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Abstract In the present work an effort has been made to
estimate the plasma parameters simultaneously like—elec-
tron density, electron temperature, ground state atom den-
sity, ground state ion density and metastable state density
from the observed visible spectra of penning plasma dis-
charge (PPD) source using least square fitting. The analysis
is performed for the prominently observed neutral helium
lines. The atomic data and analysis structure (ADAS) data-
base is used to provide the required collisional-radiative
(CR) photon emissivity coefficients (PECs) values under the
optical thin plasma condition in the analysis. With this
condition the estimated plasma temperature from the PPD is
found rather high. It is seen that the inclusion of opacity in
the observed spectral lines through PECs and addition of
diffusion of neutrals and metastable state species in the CR-
model code analysis improves the electron temperature
estimation in the simultaneous measurement.
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Introduction

Penning plasma discharge (PPD) devices have been studied
significantly during last few decades. This device was
originally proposed by Penning as a low-pressure
manometer (i.e., cold cathode or penning gauge) [1]. This
has later been adopted to function as an ion source [2—4].
Penning ion sources have been used for variety of appli-
cations, such as sputtering and evaporation of surfaces,
electromagnetic separation of isotopes and fusion applica-
tions [5, 6]. The PPD devices are also attractive due to their
extensive use as charged particles trapping [7, 8], light
emitting sources [9], etc. In the applications of light
emitting sources it has recently been proposed that the PPD
device can be used to calibrate a VUV spectrometer-
detector system [10]. In fact, the PPD device can generate
spectral radiations in the visible and VUV region simul-
taneously and visible radiations analysis can help in VUV
intensity calibration once the desired basic plasma
parameters are obtained from the visible spectra.

In a penning discharge, the plasma is produced between
two end cathodes and a shell anode, with power derived
from DC high voltage power supply. The electron con-
finement is maintained very high in this geometry by end
cathodes (electrostatic confinement) and a pair of perma-
nent magnets, which produces an axial magnetic field
(magnetic confinement). The high electron energies in the
source gas results in highly ionized gas and secondary
electron release from the cathode. The source produces a
large number of bright emission lines even at low pressures
and the spectral distribution depends on the combination of
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discharge gas, applied magnetic field, applied power,
cathode material, etc. [11-13]. Although penning discharge
sources have been used for many applications and different
sources have been researched, there exist no direct diag-
nostic which can provide the basic plasma parameters
measurement simultaneously like—electron density, elec-
tron temperature, ground state atom density, ground state
ion density, metastable state density, etc.

In the case of magnetic field environment, and small
geometries of the penning discharge devices where sheath—
sheath intersection could be prominent, the metallic probe
diagnostics can lead erroneous results and are not much
useful [14-16]. The optical emission spectroscopy (OES)
[17-19], on the other hand, is an advanced technique which
plays an important role to complement the metallic probe
diagnostic techniques because this is a passive diagnostic
and does not perturb the plasma environment locally.
Nevertheless, the interpretation of the spectra of OES is not
straight-forward. The delicacy lies in the complex nature of
the plasma and subsequently the manifold atomic pro-
cesses. In fact, it requires an estimation of the population
density of the specific excited energy state wherefrom
specific wavelength radiation is emitted. This is possible by
solving a set of coupled rate equitation’s by including all
the atomic processes at a particular condition.

Based on the assumptions and requirements there exist
three models which are quite popular in the plasma physics
community for the plasma parameter estimations, namely,
Corona, local thermodynamic equilibrium (LTE) and col-
lisional-radiative (CR) models [20, 21]. The corresponding
Corona and LTE models are best used for low
(<10 cm™?) and high (10" cm™3>) electron density
regimes of the plasmas. The CR-model is a general model
which works in the intermediate density regime and it is
also applicable in the Corona and the LTE model regimes
self-consistently even if the density is of the order of
above-mentioned low and high density limits [21]. This
makes it more useful in the most spectroscopic studies.

The CR-model based line-ratio technique is often used
to estimate the electron plasma density and temperature
[22, 23]. The line ratio method is used by the earlier
workers to estimate the electron plasma density and tem-
perature in the PPD source, which are typically
~10" em™3 and ~2-5 eV [24], respectively. However,
the line-ratio method is constrained by the fact that iden-
tified line-ratios must be sensitive either to electron density
or to electron temperature for estimation of one plasma
parameter at a time. Also, we have to identify suitable
spectral line pairs to be used, which should follow either
ionizing or recombining plasma conditions [25]. In this
work, an effort has been made to develop a spectroscopic
method which works on least square fitting of the absolute
intensities of the observed visible neutral helium spectral
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lines from a PPD source and the CR-model-based esti-
mated intensities using atomic data and analysis structure
(ADAS) code [26] to find out the basic plasma parameters
simultaneously from a large number of visible spectral
lines. This method is applicable for all the spectral lines
observed at a time.

The analysis is performed with thin plasma condition
and electron density, electron temperature, ground state
atom density, ground state ion density and 2 *S metastable
state density are the parameters estimated. The estimated
plasma temperature from the PPD is found high in the
simultaneous measurement at which the neutral helium
may not even survive and seems to be unrealistic. The
analysis is improved by the inclusion of opacity in the
observed spectral lines through photon emissivity coeffi-
cients (PECs) and also addition of diffusion of neutrals and
metastable state species in the CR-model code. This helps
in adequate electron temperature estimation in the simul-
taneous measurement.

Experimental setup

The PPD source (VUV Source SD-01 from Jobin-Yvon,
France) consists of two cathodes with an anode ring
between them. The two cathodes face each other and the
emitted electrons that oscillate between the cathodes fall
through the central ring. Because of the field of the per-
manent magnets located behind the cathodes the charged
particles are confined within the discharge volume. Elec-
trons that leave the cathode are confined by the magnetic
field. The experimental arrangement of 1 cm cylindrical
plasma column length is shown in the Fig. 1.

Helium gas discharge is produced in the penning plasma
source. The gas pressure is controlled by the needle valve
and discharge current is controlled with the control knob in
the PPD source power supply. The PPD source is cooled
during operation by flowing demineralised water at 1 lit/
min. During the experiment the working pressure is kept
~4 x 107*=1 x 107 mbar and the discharge current
~20-150 mA. The spectroscopic data are recorded in the
visible region using visible spectrometer at various filled
pressures for fixed discharge current and also at different
discharge currents and at fixed fill pressure. The analysis of
the spectra which is recorded at different discharge currents
20, 64, 80, 90 and 100 mA and at constant filled pressure
4 x 1072 mbar is discussed.

The light emitted during the discharge is transmitted by
an optical fiber and fed to the visible monochromator
(wavelength resolution ~2.5 A) fitted with a charge cou-
pled device (CCD) camera-based acquisition system to
record the visible emission lines. The recorded helium
lines are He I 72813 A (2p'P’-3s'S), He I 7065.1 A
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(2p°P’-3s’S), He 1 6678.1 A (2p'P°-3d'D?), He I 5875.6 A
p°P’-3d°D), He 1 5047.7 A (2p'P’-4s'S), He I 5015.7 A
(2s'S-3p'P%), He I 4921.9 A (2p'P’—4d'D), He 1 4713.1 A
(2p°P’—4s3S), He 1 3964.7 A (25'S—4p'P°), and He I 3888.6 A
(25°S-3p°P"). Since He I 5015.7 A (2s'S-3p'P") line is
affected by resonance scattering [27], we have worked with 9
lines out of these 10 observed lines. In fact, this effect has not
been considered in the CR-model calculations of the ADAS
code [26]. Using remaining nine lines a simple procedure using
least square fitting is developed to determine the plasma
parameters.

Model analysis

With an assumption of average electron density and tem-
perature in 1 cm plasma column length, the photon inten-
sity of a spectral line for such an averaged measurement
can be written from the CR-model as [22, 28],

i()vul) = {NeNiPEéreco + NeNgPEéexc + Nel\NImIPEémeta.l
+ NeNmZPECmeta,Z}- (1)

Here PECieco, PECexe, PECnmera1 and PECpe are the
average values of PECs, having units cm?/s for recombi-
nation, excitation, singlet metastable state (2 'S) and triplet
metastable state (2 3S), respectively. The values N,, N;, 1\7g,
N, and N, represent the average densities of electron,
ground state ion, ground state atom, singlet and triplet
metastable states of helium atoms, respectively. Moreover,
PECs are the complicated functions of the electron density
and temperature and can be obtained from the ADAS
database for a given value of electron density and tem-
perature. Since the life time of singlet metastable state is of
the order of characteristic time scale of change of plasma,
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ADAS does not consider 2 'S level as a metastable state
and hence Eq. (1) can be written as,

I(2y1) = {NeN;PECreco + NeNyPECexc + NeNyoPEC e }-
(2)

Assuming quasi-neutral and purely ionizing condition for
plasma, a merit function S is defined to use the least
square fitting technique for all nine observed spectral lines
as,
.. - . - 2
=" |lowy, = (NeNePECurgy + NeN,oPECea) |

9
j=1

J

(3)

where, lexp, represents experimentally observed intensities
and the terms in the small bracket represent the theoretical
intensities derived from the CR-model. In Eq. 3 there are
two fitting parameters Ng and N, for a given set of elec-

tron density and temperature. The most suitable values of
these fitting parameters can be obtained by minimizing the

merit function S with respect to the parameters Ng and N,
ie.,
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Fig. 2 Mismatch parameter ¢ for the discharge current 100 mA at
constant pressure of 4 x 107> mbar under thin plasma condition

From Egs. (4) and (5) the values of Ng and N,,, are esti-
mated. Theoretical intensities (/) are calculated for all
the nine lines, which are termed as fcalj, using the obtained
values of Ng and N, for larger grid points of N, and T,. To
predict the best fit basic plasma parameters, these calcu-
lated intensities icalj are compared with the experimental

values (Iexpj) for all the nine lines (j = 1,9) through a
mismatch parameter,

I (Lexpi — Lo\ 2
o= 521: (epf ,> (6)
p=

Iexpj

The minimum in the mismatch parameter (o) gives the
best-fit values of N,, T,, N;, ]\7g and N,p.

Results and discussion

The mismatch parameters obtained at fixed working pres-
sure 4 x 107> mbar and different discharge currents 20,
64, 80, 90 and 100 mA are 0.35, 0.33, 0.14, 0.15 and 0.12,
respectively. Figure 2 shows the plot of mismatch parameter
at different temperatures and densities for fixed discharge
current 100 mA and working pressure 4 x 107> mbar.
For this operating plasma condition, the predicted
basic plasma parameters are 1\73 =5 x 10" cm™,
1\7,,,,2 =38 x 10° cm™3, N, ~ N =2 x 102 cm ™3,
T, = 41.5 eV with a minimum o ~ 0.12. At this condi-
tion a comparison between estimated intensities and
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Fig. 3 Comparison of theoretical and experimental intensities at
100 mA and 4 x 10> mbar of pressure under thin plasma condition
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Fig. 4 The variation of neutral helium, triplet metastable state
density, ion and electron densities at fixed pressure 4 x 107> mbar
and with different discharge currents under thin plasma condition

experimentally observed intensities is also shown in Fig. 3.
Though the fit with intensities is good but the estimated
electron temperature is quite high. At such temperature
neutral helium may not survive that shows a discrepancy in
temperature estimation.

To further elaborate these results the variation of the
metastable state density and ground state atom density for
different discharge currents and fixed pressure is shown in
Fig. 4. It is observed that the metastable state density
decreases up to 64 mA discharge current and then increa-
ses. This behavior of metastable state does not seem
obvious. Indeed, at fixed pressure, an increment in the
discharge current suggest the consumption of more neutrals
in creation of larger electrons to draw the higher discharge
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currents, which may enhance the effective recombination
process over the excitation/ionization process. Moreover,
the transitions happening due to recombination process
may lead in production of larger metastable populations. It
is also seen from the figure that the neutral density
increases with discharge current. This seems ambiguous
because for larger discharge current the neutrals have to be
ionized more and hence the neutral density should
decrease. Therefore, this analysis needs one or more con-
siderations to predict the correct behavior of the plasma
discharge.

It is to be emphasized that the above calculations are
carried out assuming optically thin and diffusion less
plasma conditions which may not necessarily be correct for
all the applications. In fact, most spectroscopic diagnostic
techniques require optically thin plasma for model sim-
plifications, which is very near homogeneous along the
line-of-sight and remains in steady-state for the duration of
the observation. However, if the plasma is optically thick
for the radiation coming from the plasma, the re-absorption
(opacity) of the photons may cause the wrong information
about the estimated plasma parameters [29, 30]. So, the
aforesaid discrepancies in temperature and neutral density
obtained in the results may be due to the effect of the
opacity and also the diffusion of neutral and metastable
states. The ADAS code calculates opacity affected PECs
on the basis of escape factor methodology [26, 29-33].
Basically, inclusion of escape factors causes a net reduction
in Einstein’s A coefficients, i.e., it modifies the atomic
transition probability values. The effect of self-absorption
not only changes the net emergent flux but also changes the
population of excited states and hence the effective rate
coefficients.

The changes in excited state population and ionization
balance due to re-absorption of radiation are then derived
using the ADAS 208 code [26]. According to the used
experimental setup the following parameters are used to
calculate the opacity affected photo emissivity coefficients
in the ADAS code: density distribution (parabolic), plasma
geometry (cylindrical), line profile (Doppler), neutral
temperature (600 K), plasma length (1 cm) and neutral
density (5 x 10"* cm™>). The detailed description of the
model used for opacity calculations is given in the ADAS
user manual [26]. The opacity effect has been considered
for the following transitions and spectral lines: He I 7281.3
A (2p'P°-3s'S), He 1 7065.1 A (2p°P°-3s%S), He 1 6678.1
A (2p'P’-3d'D%, He I 5875.6 A (2p°P’-3d°D), He 1
5047.7 A (2p'P’-4s'S), He 1 5015.7 A (2s'S-3p'P°), He 1
4921.9 A (2p'P’-4d'D), He 14713.1 A (2p°P°—4s’S), He 1
3964.7 A (2s'S—4p'P%), and He I 3888.6 A (2s°S-3p°PY).

A diffusion time scale ~10*s is also taken into
account in the ADAS code to introduce the diffusion of
neutral and metastable states to the wall. The diffusion time

scale was estimated for our geometry using radius of the
cylinder (a = 0.5 cm), zero order Bessel’s function J, and
the diffusion coefficient D for helium discussed earlier
[34]. To illustrate it clearly, we have assumed purely dif-
fusive transport in cylindrical symmetry. In fact, if the
impurity species’ are no longer fed by external source in
the plasma, their density decays and the radial impurity
profile first rearrange their shape and eventually decrease
self-similarly with a time (i.e., diffusion time scale) given
by the following expression [34],

a?

~ 30D

70 (7)
In this expression, the particle diffusion coefficients are
still not very well-known from theory because they are
often determined by instabilities in plasma (i.e., anomalous
nature in general) and are usually described from the
experiments. One basically requires diagnostic line excited
data and atomic coefficients for total radiation to compare
final results with bolometer kind of diagnostics. All such
calculations are quite complicated and are done through
various plasma transport codes, e.g., STRAHL [35, 36].

In spectroscopy, the diffusion overall effects the popu-
lation of the excited species, which is directly related with
the ground state and metastable populations and indirectly
related with the purely or partially ionized plasmas [37]. In
our case, we have added diffusion for partially ionized
plasma and only for metastable state, which can affect the
populations of the particular energy level (i.e., excited
state) during the measurements. This may be the region for
wrong estimation of plasma parameter during model
understanding without opacity and diffusion.

After this, the theoretical intensities and accordingly the
mismatch parameters (o) with the experimental values are
recalculated by repeating the same procedure as explained
above while including the effect of opacity in the PEC’s
and diffusion of neutrals and metastable states to the wall.
The obtained minimum mismatch parameters (o) at
working pressure 4 x 107> mbar and different discharge
currents 20, 64, 80, 90 and 100 mA are 0.62, 0.66, 0.65,
0.65 and 0.69, respectively. The variation of the ¢ with
electron temperatures and different electron densities is
shown in Fig. 5. At this condition the estimated values of
Ng and 1\7,,,,2 are 4.22 x 10" and 1.02 x 10 cm™3,
respectively, while the calculated values of electron tem-
perature, electron density and ion density are 7, = 2.0 eV,
N, &~ N; =7 x 10" ecm™, respectively.

A comparison between experimental and estimated
intensities is shown in Fig. 6. From this figure it can be
seen that the miss-match between the two spectral lines
6678.1 and 7281.3 A has increased in the simultaneous
measurement but it improves the temperature estimation.
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Fig. 5 Mismatch parameter ¢ for the discharge current 100 mA at
constant pressure of 4 x 107> mbar with opacity and diffusion
effects considerations
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Fig. 6 Comparison of theoretical and experimental intensities at
100 mA discharge current and 4 X 103 mbar working pressure
under opacity and diffusion considerations

More efforts are needed to understand the exact behavior of
6678.1 and 7281.3 A spectral lines in penning type of
plasma discharges. The non-Maxwellian electron consid-
eration in the CR-model may provide an exact solution,
however, such state-of-art researches are underway [38].

Based on the improved calculations the variation of
metastable and neutral densities with the discharge currents
at fixed working pressure is shown in the Fig. 7. It is seen
that with the increasing discharge current the neutral den-
sity decreases and the metastable state density increases.
This is the predictable behavior of neutrals and metastable
states because the enhancement in the plasma discharge
current requires more ionization which may increase the
recombination processes and hence there might be an
increment in metastable state densities and also decrement
in the neutral density.

ﬁ @ Springer
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Fig. 7 The variation of neutral helium, triplet metastable state
density, ion and electron densities and electron temperature at fixed
pressure 4 x 107> mbar and with different discharge currents
including opacity and diffusion effects

Conclusions

In this study, a procedure to calculate the basic plasma
parameters like—N,, T,, N;, Ng and N,, simultaneously
from a penning discharge source using least square fitting
of spectroscopic data and ADAS code is presented. In case
of the optically thin and diffusion less plasma assumption,
the obtained electron temperature is rather high. Hence the
assumption of optically thin and diffusion less plasma is
not applicable. The opacity calculations and diffusion of
metastable and neutral are then added in the method using
ADAS code to estimate the plasma parameters correctly.
With this condition, the neutral density decreases and
metastable population of helium 2 S state increases with
discharge currents, which is quite consistent.
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