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Metastable Ar(1s5) density dependence on pressure and argon-helium
mixture in a high pressure radio frequency dielectric barrier discharge

D. J. Emmons,? D. E. Weeks, B. Eshel, and G. P. Perram
Department of Physics, Air Force Institute of Technology, 2950 Hobson Way, Wright-Patterson AFB,

Ohio 45433, USA

(Received 15 October 2017; accepted 8 January 2018; published online 23 January 2018)

Simulations of an «-mode radio frequency dielectric barrier discharge are performed for varying
mixtures of argon and helium at pressures ranging from 200 to 500 Torr using both zero and one-
dimensional models. Metastable densities are analyzed as a function of argon-helium mixture and
pressure to determine the optimal conditions, maximizing metastable density for use in an optically
pumped rare gas laser. Argon fractions corresponding to the peak metastable densities are found to
be pressure dependent, shifting from approximately 15% Ar in He at 200 Torr to 10% at 500 Torr.
A decrease in metastable density is observed as pressure is increased due to a diminution in the
reduced electric field and a quadratic increase in metastable loss rates through Ar; formation. A
zero-dimensional effective direct current model of the dielectric barrier discharge is implemented,
showing agreement with the trends predicted by the one-dimensional fluid model in the bulk

plasma. https://doi.org/10.1063/1.5009337

I. INTRODUCTION

Optically pumped rare gas lasers (OPRGLs) that employ
Ar as the lasing medium require sufficient production of meta-
stable Ar(1ss) to act as the lowest energy species of the laser
system.' Diode pumping from Ar(1ss) to Ar(2po) followed by
rapid collisional relaxation from Ar(2pg) to Ar(2p;o) allows
for a population inversion and subsequent lasing to Ar(lss).
The dependence of diode laser absorption and optical gain on
Ar(1ss) densities™ requires metastable densities on the order
of 10" cm™ at atmospheric pressures to produce output laser
intensities above 100 W/cm?® for an active medium length
of 1.9cm (Ref. 1). Near-atmospheric pressures help to match
the diode laser bandwidth to the Ar(lss)+ i — Ar(2py)
absorption linewidth and increase the non-adiabatic transition
rate from Ar(2po) to Ar(2pyp). Thermal instabilities are prob-
lematic at these higher pressures,*® but radio frequency (RF)
dielectric barrier discharges (DBDs) are able to maintain sta-
bility due to a limited ionization period occurring near the
cycle peaks, which corresponds to an increased energy thresh-
old for instability formation.”

Previous kinetic analyses of Ar-He mixtures in an
OPRGL have been performed to find the optimal Ar-fraction
and pressure for laser efficiency. One kinetic study® analyzed
laser efficiency as a function of pressure and Ar-He composi-
tion for a non-specific discharge scenario, concluding that a
mixture of approximately 1% Ar in He results in the largest
total efficiency, defined as the output power divided by the
sum of discharge and pump powers. A separate OPRGL
kinetic analysis found the peak optical conversion efficiency
(output laser intensity divided by the absorbed pump inten-
sity) to occur at He partial pressures below 1.5 atm for an Ar
partial pressure of 20 Torr.® An experimental and computa-
tional analysis of microwave resonator-driven microplasmas
at a variety of Ar-He mixtures and pressures ranging from
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100 to 730 Torr found that an Ar-fraction near 5% at a pres-
sure of 100 Torr produces the largest metastable densities.’
Additionally, peak metastable densities were found to
decrease as the discharge pressure was increased.

An earlier analysis of a pulsed direct current (DC) dis-
charge using a 7% Ar in He mixture at a pressure of 270 Torr
provided insight into the kinetics controlling metastable behav-
ior over a single pulse.'® The analysis developed a robust reac-
tion rate package centered around the species vital to OPRGL
operation. In this paper, we use the same reaction rate package
to calculate the Ar(lss) density as a function of argon-helium
mixture and pressure for an RF-DBD. Simulated fluorescence
from a one-dimensional fluid model is compared with experi-
ment along the centerline of the discharge cavity. A zero-
dimensional kinetic model is developed, reducing the problem
to an effective DC discharge. The zero and one-dimensional
simulations are compared in the center of the discharge cavity
showing close agreement between the two approaches. Due
to the relatively large computational time required for the
one-dimensional RF-DBD simulations, the use of the zero-
dimensional approach is preferable in the bulk plasma where
the model is appropriate.

Il. EXPERIMENT

Plasma fluorescence is collected using a Point Grey
Grasshopper (GS3-Y3-3254m-C) USB 3.0 camera with a
3.45 um pixel pitch and a 1/1.8” CMOS detector. The spec-
tral sensitivity of the detector ranges from 300 to 900 nm.
A Computar 50 mm aperture, variable focus, f 1:1.8 lens is
used to image the center of the discharge. The camera was
placed at one end of the tube at a distance of 35 cm from the
midpoint with an f/# of 16. The optical system results in a
resolution of 41 um per pixel.

The plasma was produced in an RF-DBD discharge with
a “clam-shell” electrode/dielectric structure where a 0.64 cm
Pyrex tube (0.38 cm 1.D.) is wrapped by two copper electrodes
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of 5.0cm length. The electrodes were machined with a gap of
0.32cm at the edges and a maximum gap of 0.64cm at the
center. Ultra-high purity (99.999%) Ar and He gases are fil-
tered through an SAES high-flow rate filter (MC200-904FC)
which reduces impurities to 100 parts-per-trillion, 2-3 orders
of magnitude lower than the Ar* density. Figure 1 shows a
view of the RF-DBD apparatus in (a) and a long exposure
time end-on image from the Point Grey camera in (b) with no
discharge.

An example of the images collected for a 10% Ar in He
mixture at 300 Torr is displayed in Fig. 2. The yellow rectan-
gle, 90 x 10 pixels or 3.69 x 0.41 mm, outlines the region in
which the apparatus is most similar to a parallel plate config-
uration. These rows are averaged together to facilitate com-
parison to the simulations (as shown in Fig. 7). The bright
outer region is caused by plasma emission that is reflected
into the detector by the inner wall of the Pyrex tube.

lll. MODELS

The discharge chamber modeled in this analysis consists
of parallel plate electrodes separated by 6.4 mm with both
electrodes covered by a 1.3 mm thick dielectric with a per-
mittivity of e; = 5¢¢ (Fig. 3). This parallel plate geometry is
used as an approximation to the centerline of the cylindrical
geometry displayed in Fig. 2. Following Ref. 10, the list
of species used to analyze OPRGL kinetics for a high pres-
sure Ar-He mixture is Ar(1ss), Ar(1lss), Ar(2p1o), Ar(2po),
Ar(2ps), Ar(h.l.), Ars, Ary, Ar', He*, Hes, Hey, HeAr™,
and He™". The reaction rate package includes electron impact,
recombination, two-heavy-body, three-heavy-body, and radi-
ative rate coefficients. Including radiation trapping, an effec-
tive A-coefficient of 1.7 x 10°s™" is used for the Ar(ls,)
— Ar + ho transition in this discharge geometry.'' At near-
atmospheric pressures, the magnitude of radiation trapping is
assumed to be independent of pressure'? and mixture.

Electron impact rate coefficients and transport parame-
ters are calculated using BOLSIG+ (Ref. 13) where the rate
coefficients for electron impact collisions are computed from
the non-Maxwellian electron energy distribution function
(EEDF) along with the reaction cross section. The EEDF is
dependent on species densities and the reduced electric field,

FIG. 1. (a) An end-on view of the RF-DBD apparatus. The 61cm long
Pyrex tube is sandwiched at the midpoint on the left and right by two copper
electrodes that are 5cm long and separated by 0.32 cm using an insulating
Macor block. (b) A long exposure view down the Pyrex tube with no dis-
charge. The unfocused region in the foreground is the face of the 0.13 cm
thick tube wall. For this image and the image in Fig. 2, the camera was
focused midway down the tube.
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FIG. 2. End-on image of an RF-DBD for a 10% Ar in He mixture at
300 Torr with an applied power of 10 W. The outer fluorescence is emission
from the sheath that is reflected into the detector by the inner wall of the
Pyrex tube. The yellow rectangle outlines the region that is averaged to form
a one-dimensional fluorescence profile for comparison with simulations.

E/N, where N is the neutral gas density. A one-to-one map-
ping of E/N to the electron temperature, T, = 2(¢)/3, where
(€) is the average electron energy, provides a unique EEDF
for a given T,, allowing T, to be used as a proxy for E/N dur-
ing EEDF computation. Additionally, for a driving angular
frequency of w = 2n x 13.56 MHz in the pressure range of
200-500 Torr, the reduced angular frequency w/N is on the
order of 1077 m?/s, which allows the EEDFs to be calculated
using a DC field."”

The EEDF dependence on the Ar-He mixture is displayed
in Fig. 4 for an electron temperature of 2eV. As the fraction
of He is increased, the population of high-energy (above exci-
tation and ionization thresholds) electrons increases, approach-
ing a Maxwellian distribution. This increase in the population
of high-energy electrons increases the Ar excitation and ioni-
zation rate coefficients. However, the electron excitation and
ionization rates also depend on the Ar density, n4,, which
increases with Ar-fraction. The Ar(lss) excitation frequency,

o, d=6.4mm; .
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|
e
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C
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FIG. 3. A cross section of the simulated radio frequency dielectric barrier
discharge chamber. The plates are assumed to be infinite in extent in the
calculations.
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FIG. 4. Electron energy distribution functions for varying Ar-He mixtures
with an electron temperature of 2 eV, as calculated by BOLSIG+-.

Ve, 18 displayed in Fig. 5 as a function of electron tempera-
ture where Vey = koxchiar, and k.. is the rate coefficient for
Ar + e~ — Ar(1ss) + e~. At a pressure of 200 Torr, the max-
imum excitation frequency shifts to larger Ar-fractions for
T,>3eV. For T, <3eV, the lower Ar-fractions have elevated
excitation frequencies due to the increased population of high-
energy electrons.

The reduced electric field as a function of T, is displayed
in Fig. 6 where E/N magnitudes of approximately 5 Td, typi-
cal of the bulk plasma at steady-state, correspond to elevated
electron temperatures as the Ar-fraction increases. These
larger values of T, are caused by a reduction in the EEDF for
energies below ~3eV as the Ar-fraction becomes larger
(Fig. 4). The loss in low energy electrons is compensated by
increasing the EEDF population at energies just below the
excitation threshold, which increases the distribution aver-
age. However, the EEDF population at energies above the
excitation and ionization thresholds is also decreased as the
Ar-fraction is increased. As a result, the increase of T, with

10° -
— 5% Ar
— 10% Ar
108} — 15%Ar
— 25% Ar
— 50% Ar
107 ¢ 75% Ar

100% Ar

Ar(1s;) Excitation Frequency [Hz]
=
o
o

10°
10*
103 1 L 1 1 1 1
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
T, [eV]
FIG. 5. Metastable excitation frequencies, Vey = kexcnar, at 200 Torr for

varying Ar-He mixtures, as calculated by BOLSIG+.
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FIG. 6. Electron temperatures mapped to reduced electric fields for varying
Ar-He mixtures, as calculated by BOLSIG+.

Ar-fraction at E/N ~ 5 Td does not correspond to an increase
in excitation or ionization rate coefficients.

Electron mobilities and diffusion coefficients are also cal-
culated using BOLSIG+. Ion mobilities are taken from
Ward'* along with an application of Blanc’s Law'>'® to
determine the mobility in an Ar-He mixture. Following the
measurements of Ref. 17, all Ar ion species are assumed to
have the same mobility as Ar", and all He ions are assumed
to have the mobility of He™. Additionally, the mobility of Ar*
in He is assumed to be equal to the mobility of He™ in He,
and He ion mobilities are held constant over Ar-He mixtures.

A fluid approach'® 2 outlined in Ref. 10 is used to model
the discharge in one-dimension, employing the Scharfetter
and Gummel®® finite volume scheme. Due to charge collec-
tion at the dielectric boundaries, an additional boundary con-
dition must be implemented for Poisson’s equation

n- (eE; — e/E2) = oy, (1)
da . .
7 et (2)

where n is the outward normal vector to the boundary
(dielectric), E; is the electric field inside the discharge cav-
ity, E, is the electric field in the dielectric, ¢, is the dielectric
permittivity, o, is the surface charge density, j, is the elec-
tron current density to the dielectric surface, and j » is the ion
current density to the dielectric surface.

In addition to the one-dimensional fluid model, we also
develop a simplified zero-dimensional approach to the RF dis-
charge where the root-mean-square (RMS) voltage is treated as
an effective DC voltage.” This treats the bulk region of the RF-
DBD discharge as an effective DC discharge, which greatly
reduces the required computation time. The zero-dimensional
effective DC model is implemented through ZDPlasKin (Zero-
Dimensional Plasma Kinetics) and models the kinetics of the
bulk plasma by numerically integrating the system of reaction
rate equations over time.>* The zero-dimensional model imple-
mented here calculates the bulk plasma voltage following the
methods outlined by Raizer, Shneider, and Yatsenko.’” To treat

Jpd-auluo™ L F0EEY0/97IS0ZS L/LEEB00S L/IEIO0L 0 L/10P/Pd-ajoe/del/die/Bio-die'sqnd)/:diy woy papeojumoq



043304-4 Emmons et al.

the RF discharge as an effective DC discharge, the driving fre-
quency should be much larger than the electron energy loss fre-
quency. This requirement is violated at the near-atmospheric
pressures used in our simulations. As a result, the zero-
dimensional model is benchmarked by the one-dimensional
fluid model over a range of Ar-He mixtures and total pressures
as outlined in Sec. IV.

In the zero-dimensional model, the electron impact rate
coefficients and transport parameters are dependent on E/N,
which is calculated at each time step to provide an input to
BOLSIG+.% Reduced electric fields are calculated from the
bulk plasma voltage by

N Nd,

where d, is the effective distance between electrodes, and V,
is the voltage across the bulk plasma. The effective distance
between electrodes accounts for the electric field increase
due to the dielectric barrier

de:d—25<1—6—0>7 (4)

€d

where d is the actual distance between the electrodes, and
is the thickness of the dielectric. Bulk plasma voltages are
then given by

Vi =V2, — (Vi + V), 5)
where V., is the applied voltage, V is the potential drop in
the sheaths, and V is the voltage drop due to charge collec-

tion at the dielectrics.” The voltage drop due to charge col-
lection on the dielectric surface is as follows:

29)

€4 ’

Va (6)

where j is the current density.7 In an o«-mode, the sheath volt-
age is as follows:

_ &

Vs=—,
€W

(M
where d,, is the sheath thickness.”

The sheath thickness can be estimated from the ampli-
tude of sheath oscillation, A, by numerically solving

2
A? [(wz — a)22A/d )2 + 0)21/2} = (M) 8)
» e m| — Med, ;

for A where ® is the driving angular frequency, w, is the
plasma frequency, v,, is the electron collision frequency, m,
is the electron mass, and ¢, is the electron charge.7 While the
sheath thickness varies over time with the applied voltage,
the peak thickness can be estimated as d, = 2A (Ref. 7). At
each time step, the amplitude of sheath oscillations, A, is cal-
culated using the Newton-Raphson method. The electron col-
lision frequency is calculated by BOLSIG+, and the plasma
frequency is calculated from the electron density of the previ-
ous time-step.

J. Appl. Phys. 123, 043304 (2018)

The applicability of using an effective DC discharge to
model the RF system is determined by first considering the
RF driving angular frequency w. If o is much greater than
the energy loss frequency for electrons, (2m,/M)v,,, where
M is the mass of the neutral atoms, then the ionization fre-
quency, v;, in an RF electric field can be approximated by
the ionization of a DC electric field with the magnitude
reduced by a factor of /2,

E 2m,
Vi,RF(Ep) = ViDpC (7%> for Up > @ > ( ]Z >l/m, (9)

where E,, is the peak applied electric field for the RF dis-
charge.” For pure Ar at 200 Torr, » ~ 8.5 x 10" Hz and a
collision frequency of 1, ~ 4.6 x 10" Hz calculated by
BOLSIG+for E/N =35 Td provides (2m,/Mu)vy = 1.3
%107 Hz, which borders the requirement for treating the RF
field as a DC field with the reduced RMS magnitude. For a
1% Ar in He mixture, a collision frequency of v, ~ 2.8
x 10" Hz produces an electron energy loss frequency of
(2me /My, vy, = 7.7 x 107 Hz, which does not satisfy the
® > (2m,/M)v,, inequality. As a result, the extension of the
zero-dimensional approach into a parameter space where
the w > (2m,/M)v,, inequality is not satisfied requires a
comparison to simulations from the one-dimensional fluid
model to validate the zero-dimensional approach as outlined
in Sec. IV. We note that while the o > (2m,/M)v,, inequal-
ity is not satisfied for He rich mixtures in the pressure range
of 200-500 Torr, the v, > w inequality holds over all pres-
sures and mixtures analyzed. We also note that this zero-
dimensional approach requires minutes per simulation on an
HP ENVY 750-197c Desktop, which is significantly less
than the tens of hours required per simulation using the one-
dimensional fluid model. The reduced computation time ena-
bles a more complete exploration of the parameter space.

IV. SIMULATIONS

Simulations are performed for the discharge chamber
displayed in Fig. 3 at a pressure of 300 Torr and a peak
applied voltage of 500V with a driving angular frequency
of 27 x 13.56 MHz (V,,, = 500sin [of] V). A parallel plate
geometry is used in the simulations as an approximation to
the centerline of the experiment geometry (Fig. 2). The Ar-
He mixture is varied between 1% and 100% to analyze the
effect of Ar-fraction on the metastable density. A comparison
between the zero and one-dimensional models is performed
in the bulk plasma at a point midway between the plates in
the steady-state limit. The one-dimensional model requires
roughly 2500 cycles to reach a steady-state defined by the
convergence criterion outlined in Ref. 18. Zero-dimensional
simulations are performed through 0.3 ms, allowing ample
time for all densities and discharge parameters to reach a
steady-state. A constant gas temperature of 440K is used for
all simulations, matching the experimentally measured tem-
peratures based on observed Doppler widths.?®

Fluorescence measurements of the discharge show the
typical intensity distribution of an o«-mode discharge, as
displayed in Fig. 7. Simulated fluorescence is estimated by
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FIG. 7. Normalized fluorescence measurements and one-dimensional simu-
lations for 10% and 25% Ar-fractions at 300 Torr. Both the measurements
and simulations are indicative of an o-mode discharge.

multiplying the Ar* densities predicted by the one-dimensional
fluid model with their respective A-coefficients and averaging
over one cycle. The simulated and measured fluorescence pro-
files are in agreement, showing an «-mode discharge with a
fluorescence that varies with Ar-fraction (Fig. 7). Using the
one-dimensional model, the a-mode discharge in Fig. 7 is
observed to make a transition to the high current y-mode with
a peak voltage above 1400V at 200 Torr.>” The y-mode is
characterized by unstable behavior at high pressures™ and is
generally undesirable for use in a gas laser.”’

A. Varying Ar-He mixture

Cycle averaged metastable density profiles from the one-
dimensional simulations are displayed in Fig. 8. While the
electron temperature shows a variation of approximately
0.5-1eV during an RF cycle, the Ar(1ss5) density is effectively
constant throughout the cycle. Peak metastable densities on
the order of 10'*cm™ are predicted near the sheaths, with

6 . . . .
— 5%Ar — 50% Ar
10% Ar 75% Ar
15% Ar — 100% Ar
25% Ar

Ar(1ls;) Density [10'2 cm~—3]

————

O T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Position [mm]

FIG. 8. One-dimensional Ar(lss) density simulations for varying Ar-He
mixtures at 300 Torr.

J. Appl. Phys. 123, 043304 (2018)

the bulk plasma densities an order of magnitude lower.
As shown in Fig. 8, the 25% Ar in He mixture produces the
largest metastable densities in the sheaths, with a peak of
approximately 5 x 10'> cm>. In the bulk plasma, the 15%
Ar-fraction produces the largest metastable densities, with
magnitudes near 4 x 10" cm 3 , which is on the correct order
of magnitude for measured metastable densities of an Ar-He
mixture in a high pressure RF-DBD.?® While the cross-
sectional area of the sheaths (bright inner region of Fig. 2) is
much smaller than the area of the bulk plasma (dark inner
region of Fig. 2), the Ar(lss) densities are an order of magni-
tude larger. These elevated metastable densities may poten-
tially be exploited to improve the performance of optically
pumped rare gas lasers.

Electron densities are observed to increase with increas-
ing Ar-fraction. Additionally, the peak to bulk plasma ratio
increases with Ar-fraction. Electron temperatures in the bulk
plasma also display an increase with increasing Ar-fraction,
but an opposite trend is observed in the sheaths. Peak sheath
voltages, V,, are observed in the range of 240-250V, provid-
ing peak sheath E/N magnitudes in the range of 125-155 Td.
The elevated E/N in the sheaths is responsible for the order
of magnitude increase in metastable densities relative to the
bulk plasma.

A comparison of the bulk plasma electron densities sim-
ulated by the zero and one-dimensional models is displayed
in Fig. 9. Both models predict similar densities and trends,
increasing as the partial-pressure of Ar increases for Ar-
fractions above ~15%. The increase in electron density (and
current density) with increasing Ar-fraction corresponds to a
decrease in steady-state E/N for the bulk plasma due to an
increase in dielectric charging and sheath voltage (Fig. 10).
As the Ar-fraction increases so does the Ar; density, and
the dominant ionization mechanism shifts from e~ + Ar
— 2 +Arttoe +Ar; — 2 +Ar;.

The electron energy required to ionize Ar; is approxi-
mately 3.4eV, compared to the 15.8eV required to ionize
ground state Ar. However, Ar; formation via Ar(lss) + Ar
+M — Ar; +M is dependent on the metastable density,

w »

Electron Density [10' cm™]

N
T

0.0 0.2 0.4 06 0.8 1.0
Ar Fraction

FIG. 9. Bulk plasma electron densities for varying Ar-He mixtures at
300 Torr using both the zero and one-dimensional models.
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FIG. 10. Bulk plasma E/N magnitudes for varying Ar-He mixtures at
300 Torr using both the zero and one-dimensional models. The triangles rep-
resent the RMS E/N, and the bars extend to the maximum E/N attained over
acycle.

which requires electron energies of 11.6eV for production
through e~ + Ar — e~ + Ar(lss). Therefore, a better com-
parison of the energies required for the two different ioniza-
tion mechanisms is between the energy required for Ar(lss)
excitation, 11.6eV, and the energy required for ionization of
ground state Ar, 15.8 eV, resulting in a difference of 4.2eV.
The reduction in energy required for ionization via e~ + Ar;
— 2e¢~ + Ary allows for a lower steady-state E/N at larger
Ar-fractions (Fig. 10), which in turn requires a larger electron
density (current density) to reach the steady-state (Fig. 9).

While stepwise ionization via e~ +Ar(lss) —2e~ +Art
has been shown to be the dominant ionization mechanism at
low pressures (~1Torr),*® dimer ionization through e~ +Rg}
—2e~ +Rg; has been shown to dominate ionization for both
Rg=Ar and Rg=He at atmospheric pressures.’'** For T, ~2
eV, predicted for the 50% Ar-fraction at 300Torr, the ioniza-
tion rate coefficient for e~ +Ar(1ss) —2e~ +Ar", calculated
by BOLSIG+-using the cross section from Ref. 33, is approx-
imately 7 x 107'° cm?®/s. The rate coefficient for ionization
via e~ + Ar; — 2¢” + Ary, calculated by BOLSIG+ using
the cross section from Ref. 34, is approximately two orders
of magnitude larger: 4 x 10~% cm?/s. This difference in rate
coefficients indicates that dimer ionization will be larger than
stepwise ionization of Ar(lss) if the Ar; density is within an
order of magnitude of the Ar(lss) density, which occurs for
most of the mixtures and pressures in this analysis.

The bulk plasma electron temperature increases with
increasing Ar-fraction (Fig. 11), in contrast to the E/N. This
increase in T, with a reduction of E/N can be described by
Fig. 6, where the mapping of E/N to T, is shown to be mixture
dependent. For E/N magnitudes below 6 Td, T, increases as the
Ar-fraction increases. The electron temperature (or E/N) pre-
dicted using the zero-dimensional DC approach is larger than
the average (RMS) values of the one-dimensional RF model
but less than the peaks. While the time-varying electric field
in the one-dimensional model allows the electron temperature
(E/N) to vary over a cycle, the DC approach maintains a con-
stant electron temperature (E/N) at steady-state.

J. Appl. Phys. 123, 043304 (2018)

T, [eV]

1.0- 1

0. L 1 1 L
8.0 0.2 0.4 0.6 0.8 1.0
Ar Fraction

FIG. 11. Bulk plasma electron temperatures for varying Ar-He mixtures at
300 Torr using both the zero and one-dimensional models. The triangles rep-
resent the cycle-averaged T,, and the bars correspond to the range of values
obtained over a cycle.

In the one-dimensional RF model, ionization rates vary
over the RF cycle following the change in electron tempera-
ture (or E/N). The zero-dimensional effective DC approach
maintains a constant ionization rate due to a constant elec-
tron temperature (E/N) at steady-state. Ionization rates for
the two approaches are displayed in Fig. 12, which shows an
increase in ionization rates as the Ar-fraction is increased,
matching the trend in electron density. While the ionization
rates for the one-dimensional RF model vary over the cycle,
the cycle averaged values are close in magnitude to the con-
stant ionization rates from the zero-dimensional effective
DC model. Differences in the ionizations rates correspond to
differences in electron loss rates, which are functions of 7,
and the electron/ion densities.

In the steady-state, electron loss rates as a function of Ar-
fraction are equal to the electron production rates displayed in

— 0D
8t ¥4 1-D

lonization Rate [10"° cm™3/s]

QL= .
0.0 0.2 0.4 0.6 0.8 1.0
Ar Fraction

FIG. 12. Bulk plasma ionization rates for varying Ar-He mixtures at
300 Torr using both the zero and one-dimensional models. The triangles rep-
resent the cycle-averaged ionization rates, and the bars correspond to the
range of values obtained over a cycle.
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Fig. 12. For the discharge conditions and cavity geometry of
the RF-DBD at 300 Torr, the electron loss rates are dominated
by dissociative recombination of Ary via Ary +e~ —Ar(h.l.)
+Ar. The Ar; density is predicted to increase with increasing
Ar-fraction, which causes an increase in the electron loss
rates. This increase in electron loss rates with increasing
Ar-fraction corresponds to an increase in 7, (Fig. 11), which
is opposite to the trend predicted for a microwave resonator-
driven microplasma at near atmospheric pressures.” The dif-
ference in trends is due to disparate discharge conditions
and geometry, where the microwave resonator-driven micro-
plasma is produced in a ~100 pum discharge gap by a GHz
driving frequency, as opposed to the 3.8mm discharge gap
and 13.56MHz driving frequency for the RF-DBD. A reduced
cavity size for the microplasma enhances ambipolar diffusion
loss rates, which decrease with increasing Ar-fraction as a
result of a reduced ion mobility in a background gas of Ar
compared to He.'”*> For discharges where ambipolar diffu-
sion is the primary loss mechanism, the electron loss frequen-
cies will decrease as the Ar-fraction increases.

The zero and one-dimensional models predict a similar
trend in metastable density, with peaks near 15% Ar in He
followed by a reduction in density as Ar-fraction is increased
(Fig. 13). Metastable density trends follow the trends in E/N,
which also show peaks near the 15% Ar-fraction. Excitation
rate coefficients for metastable production via e~ + Ar — e~
+ Ar(1ss) are highly dependent on E/N, which explains the
similarity of the E/N and Ar(lss) density trends over Ar-
fraction. The trend of Ar(lss) density with Ar-fraction at
300 Torr matches the general trend measured for a micro-
wave resonator-driven microplasma.9 However, the metasta-
ble density magnitudes for the RF-DBD are approximately
two orders of magnitude lower, and the peak Ar(lss) density
occurs at a larger Ar-fraction for the RF-DBD.

B. Varying pressure

To analyze the effect of pressure on the metastable
density, an Ar-fraction of 15% is simulated for pressures
in the range of 200-500 Torr. As pressure is increased, the

5 r
— 0-D

k4 1-D

Ar(1s;) Density [10" cm™*]

80 0.2 0.4 06 0.8 1.0
Ar Fraction

FIG. 13. Bulk plasma Ar(lss) densities for varying Ar-He mixtures at
300 Torr using both the zero and one-dimensional models.
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6 T T T T T
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Ar(1s;) Density [102 cm—3]
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FIG. 14. One-dimensional Ar(1ss) density simulations for varying pressures
in a 15% Ar in He mixture.

electron loss rate due to ambipolar diffusion decreases.
Additionally, the role of ionization through e~ + Ar; — 2e~
+Ar; increases with pressure, accounting for an overall
decrease in steady-state T, and E/N. The electron/current
density required to reduce the initial £/N to the steady-state
E/N decreases with pressure due to an increased gas density
that reduces the initial E/N magnitude. The decrease in elec-
tron density and electron temperature combined with an
increase in the metastable loss rates, primarily through exci-
mer formation via Ar(1ss) + Ar +M — Ar} + M, causes an
overall decrease in metastable density with increasing pres-
sure, as displayed in Fig. 14. The quadratic dependence of
the metastable loss rates on the pressure is larger than the lin-
ear increase in Ar density assisting with metastable produc-
tion rates through e~ + Ar — ¢~ + Ar(1ss), which would
decrease the steady-state metastable density even if the elec-
tron density and temperature were to remain constant.

Bulk plasma electron densities for the zero-dimensional
DC model are displayed with the one-dimensional results in
Fig. 15. Both models predict a nearly constant electron density

1.45 . .
— 0D
k4 1D

T 140t
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o

f;

2 1.30}

1.2E 1 1 1 1 1 1 1
200 250 300 350 400 450 500

Pressure [Torr]

FIG. 15. Bulk plasma electron densities for varying pressures in a 15% Ar in
He mixture using both the zero and one-dimensional models.
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FIG. 16. Bulk plasma E/N magnitudes for varying pressures in a 15% Ar in
He mixture using both the zero and one-dimensional models. The triangles
represent the RMS E/N and the bars extend to the maximum E/N attained
over a cycle.

from 200 to 300 Torr followed by a decrease from 300 to
500 Torr. The electron density is slightly overestimated by the
zero-dimensional model at all pressures. A small decrease in
E/N and T, is observed as pressure is increased, with both
models in agreement (Figs. 16 and 17). The T, (or E/N) magni-
tude for the zero-dimensional DC approach is between the
average (RMS) and maximum of the time-varying one-dimen-
sional approach. A decreasing 7, with increasing pressure
matches the trends calculated from measurements of a bare
electrode RF discharge at a constant current density.’® At a
constant current density, Ref. 36 shows an increase in electron
density with increasing pressure, which is opposite to our pre-
dicted trend for an RF-DBD at a constant applied voltage. This
difference results from a constant current density as opposed to
a constant applied voltage, which requires different electron
densities to reach steady-state as the pressure is varied.

2.5 . . . . , :
—_—
—
2.0} I
- ___
D S
by I
o 1.5 4
-
1.0f .
— 0-D
¥4 1D
0.5 . . . . . .
200 250 300 350 400 450 500

Pressure [Torr]

FIG. 17. Bulk plasma electron temperatures for varying pressures in a 15%
Ar in He mixture using both the zero and one-dimensional models. The tri-
angles represent the cycle-averaged 7, and the bars correspond to the range
of values obtained over a cycle.
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FIG. 18. Bulk plasma Ar(1ss) densities for varying pressures in a 15% Ar in
He mixture using both the zero and one-dimensional models.

The Ar(lss) density is overestimated by the zero-
dimensional approach for pressures below 400 Torr (Fig. 18).
While the one-dimensional model predicts a decrease from
4.9 % 10" to 2.5 x 10" cm™? as the pressure is increased
from 200 to 500 Torr, the zero-dimensional model predicts a
factor of 3 decrease from 7.0 x 10'' to 2.2 x 10'" cm™>.
However, both models show the same trend with decreasing
metastable density as the pressure is increased, which
matches the measured trends for high pressure RF-DBDs and
microwave resonator-driven microplasmas.”°

Extending the zero-dimensional simulations to the entire
range of Ar-He mixtures and pressures provides the bulk
plasma metastable density profile displayed in Fig. 19. The
trend of Ar(1lss) as a function of Ar-fraction displayed in Fig.
13 can be seen for pressures near 300 Torr in Fig. 19. As
pressure is increased, three-body collisions via Ar(Lss) + Ar
+Ar — Ar; + Ar, which is estimated to have twice the rate
constant of the Ar(lss)+ Ar+ He — Ar; + He analog,’
cause a drastic decrease in metastable densities for Ar rich

500
6
450
5S¢
400} S
2 ]
Sas0f 2
2 c
3 3a
s a
300 [} &
°%
250 ;
200 , 0
0.0 0.2 0.4 0.6 0.8 1.0

Ar Fraction

FIG. 19. Bulk plasma Ar(lss) densities for varying pressures and Ar-He
mixtures using the zero-dimensional effective DC model.
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mixtures. Increased Ar; production at elevated pressures
causes the peak E/N to occur at lower Ar-fractions due to
ionization contributions from e~ + Ar; — 2¢~ + Ar; . This
shift in E/N corresponds to a shift in metastable production,
causing the peak metastable density to occur at lower Ar-
fractions as the pressure is increased. At 200 Torr, the peak
metastable density occurs near a 15% Ar-fraction, while the
peak is shifted to approximately 10% at 500 Torr.

V. CONCLUSIONS

Simulations of an «-mode radio frequency dielectric bar-
rier discharge are performed for a variety of Ar-He mixtures
and gas pressures. The results from a one-dimensional fluid
model are compared to a zero-dimensional effective DC model
in the bulk plasma, showing general agreement over Ar-
fractions ranging from 5% to 100% and pressures between 200
and 500 Torr. The agreement between the two models indi-
cates that the zero-dimensional effective DC model provides a
valid approach to modeling the bulk plasma of a high pressure
RF-DBD.

Peak metastable densities at 300 Torr are observed near
a 15% Ar in He mixture for the geometry of the discharge
chamber used in the simulations, corresponding to the peak
E/N for the varying mixtures. Electron temperature and elec-
tron density are observed to increase with increasing Ar-
fraction. Metastable densities are shown to decrease with
increasing pressure due to a reduction in E/N and a quadratic
increase in metastable loss rates through excimer formation:
Ar(lss) + Ar +M — Ar; + M. The decrease in bulk plasma
E/N is primarily caused by an increase in ionization through
e” +Ary — 2e” +Ary, which requires significantly less
energy than ionization through e~ + Ar — 2¢~ + Ar™.

Additionally, the peak Ar(lss) density shifts from an
Ar-fraction of approximately 15% at 200 Torr to 10% at
500 Torr. The increased excimer formation rate at elevated
pressures raises Ar; densities for He rich mixtures, causing
the peak E/N to occur at lower Ar-fractions as the pressure is
increased. This shift in E/N corresponds to a shift in metasta-
ble production and peak density.

In the pressure range of 200-500 Torr, the metastable den-
sity for an o-mode radio frequency dielectric barrier discharge
using an Ar-He mixture peaks at 200 Torr with 15% Ar in He.
While the metastable density decreases with increasing pres-
sure, the gas pressure must also be taken into account when
mapping to output intensities for an optically pumped rare gas
laser. Both the diode pump absorption linewidth and spin orbit
mixing rate via Ar(2pg) + M — Ar(2p1o) + M increase with
increasing pressure, requiring further calculations to maximize
the laser performance for this discharge scenario.
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