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The physics of helium and argon rf discharges have been investigated in the pressure range from 50
to 760 Torr. The plasma source consists of metal electrodes that are perforated to allow the gas to
flow through them. Current and voltage plots were obtained at different purity levels and it was
found that trace impurities do not affect the shape of the curves. The electron temperature was
calculated using an energy balance on the unbound electrons. It increased with decreasing pressure
from 1.1 to 2.4 eV for helium and from 1.1 to 2.0 for argon. The plasma density calculated at a
constant current density of 138 mA/cm2 ranged from 1.731011 to 9.331011 cm−3 for helium and
from 2.531011 to 2.431012 cm−3 for argon, increasing with the pressure. At atmospheric pressure,
the electron density of the argon plasma is 2.5 times that of the helium plasma. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1815047]

I. INTRODUCTION

Plasmas are used in materials manufacturing for a di-
verse range of processes, including surface activation, etch-
ing, cleaning, decontamination, and thin film coatings.1,2 In-
dustrial plasmas operate either at low pressures,2 Torrd or
at atmospheric pressure. Examples of low-pressure plasmas
are capacitive discharges, inductively coupled plasmas, and
electron cyclotron resonance sources.2,3 Atmospheric pres-
sure discharges fall into two main categories: thermal plasma
torches, which exhibit gas temperatures exceeding
3000°C,4,5 and nonequilibrium discharges, which run at near
room temperature.6,7 Torches are limited in application to
substrates that are not thermally sensitive. In addition, they
require high voltage transformers and high currents to main-
tain the discharge.8,9 The most common low-temperature, at-
mospheric pressure plasmas are dielectric barrier discharges
(DBD) and coronas. These devices are powered by dc or
high frequency supplies operating up to 20 kHz.6,7 A thin
dielectric barrier is placed on one of the electrodes to prevent
the formation of a continuous arc. These plasmas normally
exhibit short-lived micro arcs that are randomly distributed
in space and time.10 However, they can be made to produce a
uniform glow by operating the DBD in pure helium, argon,
or nitrogen.11–17

We have developed an atmospheric pressure plasma that
is stabilized by helium or argon and operates at temperatures
below 100°C.18–28This source utilizes perforated metal elec-
trodes that are coupled to radio frequency power at
13.56 MHz. The plasma discharge generates a uniform, high
density of atoms and radicals for materials processing. So far
we have demonstrated the use of this device for the plasma-
enhanced chemical vapor deposition of silicon dioxide, sili-
con nitride, and amorphous hydrogenated silicon.19–21 In ad-
dition, it has been applied to the etching of kapton, tantalum,

silicon, and uranium oxide.22–25One of the unique properties
of the plasma is that it operates at pressures from 10 to
760 Torr without any modifications to the electrode design.

Recently, a study has been conducted on the physics of
an rf, atmospheric pressure discharge stabilized by helium.26

In this source, the gas flowed parallel to two closely spaced
metal electrodes. The electron density and temperature were
determined to be 331011 cm−3 and 1.9 eV at a current den-
sity of 30 mA/cm2.27 The current-voltage characteristics of
the plasma were measured, and it was found that the voltage
was independent of the current in the normal glow regime. A
theoretical study of this plasma by Yuan and Raja29 sug-
gested that impurities on the level of 5 ppm were necessary
to explain the shape of the current-voltage curves.

In this paper, we investigate the physics of helium and
argon plasmas utilizing perforated metal electrodes that are
coupled to an rf power supply. A pressure range from 30 to
760 Torr has been examined in this study. The feed gases
have been carefully purified so that the effect of impurities
on the current-voltage characteristics may be assessed. Fur-
thermore, calculations have been made to determine the
plasma density and electron temperature as a function of the
inert gas type and total pressure.

II. EXPERIMENTAL METHODS

A schematic of the experimental apparatus is shown in
Fig. 1. An Atomflo™-250 plasma source from Surfx Tech-
nologies LLC was used in these experiments. The discharge
was produced between two perforated, circular aluminum
electrodes, 2.5 cm in diameter, containing 150 holes. A pic-
ture of the plasma operating with pure helium is shown in the
figure as well. The spacing between the electrodes was
1.6 mm, but was modified in some of the experiments to
either 0.4 or 2.4 mm. Gas was fed upstream of the discharge
and allowed to flow through the electrodes and out into a
variable pressure chamber. The plasma was maintained by
supplying rf power at 13.56 MHz to the top electrode, whilea)Electronic mail: rhicks@ucla.edu
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the bottom electrode was grounded. A current and voltage
sIVd probe was attached directly to the source, eliminating
any cable connections, which might add inductance to the
system. This probe was connected to an oscilloscope(Tek-
tronix, TDS 224). An additional tuned impedance probe(Ad-
vanced Energy RFZ 60) was inserted in the line between the
matching network and theIV probe. The plasma voltage as a
function of current was determined with the Advanced En-
ergy probe, which also yielded information on the imped-
ance, resistance, and phase angle. TheIV probe was used to
determine the time-dependent current and voltage wave
forms.

The plasma source was mounted on an ultrahigh vacuum
chamber that was connected to a mechanical pump and a
pressure controller. The chamber was fitted with a window
facing the discharge, through which optical emission spectra
were obtained. The pressure range examined was from 50 to
760 Torr. A SAES getter was used to purify the helium and
argon gases to,10 parts per billion(ppb) prior to introduc-
tion into the plasma source. Optical emission spectra of the
plasma were obtained to check that the gas contained negli-
gible impurities. A comparison of the emission spectra be-
tween ultrahigh purity heliums,1000 ppmd and this gas
passed through the SAES getter is shown in Fig. 2. For the
former case, oxygen was detected as the main impurity, as
observed by the O II peaks at 391.2 and 427.5 nm and the
OH peak at 309.0 nm.30,31 When the purifier was turned on
these lines disappeared, indicating that the oxygen had been
removed. No emission lines for species other than the He
could be detected in this latter spectrum.

The neutral gas temperature of the helium plasma at
760 Torr was determined by adding 0.1 Torr nitrogen into
the discharge. The light was collected through a monochro-
mator (Instruments S.A., Triax 320), equipped with a
1200 groove/mm grating and a liquid nitrogen cooled
charge-coupled device(CCD) detector (Instruments S.A.,
CCD-3000). The monochromator entrance slit was set to
0.05 mm resulting in a spectral resolution of 0.27 nm. The
rotational temperature of the(3,0) band of the N2 first posi-

tive emission spectrum was fitted to a Boltzmann plot, from
which the gas temperature was calculated.32 The details of
this experiment have been published elsewhere.28

III. RESULTS

A. Paschen curves

The Paschen curves for the helium and argon rf plasmas
are shown in Fig. 3. These curves were obtained by varying
the pressure from 1 to 760 Torr and using three different gap
spacings, 0.4, 1.6, and 2.4 mm. The general shape of these
curves agrees with that obtained for dc discharges.2,33 The
helium plasma exhibits a minimum breakdown voltage at a
PD of about 4 Torr cm. In dc discharge using an aluminum
electrode, the minimum breakdown voltages for helium and
argon are at 1.3 and 0.3 Torr cm, respectively.2 Our helium
results agree with the dc counterpart. However, the minimum
value for argon could not be ascertained. Evidently, lower pd
values need to be investigated that are outside the range
available with our apparatus. Nevertheless, it should be
pointed out that the Paschen curves were obtained in the
same device with minimal adjustments, a capability that is
unique for this plasma source.

B. Current and voltage Relationships

The root mean square(rms) values of the current and
voltage wave forms for a helium discharge operated at
300 Torr and 2.0 W/cm2 are shown in Fig. 4. The wave

FIG. 1. Schematic of the experimental apparatus(not to scale) and picture
of the plasma source.

FIG. 2. Optical emission spectra of UHP helium at 300 Torr with and with-
out additional purification.

FIG. 3. Paschen curves for helium and argon rf discharges.
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form indicates a capacitive discharge because the phase
angle between the current and the voltage is<86°. The 4°
shift in phase angle is due to the resistive component arising
from the ionized gas.34 Analogous wave forms were obtained
for the discharge in the pressure range of 100–760 Torr.
They are not shown here because the only difference be-
tween these is the magnitude of the current and voltage,
which increase with pressure.

Current and voltage wave forms obtained for argon at
2.0 W/cm2 and 300 Torr are shown in Fig. 5. The argon
plasma is also capacitive with the current leading the voltage
by 79°. The phase angle is shifted further for Ar than for He,
indicating that the Ar plasma exhibits a higher resistance.
Another difference between the helium and argon plasmas is
that in the latter case the current wave form is not smooth but
has a kink in it. A possible reason for this could be due to the
harmonics associated with this plasma.35

Current-voltage curves for helium at pressures from 100
to 760 Torr are shown in Fig. 6. The points on the curves
indicate the breakdown voltages. The lines correspond to ab-
normal glow operation. By convention, abnormal glow cor-
responds to the region where the voltage rises with the cur-
rent, while normal glow defines the region where the voltage
is constant.2 Beyond the end of the lines the plasma trans-
forms into a filamentary arc. The plasma is turned off at this
point, because in an arc the current is concentrated on a small
area of the electrode and prolonged exposure can damage it.
At all pressures, the discharge operates over a current range
spanning<0.55 A. The operating voltage decreases substan-
tially as the pressure is reduced, because at lower pressures
less power is needed to sustain the discharge.

Current-voltage plots for the abnormal glow regime of
the argon discharge are shown in Fig. 7. The breakdown
voltages are not shown on this plot, but they vary over a
wide range from 510 V at 760 Torr to 240 V at 100 Torr.
From these curves, one can see that the argon plasma oper-
ates at a lower potential than the helium plasma, even though
its breakdown voltage is substantially higher. The biggest
difference between the helium and argon discharges is theIV
curve at 760 Torr. The helium plasma exhibits a smooth
curve with a wide operating range of 0.5 A, whereas the
argon plasma shows a narrow operating range of only 0.1 A.
Moreover, the Ar plasma at atmospheric pressure exhibits
streamers and is not stable. We do not know the reason for
this behavior and further work is underway to characterize
this phenomenon.

To examine the effect of trace amounts of impurities on
the shape of theIV curves, data has been obtained for four
different impurity levels, 1.3 vol%, 0.05 vol%, 1000 ppm,
and ,0.01 ppm. The highest impurity level corresponds to
adding 10 Torr of O2 to the helium gas. The plots shown in
Figs. 6 and 7 are for He and Ar with,0.01 ppm of impuri-
ties. Experiments performed for 0.05 vol% and 1000 ppm do
not exhibit any differences to the ones for,0.01 ppm, so
these are not shown here. The current-voltage plots for the
plasma fed with 750 Torr helium and 10 Torr oxygen are
shown in Fig. 8. The difference between these results and
those of Fig. 6 is that the addition of O2 increases the break-

FIG. 4. Current and voltage wave forms for He at 300 Torr and 10 W.

FIG. 5. Current and voltage wave forms for Ar at 300 Torr and 10 W.

FIG. 6. Voltages as a function of current for a He discharge at different
pressures.

FIG. 7. Voltages as a function of current for an Ar discharge at various
pressures.
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down voltage and the operating voltage. However, the shape
of the IV curve does not change, the voltage gradually in-
creases with the current.

C. Plasma parameters

The plasma density and electron temperature have been
determined for both the helium and argon plasmas. The
plasma density is calculated from the following equation:

J = − enemeE, s1d

whereJ is the current densitysA/m2d, e is a unit chargesCd,
me is the electron mobility(V/m s, which is dependent on
the gas medium and is inversely proportional to the pres-
sure), E is the bulk electric fieldsV/md, andne (m−3) is the
electron density. The average electron temperature is calcu-
lated from a steady-state power balance on the free electrons
in the plasma:31,36

e = ne
P

KBTg
k1I1 + nena*kla*neFnekseinel +

P

KBTg
kseanel

+ na*ksea*nelG2me

M

3

2
KBsTe − Tgd − erad, s2d

wheree is the power densitysW/m3d, erad is the energy loss
due to radiationsW/m3d, P is the pressuresPad, Tg is the gas
temperatureseVd, Te is the electron temperatureseVd, k1 is
the ionization rate coefficient(which is a function ofTe), and
I1 is the first ionization energyseVd. In this equationa*
represents the first excited state of the atom,k is the rate
coefficient of ionization from the excited statesm2/sd, Ia* is
the ionization energy ofa*, and kseinel, kseanel, andksea*nel
are the electron-ion, electron-atom, and electron-excited state
collision rate coefficients(which are functions ofne andTe),
respectively.

The first two terms on the right-hand side of Eq.(2) are
due to inelastic collisions between electrons and other spe-
cies. It should be noted that a range of values were found for
k, the ionization rate coefficient from the excited state, so all
of them were utilized in the calculations and only minute
differences were observed in thene andTe calculations.37–41

Although the inelastic electron collisions with the excited
states of He and Ar are taken into account, their rate was
found to have a minimal effect on theTe calculation. This is

because in the pressure range examined, the density of the
excited and metastable species is negligible compared to the
ground states,1000 ppbd. This conclusion was drawn by
calculating the density of the excited species, i.e., Ars4sd and
Hes2pd, using the method described by Jonkerset al.42–44

To account for the energy losses due to radiation, the
losses due to ion free-free interactions(Bremsstrahlung), re-
combination, and line transitions were calculated using the
expressions developed by Benoyet al. for nonequilibrium
plasmas.42,45,46It was found that the addition of this loss term
to Eq.(2) did not change the calculatedTe value. To demon-
strate this point, the total radiative losses were calculated at a
Te of 2 eV and ne of 1011 cm−3, yielding a value of<4
310−6 W/m3, which is negligible compared to the total in-
put power density of 2.33107 W/m3. The electron energy
balance indicates that the power input per unit volume is lost
due to elastic and inelastic electron collisions.

To examine how much of the power input goes into heat-
ing the gas, a simple thermal energy balance has been per-
formed:

« =
ṁcpDT

V̄
. s3d

Here,V̄ it the volume of the plasma gassm3d, m is the mass
flow rate skg/sd, cp is the specific heat capacitysJ/mol Kd
andDT is the change in gas temperaturesKd. The mass flow
rate was determined from the volumetric flow rate, which
was 30 L/min at 24°C and 760 Torr. The outlet temperature
of the gas was determined using emission spectroscopy. At a
power input of 20 W, the neutral gas temperature in the
plasma is found to be 63°C. From these values, it is calcu-
lated that the power consumed to heat the gas from 24 to
63°C is 17 W, accounting for 85% of the input power. The
remaining 3 W is probably lost by radiation and by transport
to the surroundings from the body of the plasma souree. If it
is assumed that the entire 3 W is lost due to radiation and
this value is input into Eq.(2), the newTe calculated for He
and Ar at atmospheric pressure is 1.10 eV, as compared to
1.14 and 1.12 eV, respectively. This difference is less than
4%, therefore it can be seen through this method also that the
radiation losses are negligible compared to the total power
input.

The sheath thickness is calculated using the equations
developed for a collisional sheath:2,47

J = 1.68e0S2eli

M
D1/2V3/2

s5/2 . s4d

Here,e0 is the permittivity of vacuumsF/md, V is the volt-
agesVd, M is the molecular weight of the rare gas ion, He+

or Ar+ (kg/mol), li is the mean free path of the ionsmd, and
s is the total sheath thicknesssmd. From the sheath thickness,
the sheath capacitance may be calculated as follows:

C =
1.52e0A

s
, s5d

whereA is the electrode aresm2d. Finally, the voltage drop
across the sheath is given by

FIG. 8. Voltages as a function of current for a He/O2 plasma at various
pressures.
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V =
I

2pfC
, s6d

where I is the total current suppliedsAd and f is the fre-
quencysHzd. Knowing the sheath thickness and voltage drop
allows one to calculate the plasma parameters for the bulk
region only. The calculated thickness obtained for helium
and argon between 50 and 760 Torr were 0.14–0.08 mm and
0.07–0.04 mm, respectively.

To check the calculations used to determine the sheath
thickness and voltage drop across it, the electric field for the
bulk plasma was calculated at two gap spacings, 1.6 and
2.4 mm. The electric field at a fixed current density is only a
function of pressure and plasma density and is independent
of the gap spacing. From theIV data, the sheath properties
were calculated from Eqs.(4)–(6), and then used to estimate
the electric field of the bulk plasma. These fields for the 1.6
and 2.4 mm gaps were always within 20% of each other over
the range of pressures studied, from 100 to 760 Torr. Since
the bulk electric fields are relatively unaffected by the gap
spacings, one may assume that the sheath calculations are
valid.

From the formulas given above, the plasma density and
electron temperature were calculated at a fixed current of
0.7 Å s138 mA/cm2d. The results of these calculations for
the helium and argon discharges are shown in Fig. 9. The
plasma density increases from 1.6±0.331011 to 9.3±1.8
31011 cm−3 for helium, and from 2.5±0.531011 to
2.4±0.531012 cm−3 for argon as the pressure rises from 50
to 760 Torr. Meanwhile, theTe decreases from 2.4±0.4 to
1.1±0.2 eVand from 2.1±0.4 to 1.1±0.2 eV as the pressure
increases from 50 to 760 Torr, for helium and argon, respec-
tively. Note that over this pressure range the helium sheath
thickness varies from 0.14 to 0.08 mm. For the argon
plasma, the sheath thickness does not vary with pressure,
maintaining an average value of,0.05 mm. The electron
temperature falls at higher pressures, because the electrons
collide more frequently with neutrals and ions and loose their
energy faster.48 In contrast, the plasma density rises with
pressure. According to Eq.(1), the density is inversely pro-
portional to the electron mobility and the electric field. The
mobility decreases and the field increases as the pressure
rises. However, the mobility variation is ten times larger than
that of the electric field, so it has a stronger influence on the
density.

We have calculated the properties of the helium plasma
containing 1.3 vol% oxygen. In Eq.(2), the physical param-
eters for helium were used since it is the dominant species. It
was found that at a fixed current density of 200 mA/cm2, ne

increases from 1.631011 to 5.631011 cm−3, while Te de-
creases from 1.9 to 1.3 eV as the pressure rises from 200 to
760 Torr. Thus, while higher input powers are required to
sustain the oxygen and helium discharge, it appears that the
addition of O2 reduces the electron density by a factor of 2,
but has minimal effect on the electron temperature. The re-
duction on the plasma density is most likely due to the fact
that O2 is an electronegative species so it consumes the elec-
trons and therefore lowers their concentration.49,50

IV. DISCUSSION

We have investigated the properties of high-pressure he-
lium and argon discharges that are sustained by flowing the
gas through perforated metal electrodes. TheIV curves for
helium and He/O2 presented in Figs. 6 and 8 indicate that
this design provides a broad range of currents for operation.
In particular, the current density at 760 Torr varies from a
minimum of 70 mA/cm2 following breakdown to a maxi-
mum of 190 mA/cm2 at the arcing point. We have per-
formed the same measurements on the parallel plate system
that was previously studied by Parket al.26 In that case, the
current density varies from 10 mA/cm2 at breakdown to
30 mA/cm2 at the arcing point. This is a much narrower
operating range than found in the present case.

In Park’s work with the parallel plate electrodes, it was
found that the voltage did not change with the current over
the normal glow operating regime.26 The model calculations
of Yuan and Raja29 suggested that this behavior could be
attributed to the presence of impurities in the discharge at a
level of ,5 ppm. However, we have studied the effect of
impurities on the helium plasma and have shown that for up
to 1.3 vol%O2 there is no effect on the shape of theIV
curves(cf. Fig. 8).

An alternative explanation for the flatIV curve observed
in Park’s study is that it may have been characteristic of their
particular electrode design. In the present work, the elec-
trodes are circular with an area of 5.1 cm2 and the gas flows
through them. When the gas undergoes breakdown, the
plasma immediately fills the entire volume between the elec-
trodes. Upon applying more power to this system, the current
density increases and hence the plasma potential rises.2,33 By
contrast, the source used by Park contained rectangular elec-
trodes with an area of 100 cm2 and the gas flowed in be-
tween them.26 We have found that when this design is em-
ployed, the plasma does not fill the entire gas volume after
breakdown. Instead, as more power is applied to the elec-
trodes, the discharge expands, so that the current per unit
area, and in turn the plasma potential, remains relatively con-
stant.

The current voltage characteristics of the pure helium
discharge recorded herein are consistent with the results of a
theoretical modeling study performed by Yuan and Raja.29

They showed that the voltage increases monotonically with
the current, exhibiting a slope of 60 V/A. This may be com-

FIG. 9. Electron density and temperature for the helium and argon plasmas
as a function of pressure at a constant current density of 138 mA/cm2.
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pared to a value of 190 V/A measured for the perforated
electrodes. On the other hand, our results do not agree with
theirs in the case where the gas contains impurities. We have
found that with up to 1.3 vol% O2 in He, there is no effect on
the IV curve.

The electron density and temperature of the helium and
argon discharges were calculated using equations for electron
current and a power balance on free electrons, respectively. It
was found that the helium plasma density increased from
1.7±0.331011 to 9.3±1.831011 cm−3 as the pressure rose
from 50 to 760 Torr, whereas the argon density increased
from 2.5±0.531011 to 2.5±0.531012 cm−3 in the same
range. The electron density in the argon plasma was 1.5–2.5
larger than that of the helium discharge. This can be ex-
plained by comparing the first ionization energies of the neu-
tral atoms, 24.6 eV for helium and 15.8 eV for argon. Argon
is easier to ionize so at the same average electron tempera-
ture, it will have a higher electron concentration.2

Note that the plasma density is inversely proportional to
the electron mobility, which is equal to the electron drift
velocity multiplied by the electric field. Both discharges op-
erate at similar electric fields, however the electron drift ve-
locity in argon is two to three times smaller than that in
helium (0.83106 cm/s versus 0.43106 cm/s at
760 Torr).51–53 According to Eq.(1), the lower mobility of
electrons in the argon medium is compensated for by a
higher plasma density.51–53 These results agree with low
pressure, weakly ionized discharges, where argon plasmas
exhibit electron densities of 1010 cm−3 compared to
,109 cm−3 for helium plasmas.54–59

The atmospheric pressure helium and argon discharges
were used to etch positive-tone photoresist(AZ-5214E). The
etch process was a remote one, where the substrate was not
in direct contact with the plasma but only with the afterglow.
The conditions used were 10 W total powers2 W/cm2d,
0.05 vol% O2, 25 L/min total flow rate, 1000 rpm, and
3 mm electrode-to-substrate spacing. At these conditions, the
ash rates were 70 and 185 Å/min for helium and argon, re-
spectively. We have shown that when an oxygen plasma is
used for etching, the active species are ground state oxygen
atoms.22,23 Therefore, the faster etch rate with argon may be
explained by looking at the electron-impact dissociation of
the oxygen molecule:2

e+ O2 → 2O +e k= 4.23 10−9e−5.6/Te. sR1d

The rate of O atom production isr =knenO2
, wherenO2

is the
oxygen concentration. Based on thene and Te values ob-
served at atmospheric pressure, the O atom production rates
are 2.931018 cm3/s for the He plasma and 6.8
31018 cm3/s for the Ar plasma. The latter rate is 2.5 times
faster, which is in agreement with the 2.6 times higher etch-
ing rate in argon.

Since the plasma source contains perforated electrodes,
there is some question as to whether it may operate like a
hallow cathode discharge with the plasma sustained within
the holes. We do not have a definite answer for this point,
although our data suggest that the plasma is uniformly dis-
tributed over the gas volume between the gap in the elec-
trodes. In addition, most hollow cathode discharges reported

in literature are configured with the cathode and anode sepa-
rated by a dielectric material that fills the gap.60–63 By con-
trast, the plasma design investigated herein does not employ
dielectric material. Several groups have performed model
calculations and experiments and determined that there is a
range of pressure times hole diameters, where the hollow
cathode effect is valid.60–63 The maximum pd reported is
10 Torr cm. In the present work, the pd values range from
8.0 to 60.0 Torr cm, and are for the most part, outside the
range expected for a hollow cathode discharge.

V. CONCLUSIONS

We have investigated the physics of a capacitively
coupled radio-frequency plasma source operating at pres-
sures from 50 to 760 Torr. In pure helium, the electron den-
sity increases with pressure from 1.731011 to 9.3
31011 cm−3, while the electron temperature decreases with
pressure from 2.4 to 1.1 eV. Over the same pressure range,
the argon plasma exhibits essentially the same electron tem-
peratures, but a factor of 2.53 higher electron densities. This
may be attributed to the lower ionization energy and electron
mobility of argon compared to helium. Impurity levels of
1.3 vol% or less have no effect on the plasma properties,
contrary to previously published results.
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