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Abstract. We have measured the emission coefficients of the 3p levels of Arl: 3p1, 3ps, 3ps, 3p7, 3ps, and
3p10. The data for the 3ps, 3ps, 3p7, 3ps and 3pi1o levels were converted to excitation coefficients by using
quenching coeflicients from the literature. Measurements were performed in the range of E/N between
3 x 1072°Vm? to above 5 x 10718 Vm? except for the 3p; level where measurements were done only up
to 2 x 10719 Vm?. The data for the emission coefficients for Ar II levels include two 4p’ levels with terms
2P10/2 and 2F$/2, and three 4p levels with terms 2P10/2, 4P§/2 and 2Dg/2. The measurements for the ionic

levels were done for E/N above 4 x 107! Vm? up to nearly 1 x 107" Vm?. The absolute values of the
coefficients were obtained from the intensity of the light emitted at the anode in the parallel plate self-
sustained Townsend argon discharges. For low E/N the apparent emission coefficients (i.e. the normalized
spatial profile of emission) for both neutral and ionic levels increase exponentially in almost the entire
discharge gap. At about 5 x 107'® Vm? the exponentially increasing signal was obtained only near the
anode, while at 1 x 1077 Vm? the spatial dependence was flat throughout the electrode gap.

PACS. 52.20.Fs Electron collisions — 52.25.Rv Emission, absorption, and scattering of visible and infrared

radiation — 52.80.Dy Low-field and Townsend discharges

1 Introduction

Argon is widely used in gas discharges for plasma pro-
cessing [1], and gas lasers [2]. Tt is often used in mixtures
with other gases for reactive plasma etching [3]. Optical
spectroscopy of gas discharges using Ar emission is a com-
mon nondestructive technique for obtaining information
about basic processes leading to plasma applications [4].
Optical actinometry with Ar lines [5], usually the 3p°4p-
3s%4s transitions (2p-1s transitions in the Paschen nota-
tion which will be used for ArI levels in this paper), allows
measurements of the density of neutral radicals in gas dis-
charges. The actinometry based on Ar 3p-1s transitions is
certainly an option when radiation from gases mixed with
Ar overlaps with 2p transitions. The advantage of using
3p transitions is the smaller effect of cascading from the
upper levels.

Modeling gas discharges used for plasma processing is
important for testing plasma chemistry of new gas mix-
tures, designing plasma reactors and optimizing discharge
parameters in order to improve the results of plasma pro-
cessing. Results of the models have recently gained the
preference of the industry to the “trial and error” ap-
proach since the cost of development has increased incred-
ibly. The values of the excitation coefficients for 3p levels

# e-mail: zoran@Petrovié.phy.bg.ac.yu

are important input parameters for models [6,7] and at
the same time can be used as tests of models when those
are applied to swarm type experiments. Excitation coef-
ficients of 3p levels are required in order to be able to
calculate their population density. One may also be able
to determine the contribution through cascading and /or
collisional quenching of 3p levels to the population densi-
ties of lower levels, metastables in particular. Ionic lines of
argon are also often used in diagnostics of plasmas. Their
advantage is that their kinetics is much simpler, with small
contribution from the higher levels and collisional quench-
ing, and the disadvantage that they can be used mainly
in low-pressure plasmas with high E/N. This work is the
continuation of measurements of the excitation coefficients
for argon. Previously we have measured the excitation co-
efficients for metastables [8] and for 2p levels [9,10]. In
this, as in the previous experiments, the excitation coeffi-
cients were obtained from the measured optical emission
at the anode of the Townsend-like Ar discharge. In this
paper we present absolute measurements of the electron
excitation coefficients for several of the 3p levels of Arl

and for the 2P10/2, 2F70/2, 2P10/27 4P[?/2 and 2Dg/2 levels of
ArlIl.

The excitation coefficients for the 3p levels were ob-
tained from the measured intensities of 3p-1s transitions.
The measurements were done in the range of E/N from
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3 x 1072°Vm? to about 5 x 107 '® Vm2. These measure-
ments include the emission and excitation coefficients for
the levels 3p1, 3ps, 3ps, 3p7, 3ps and 3p19. The only previ-
ous data for any emission coefficient of 3p levels were for
the 3ps level by Tachibana [11]. His results were obtained
at E/N from 1 x 107 Vm? to 5 x 10719 Vm?.

The coefficients for the 3p levels not included here were
not measured due to the weakness of the available lines
and/or to their overlap with other lines. If the transition
from a 3p level overlaps with an ionic line we can still
measure its excitation coefficient at lower E//N, when the
excitation of the ionic level is usually too small compared
to the excitation of the neutral lines. This was the case
for the 3p7 level where we give the excitation coefficients
up to 2 x 10719 Vm?. The present emission (excitation)
coefficients for argon ionic levels are, to our knowledge,
the first measurements of this kind.

2 Experiment

Low-pressure, high-voltage Townsend discharges of Ar
were sustained between two parallel disk electrodes (di-
ameter of 79 mm), at a distance d of 17.2 mm. The anode
was made of vacuum grade graphite while the cathode
was made of stainless steel. The electrodes were placed in
a close fitting quartz tube that enables very stable, low-
current discharges on the left side of the Paschen mini-
mum, 7.e. the minimum of the breakdown voltage versus
the Nd characteristics (where N is the gas number den-
sity). The same drift tube has been used for similar ex-
periments with hydrogen [12], nitrogen [13], neon [14] and
argon [9] and the details of the experimental setup can be
found in these references.

Low-current discharges (typically few pA) in our
drift tube can be stabilized against spontaneous cur-
rent/voltage oscillations [15,16] with a large resistor (typ-
ically few MS) placed between the voltage power sup-
ply and the anode, and by grounding the cathode. Nev-
ertheless, to make sure that the discharge was stable dur-
ing the measurements we monitored the voltage using a
fast probe and an oscilloscope. Careful design of the drift
tube and of the low-capacitance electric circuit enables
stable Ar discharge operation in a wide range of E/N,
from 3 x 10729 Vm? to above 1 x 1077 Vm?. Running dis-
charges at currents under few pA insured uniform electric
field throughout the discharge gap [17]. The dc current
measurements were done using a Keithley electrometer.

The light emitted from the discharge was detected
by a photomultiplier and a photon counting chain. The
monochromator was used to provide a spectral resolu-
tion typically of 0.7 nm which was sufficient to integrate
the line without getting any contribution of the neigh-
bouring lines. A collimator placed between the discharge
and the monochromator determined the space resolution
of 0.2 mm. The monochromator and the photomultiplier
were placed on a movable table driven by a stepper motor
with position controlled by a computer.

The gas pressure was measured by a capacitance
manometer. The pressure range covered in the experiment
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was between 0.1 and 15 Torr which in turn determines
values of E/N (3 x 1072°Vm? to 1 x 10717 Vm?) of a
self-sustained Townsend argon discharge. We have used
research grade argon for the measurements. The vacuum,
before the Ar was introduced into the chamber, was 3-
4 x 107 Torr.

The calibration of the detector’s quantum efficiency
was done using a standard tungsten ribbon lamp. The
lamp was originally calibrated against the secondary radi-
ation standard and the details of the procedure are given
in ref. [10]. The central part of the lamp’s ribbon was
projected onto the entrance slit of the monochomator us-
ing a quartz lens such that magnification was unity. The
transmittance of the quartz window, on the vacuum cham-
ber and on the quartz cylinder around the electrodes, was
measured separately and included in the calibration.

3 Results and discussion
3.1 Data analysis

In the low-current Townsend discharges, the electrons can
reach equilibrium between the energy gain from the elec-
tric field and the energy loss in the inelastic collisions with
the gas atoms or molecules. The electron transport coef-
ficients are then constant through the gap. The spatially
scanned optical emission increases exponentially towards
the anode since the electron number density is changing
exponentially. From the exponential slope, the ionization
coeflicient can be determined. In view of the good agree-
ment between the ionization coefficients obtained from the
measured exponential growth of the emission and from
previous measurements [18-20], we have used a fit to the
exponential growth to extrapolate the signal to the anode
position. The measured signal at the anode is different
from the real anode signal due to effects such as the finite
spatial resolution of the detector and the light reflection of
the anode surface. We use the anode signal to obtain the
excitation coefficients since the electron current density
at the anode is equal to the measured discharge current
that flows in the external ciruit. Since knowing precisely
the anode position in relation to the spatial scan of the
emission is important, we have tried to determine it as
accurately as possible. The position of the anode was es-
tablished from the separate measurements of the emission
profiles of the light emitted by a pen-type light source
placed behind the electrodes. Another procedure for mea-
suring the anode position was by running the discharge
under conditions such that the emission close to the anode
had a sharp peak. Then the polarity of the electrodes was
reversed and the position of the other electrode was mea-
sured. The distance between the electrodes, determined
from emission profiles, had to agree with the known gap
between the electrodes.

At high F/N and low Nd a fraction of electrons can
reach the anode without reaching equilibrium. When this
electron fraction starts to dominate at very high E/N| the
optical emission may not increase exponentially towards



G.N. Malovi¢ et al.: Electron excitation coefficients for argon in Townsend discharges

the anode. Also at high E/N, the contribution from back-
scattered electrons from the anode affects the growth near
to the anode. These electrons consist of reflected and of
secondary electrons, but the former may contribute more
to the overall excitation and ionization since their energy
is higher. This effect produces the emission maximum near
to the anode and strongly depends on the anode mate-
rial [21], so using the graphite anode reduced the effect
of the backscattered electrons significantly [20]. Such pro-
cesses occurring at high E/N can prevent the exponen-
tial build-up and in turn determine the upper limit for
E/N in our measurements. Decreasing excitation coeffi-
cients at high F/N, particularly for neutral transitions, is
another factor limiting the range of the measurements. At
low E/N and high pressures we were able to run stable
discharges only if the discharge currents were < 1 pA.
Therefore the lower end of the E/N range is determined
by the lowest discharge current that still enables stable
discharges and allows measurable signal/noise ratio.

The measured intensity of the anode signal S,,,, due
to the decay of an atom from level m to level n, normal-
ized to the discharge current density j. (determined at the
anode), is related to the excitation coefficient &, /N:

14 N
NOm ’

here e is the electron charge, Ny, is the quenching density,
i.e. the density of Ar for which half of the excited states m
decay due to collisional quenching, A,, is the total transi-
tion probability of level m, A,,, is the transition probabil-
ity of the transition m — n and K,,, = 2V Q/4x, where
2 is the effective solid angle of the detector at the axis of
the discharge tube (in this experiment it was 2.5 x 10%),
V' is the discharge volume from which the radiation was
detected and @ is the quantum efficiency of the detector
that includes the transmission of the quartz tube and of
the monochromator. For a more detailed description of
the derivation of this equation see ref. [10].

Cascading from the upper ns and nd levels can repop-
ulate the 3p levels. In order to calculate the effect of the
cascading contribution, it is necessary to solve coupled dif-
ferential equations for the time dependence of the density
of 3p and the high-lying s and d levels. We have done a
calculation based on the experimental line intensities for
2p levels [9,22] and by using equations for the population
and depopulation of the excited states as given in ref. [10].
We have found that the contributions vary from negligible
values for 2p; to nearly a factor of 2 for 2pg at E/N that
is greater than 2 x 10719 Vm?2. The 3p levels should be
much less affected by cascading than the 2p ones because
the levels above the 3p are fewer and have smaller number
densities [22].

Since our technique for measuring the excitation co-
efficients is based on detecting the anode light after ex-
trapolating the exponentially increasing light intensity to
the anode, the uncertainty of the measurements changes
with the excited level and with E/N for the same level. In
general the uncertainties are smaller for lower E/N when
the exponential fit can be extended almost to the cath-
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Fig. 1. Emission coefficients for 3p; (open boxes) and 3ps
(open circles) obtained in this paper are shown as a function
of E/N. Data of Tachibana [11] for 3ps (solid circles) are also

shown.
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Fig. 2. Excitation coefficients for 3ps (solid boxes), 3ps (open
circles) and 3ps (solid triangles) as a function of E/N.

ode. Contributing to the overall uncertainty are the exper-
imental errors in measuring the anode signal, i.e. anode
position, errors in calibration of the detector and measure-
ments of discharge pressure and voltage. The uncertainties
in published transition probabilities and quenching coef-
ficients need to be included as well. Our best estimate of
the total uncertainty in our measurements is about 15%
for the strongest lines. The weaker lines have correspond-
ingly higher uncertainties due to a larger statistical scat-
ter.

3.2 Excitation coefficients of the 3p levels of Arl

We have measured the emission coefficients (g9/N) for sev-
eral 3p levels of Arl. These data were converted to the
excitation coefficients (¢/N) by using the quenching coef-
ficients of Inoue, Setser and Sadeghi [23]. Table 1 gives the
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Table 1. Optical transitions, wavelengths, transition probabilities quenching rate coefficients used in the measurements for Arl

levels.
Transition | A (nm) | Az (10°s71) | 45 (10%s7Y) | kq (107 m™3s71h)
3p1-1sz 425.9 4.15 4.15 -
3ps-lsy | 451.07 1.23 3.99 2.7
3pe-lsy | 415.86 1.45 1.79 3.4
3pr-lsy | 459.61 0.1 2.17 3.7
3ps-1sa | 430.01 0.39 0.69 3.8
3pro-1s3 | 452.23 0.095 0.34 5.0
3pro-1s2 | 470.23 0.113 0.34 5.0
Table 2. Excitation coefficients of 3p levels at 1 x 107'° Vm?
and 2 x 107 Vm?.
Excited state 100 Td 200 Td o B ETeel 4.
e/N (10722m?) | ¢/N (10722 m?) .
3ps 0.848 1.23 ”E w0 : .
3ps 4916 6.74 “ 5
3pr 9.38 11.0 ’ o 3p,,- Is, 452.23 nm
s 5.06 2.50 = 3p,-1s,470.23nm
3p10 13.35 22.35 10722 -
E/N [Vm?]

optical transitions used for the measurements, their wave-
lengths, transition probabilities and collisional quench-
ing rate coefficients used in the data analysis. The to-
tal quenching coefficients for the 3p state levels are larger
than those for the 2p state levels as associative ionization
becomes a possible channel [24,25].

The results of the excitation coefficients for the 3p
levels at 1 x 1071 Vm? and 2 x 10712 Vm? are given in
Table 2. In Figure 1 we show the emission coefficients for
the 3p; and 3p;5 levels. For 3p; we could not obtain quench-
ing coeflicients so we could not convert the data to the
excitation coefficients. The data for 3ps; are shown here
as emission coefficient values in order to make compari-
son with the data by Tachibana [11], who did not convert
his data to excitation coefficients. Our measurements were
performed under similar conditions as that of Tachibana
and the agreement of the two sets of data is very good. Ex-
citation coefficients for 3ps, 3pg and 3pg are given in Fig-
ure 2. The relative magnitude of the excitation coefficients
corresponds to the relative cross-sections as measured by
Lin and coworkers [26]. There are no other available data
for excitation coefficients so we cannot make further com-
parisons. However having in mind the excellent agreement
of the excitation coefficient for the 2p; and 3ps levels with
the data of Tachibana, we may conclude that our data for
the other 3p levels are sufficiently reliable to use in further
cross-section analysis and plasma modeling.

Fig. 3. Excitation coefficients for 3p1¢ (open triangles 3pio-1s3
and solid boxes 3pi1o-1s2) as a function of E/N.

We have also tried to measure the coefficients for 3p1¢.
The lines that were available for the measurement were
very weak, so we have used two different lines to check
the internal consistency of the data. At the same time the
scatter between the two sets would give limits of the ac-
curacy of our technique obtained under the most difficult
conditions, i.e. for the lowest signals. Two sets of data
for the excitation coefficients for 3p;¢ were obtained using
the two different transitions (see Tab. 1). The data are
shown in Figure 3. The agreement between the two sets
of data is very good, well within the uncertainty of the
data. One should also note that in one of the preliminary
presentations of the data from this paper [27] the emis-
sion coefficients were shown and were incorrectly labeled
as excitation coefficients.

3.3 Excitation coefficients of the Ar Il levels

We have also measured the excitation coefficients of five

levels of Ar II two of the 4p’ terms are ZP{)/Q and 2F$/2,
0 4

and three 4p levels terms are 2P1/2a Ps?/z and QDg/Q. The
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Fig. 4. Excitation coefficients for 4p 2P10/2

gles), and 4p 2Dg/2 (open points) vs. E/N.

Table 3. Optical transitions, wavelengths and transition prob-
abilities used in the measurements for ArlII levels.

Transition A (nm) | Asj (108 Sil) A; (108 sfl)
4p' 2Pyjy-4s' D3 ;5| 413.17 0.85 1.802
4p' 2F7 54" * D5 | 460.96 0.789 1.189
4p *P})y-4s *Py/y | 465.79 0.892 1.18
4p *PJ)y-4s P55 | 480.60 0.78 1.359
Ap DY 45 *P3jp [487.99 | 0.823 1.050

transitions used for measuring their excitation coefficients
and the corresponding wavelengths are given in Table 3.
The results for the excitation coefficients as a function of
E/N are shown in Figure 4. We were able to extend the
measurements to 8 x 1078 Vm? for the ionic lines, but
there is a possibility of a development of non-equilibrium
above 5 x 10718 Vm? [28]. The E/N dependences of the
excitation coefficients for all the Ar II levels are similar,
with peak values between 3-4 x 10718 Vm?2. Since the rates
of collisional quenching of the ArII levels are not available
in the literature, the presented results are not corrected for
quenching. Assuming the coefficients to be of the order of
those for the 3p states, and since the lifetimes of the Arll
levels are very short, the quenching will not affect the data
even at the highest pressures (i.e. the lowest E/N) used to
measure the Arll excitation coefficients (2 x 10719 Vm?).
Therefore we may safely regard the presented data to be
equal to the excitation coefficients.

3.4 Apparent spatial excitation coefficients

In Figure 5 we show spatial profiles of emission normalized
to the excitation coefficient at the anode (apparent exci-
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Fig. 6. Apparent excitation coefficients for the 4p’ 2P° level
vs. distance between electrodes; open boxes: 5 x 107° Vm?;
open triangles: 4.9 x 107'® Vm?; open points: 1 x 1077 Vm?.

tation coefficients as used by Phelps and coworkers [16,
20]) for the Ar 3p; level at three E/N obtained from the
3p1-1ss transition at 425.9 nm. The positions of the elec-
trodes are shown by vertical dashed lines. Similar results
for the 4p’?P-4s 2D level of Arll are shown in Figure 6.
In each of these two figures we have included the lowest
(2% 10719 Vm? for Ar T and 5 x 10712 Vm? for Ar II) and
the highest (8.55 x 10718 Vm? for Arl and 1 x 1077 Vm?
for Arll) E/N for which the scans have been made. As
can be seen from Figures 5 and 6, the exponential growth
is well defined up to 5 x 10718 Vm?2. At higher E/N the
spatial scans of emission are flat both for atomic and ionic
lines. Spatial scans of optical emission are becoming flat
due to the decrease of multiplication at low pressures, due
to the increase of excitation close to the cathode by heavy
particles [20,28] and possibly due to the onset of non-
equilibrium effects for electrons [28]. In general the spa-
tial profiles are similar to those obtained for the 2p lev-
els [9,10] and consistent with the results of Phelps and
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Jelenkovié¢ [20] obtained at these and even higher E/N
but with a longer drift tube.

4 Conclusion

In this paper we present the results for the excitation co-
efficients of argon using the same technique used in our
previous publications, i.e. absolute detection of light in a
Townsend discharge as a function of position and normal-
ized at the anode. Results for 3p levels of Ar I and for 4p
and 4p’ levels of Arll are shown here. We were not able to
measure the excitation coefficients as a function of E/N
for all 3p levels due to the overlapping lines of argon in the
region between 300 and 450 nm. Emission and excitation
coefficients were obtained for a wide range of E/N, from
3 x 1072°Vm? to about 5 x 1078 Vm?, for 5 lines, 3p1,
3ps, 3ps, 3ps and 3pio and up to 2 x 10719 Vm? for 3p;.
With the exception of the 3ps5 level the measurements were
presented for the first time in the literature. Tachibana’s
results for 3ps [11] obtained for E/N < 5x 107! Vm? are
in good agreement with our results. The E/N dependence
of the excitation coefficients is similar for all the levels,
and the absolute magnitudes are in agreement with the
relative magnitudes of the cross-sections.

The excitation coefficients for the ionic levels are re-
ported for the first time in the literature. We needed a
discharge with E/N of at least 4x 107 Vm? to be able to
measure those excitation coefficients. The measurements
include two 4p’ levels (*P} /o and 2FY /2)7 and three 4p lev-
els (QPP/Q, 4P50/2, 2Dg/2). The measured excitation coef-
ficients have a very similar dependence as a function of
E/N, increasing up to 2 x 107 Vm? followed by a flat
region to about 5 x 107'® Vm?. The few points that we
have measured beyond 5 x 107'8 Vm? indicate that the
excitation coefficients are decreasing with E/N.

The spatial variations of the optical emission for both
neutral and ionic transitions at different F/N were given
in terms of spatial apparent excitation coefficients. The
spatial dependence varies from the exponential through-
out most of the discharge gap at low E/N to nearly flat
at high F/N. The spatial scans flatten due to a combined
effects of low electron multiplications, possible electron
non-equilibrium behavior and heavy particle excitation.
Data for neutral 3p level at E/N < 8 x 10718 Vm? show
that emission begins to increase near to the cathode, pre-
sumably due to the excitation by fast neutral Ar. By com-
paring the spatial apparent excitation coefficients for 3p
with 2p data, reported earlier [9,10,20,28], the heavy par-
ticle excitation appears to dominate the excitation of 2p
levels near to the cathode at lower E//N.

The measured spatial excitation coefficients at high
E/N are a useful test of models and Monte Carlo simu-
lations. The excitation coefficients are also useful in the
normalization of the electron excitation cross sections and
in putting the emission diagnostic of gas discharges on the
absolute scale. We hope that the present data may be of
use in the diagnostics of plasmas for etching [29], sputter-
ing [30] and gas lasers.
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List of Symbols

E/N: reduced electric field [Vm?];

em/N: excitation coefficient [m?];

Simn: measured intensity of the signal at the anode, for
level m to level n transition;

Je: current density;

e: electron charge;

Nom: quenching density;

A,,: the total transition probability of the level m;

A, transition probability of the transition m — n;

02: effective solid angle of the detector at the axis of
the discharge tube;

V: discharge volume from which the radiation is de-
tected;

@: quantum efficiency.
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