesteyn distribution
determined from the OES measurements. Therefore, it is
reasonable for the OES measured value to be lower than the

FIG. 8. 420.07 nm/419.83 nm line ratio spectrum when Neon/Argon 98:2,
at 100 Torr. The spectrometer grating is 3600 lines per inch, the gain is 200,
and the exposure time is 10 ls with an accumulation number of 800.
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value determined by the reflected power and mixer measure-
ments made during the microwave pulse.

V. CONCLUSION

We have shown that for our 15.2 cm long by 14.6 cm
diameter cylindrical chamber with polycarbonate end plates
mounted flush to the incident X-band waveguide, 43Hz
repetitive pulses (800 ns) at 25.7 kW were sufficient to pro-
duce regular, repeatable breakdown in neon in the range of
50 to 250 Torr.

Measurements of the reflected power caused by the
plasma showed that the breakdown time at a pressure of
100 Torr for pure neon was 250 ns and once the plasma
formed, the reflected power increased dramatically to 70%
of the total reflected power measured by inserting a fully
reflecting copper disk over the incident polycarbonate win-
dow. In addition, by adding a small amount of argon (2%) to
the system that allowed Penning discharge breakdown proc-
esses to occur, the breakdown time was shortened to 200 ns.

ICCD images using a 50 ns gate time showed that the
plasma breakdown and expansion character expanded well
beyond the X-band waveguide dimensions. They also
allowed us to estimate the maximum plasma thickness as
1 cm. In addition, the ICCD images showed that the plasma
optical emission lasted for over 7 ls, well after the micro-
wave pulse was extinguished. Microwave power transmis-
sion measurements received by a single centrally located
dipole probe at 31.1 cm from the first polycarbonate window
showed a 15 dB received power reduction (97% reflection
of the incident power) when the plasma was formed.

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 elec-
tron temperature could be estimated corresponding to an esti-
mated 1 cm maximum plasma thickness. At 100 Torr, under
a Maxwellian electron energy distribution assumption, the
estimated effective plasma density peaked at 2 1012 cm3,
while the maximum effective electron temperature was
2.5 eV. Correspondingly, the peak effective collision fre-
quency was 1.1 times the microwave frequency and the peak
effective plasma frequency was 1.4 times the microwave fre-
quency. For these high pressure noble gases, these values are
consistent with high power microwave ionization and wave
penetration processes in collisional, high density, and low
electron temperature plasmas.14,15

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 (3p9—1s5/3p5—1s4) neutral
line ratios, allowing the determination of different electron dis-
tribution functions between a Maxwellian and a Druyvesteyn.
At 100Torr with 2% argon in neon, the line ratio result indi-
cated that the electron energy distribution was not a
Maxwellian, but tended somewhat towards a Druyvesteyn dis-
tribution that is expected for these highly collisional, uncon-
fined microwave produced plasmas.19 By assuming an x 1.3
factor in the generalized distribution function, the 10ls inter-
val, time averaged effective electron temperature was

determined to be 1.2 eV, smaller than the peak value at 380ns
of 2.5 eV inferred from the mixer experimental measurement.
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APPENDIX: WAVE PROPAGATION, ABSORPTION
AND REFLECTION MODEL

X-band waveguide TE10 wave impedance

g1  527 X; (A1)

b1  140 rad=m: (A2)

Air TEM wave impedance

g4  g6  377 X; (A3)

b4  b6  x


eolo

p
: (A4)

Polycarbonate material TEM wave impedance

er  2:96; (A5)

g2  g5 
g1
er

p ; (A6)

b2  b5  b1


er

p
; (A7)

d2  d5  0:009525 m: (A8)

Plasma wave impedance5

ep  eo 1
x

2
p

xx i#en

" #

; (A9)

g3 

lo

ep

r
; (A10)

b3  jb1



1
x

2
p

xx i#en

s

; (A11)

d3  0:01 m: (A12)

Frequency: f 9.382GHz

x  2pf: (A13)

Other parameters

#en  norenv; (A14)

v 

kTe

m

r
; (A15)

no  3:25 1016  P P is the gas pressure : (A16)
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Cross section for neon13 ren

ren 
1:23 1016 cm2 Te  10 eV
1:06 1016cm2 Te  1 eV:

(
(A17)

For T

e

values between 2 eV and 5 eV, the relationship
between r

en

and T
e

can be expressed as a linear function13

ren  0:2657Te1:5171 1020 m Te is ineV: (A18)

1. Reflection coefficients

g56  g2

g1  jg2tanb2d2
g2  jg1tanb2d2

; (A19a)

g456  g1

g56  jg1tanb1d4
g1  jg56tanb1d4

; (A19b)

g3456  g3

g456  g3tanhb3d3
g3  g456tanhb3d3

; (A19c)

g23456  g2

g3456  jg2tanb2d2
g2  jg3456tanb2d2

; (A19d)

C  g23456  g1

g23456  g1

: (A19e)

Reflection power attenuation 20 logjCj.20

2. Transmission coefficients

C56 
g1  g2

g1  g2

; (A20a)

C46 
g56  g1

g1  g56

; (A20b)

C36 
g456  g3

g456  g3

; (A20c)

C26 
g3456  g2

g3456  g2

; (A20d)

t56 
2g1

g2  g1

; (A20e)

t46 
1 C46

eib2d2  C56eib2d2
; (A20f)

t36 
1 C36

eib1d4  C46eib1d4
; (A20g)

t26 
1 C26

eb3d3  C36eb3d3
; (A20h)

t16 
1 C

eib2d2  C26eib2d2
; (A20i)

T  t56t46t36t26t16: (A20j)

Transmission power attenuation 20 logjTj.20
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