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Abstract. On the basis of five accurately recorded neutral argon (Ar) line shapes (in the 4s–5p transition) we have recovered
the basic plasma parameters i.e. electron temperature (T) and electron density (N) using our new line deconvolution procedure in
the case of three different plasmas created in a linear, low-pressure, pulsed arc discharge. The mentioned plasma parameters have
also been measured using independent experimental diagnostic techniques. An excellent agreement has been found among the
two sets of obtained parameters. This recommends our deconvolution procedure for plasma diagnostic purposes, especially in
astrophysics where direct measurements of the main plasma parameters (T andN) are not possible. On the basis of the observed
asymmetry of the Stark broadened line profile we have obtained not only its ion broadening parameter (A) which is caused by
the influence of the ion microfield on the line broadening mechanism but also the influence of the ion-dynamical effect (D) on
the line shape. The separate electron (We) and ion (Wi ) contributions to the total Stark width, which have not been measured so
far, have also been obtained and represent the first experimental data in this field. We have found a stronger influence of the ion
contribution to the Ar line profiles than the existing theoretical approximation provides. This is of importance for astrophysical
plasma modeling and diagnostics.
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1. Introduction

The presence of the neutral argon (Ar) spectral lines has been
discovered in various cosmic light sources in the last few years.
Recently, Weaver et al. (2002) have referred to the presence of
Ar  lines in the spectra of long-period comets. The Ar ab-
sorption lines have been detected in the spectra of the quasar
Q0347-3819 (Levshakov et al. 2002) and PG 1259+ 593
(Richter et al. 2001). In the studies by Friedman et al. (2000),
Jenkins et al. (2000), Kruk et al. (2002) and Lehner et al. (2002)
the absorptions in the Ar lines were presented. Argon is de-
tected in the spectrum of the damped Lyα system of IZw 18
(Levshakov et al. 2001). Mallouris et al. (2001) refer to the
presence of Ar lines in the spectrum of the Wolf-Rayet binary
SK 108. Thus, the Ar spectral line shapes represent impor-
tant sources of information about the physical conditions in the
place of birth of the radiation, especially since the launch of the
Hubble space telescope.

In our work we applied our line deconvolution proce-
dure (Milosavljević & Poparić 2001) to five precisely recorded
Ar  line profiles. The basic plasma parameters, i.e. electron

Send offprint requests to: V. Milosavljević,
e-mail:vladimir@ff.bg.ac.yu

temperature (TD) and electron density (ND) have been ob-
tained, using our line deconvolution procedure, in the case of
three different plasmas created in a linear, low-pressure, pulsed
arc discharge in helium-argon and hydrogen-argon mixtures.
To our knowledge, our results of theT andN values have been
the first published data obtained directly from the line pro-
file, using a deconvolution procedure. Plasma parameters have
also been measured (Texp andNexp) using independent, well-
known, experimental diagnostical techniques. Excellent agree-
ment has been found within the two sets of the obtained pa-
rameters (TD andTexp; and ND and Nexp). This recommends
our deconvolution procedure for plasma diagnostical purposes,
especially in astrophysics where direct measurements of the
plasma parameters (T andN) are not possible. The method is
applicable for optically thin plasmas. For the optically thick
plasmas the situation is more complicated because of very
weak asymmetry of the spectral line profile caused by self-
absorption.

In plasmas with electron densities higher than 1021 m−3,
where the Stark effect begins to play an important role in
the Ar spectral line broadening, the Stark broadening char-
acteristics can also be used for plasma diagnostical purposes.
However, the existing experimental Ar Stark width data
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(Lesage & Fuhr 1999; NIST 2002; Konjevi´c et al. 2002, and
references therein) present only the sum of the electron (We)
and ion (Wi ) contributions to the total Stark width (Wt) without
any possibility for their separation. TheWe andWi Ar  values
presented here are the first data, in this field, separated from
the measured total Stark width by using the line deconvolu-
tion procedure described by Milosavljevi´c & Poparić (2001)
which have already been applied for some He, Ne, Ar 
and Kr lines (Milosavljević & Djeniže 2002a,b,c, 2003). A
significant number of experimental studies have been dedicated
to the Ar total StarkFWHM (full-width at half intensity maxi-
mum,Wt) investigations of the 4s–5p transition. However, only
one study (Griem 1974) contains theoreticalWt, We andWi val-
ues in the 4s–5p transition. In this paper we are presenting
the measured Stark broadening parameters of the 415.86 nm,
416.42 nm, 419.83nm, 420.07nm and 426.63nm Ar spectral
lines (in the 4s–5p transition) at about 16 000 K electron tem-
perature and at about 7.0× 1022 m−3 electron density. The used
T values are typical for many cosmic light sources. On the basis
of the observed Ar line profile asymmetry, the characteristics
of the ion contribution to the total StarkFWHM(Wt), expressed
as a function of the ion contribution parameter (A) and ion-
dynamical effect (D) have also been obtained. As an optically
thin plasma source we have used a linear, low-pressure, pulsed
arc operated in three various discharge conditions. OurWt, We,
Wi andA values have been compared to all available theoretical
and experimental Stark broadening parameters.

2. Theoretical background and deconvolution
procedure

The total line StarkFWHM (Wt) is given as

Wt =We+Wi , (1)

whereWe and Wi are the electron and ion contributions, re-
spectively. For a non-hydrogenic, isolated neutral atom line the
ion broadening is not negligible and the line profiles are de-
scribed by an asymmetricK function (see Eq. (6)). The total
Stark width (Wt) may be calculated from the equation (Griem
1974; Barnard et al. 1974; Kelleher 1981):

Wt ≈We [1 + 1.75AD(1− 0.75R)] , (2)

where

R=
6

√
36πe6N
(kT)3

, (3)

is the ratio of the mean ion separation to the Debye length.
N and T represent electron density and temperature, respec-
tively. A is the quasi-static ion broadening parameter (see
Eq. (224) in Griem 1974) andD is a coefficient of the ion-
dynamical contribution with the established criterion:

D =
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where
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)2/3
√
µ

Tg[K]
< 1; (5)

is the factor with atom-ion perturber reduced massµ (in amu)
and gas temperatureTg. WhenD = 1 the influence of the ion-
dynamic is negligible and the line shape is treated using the
quasi-static ion approximation, described by Milosavljevi´c &
Poparić (2001, and references therein):

K(λ) = Ko + Kmax
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)2
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dt. (6)

HereKo is the baseline (offset) andKmax is the maximum in-
tensity (forλ = λo) (Milosavljević & Poparić 2001).HR(β)
is an electric microfield strength distribution function of nor-
malized field strengthβ = F/Fo, whereFo is the Holtsmark
field strength.A (α = A4/3) is the static ion broadening pa-
rameter and is a measure of the relative importance of ion and
electron broadenings.R is the ratio of the mean distance be-
tween the ions to the Debye radius (see Eq. (3)), i.e. the Debye
shielding parameter andWe is the electron width (FWHM) in
the jA,R profile (Griem 1974).

For the purpose of the deconvolution iteration process we
need to know the value ofK (Eq. (6)) as a function ofλ for
every group of parameters (Kmax, λo, We, WG, R, A). WG is de-
fined in Eq. (2.3) of Milosavljevi´c & Poparić (2001). The used
numerical procedure for solution of Eq. (6) is described in ear-
lier publications (Milosavljevi´c & Poparić 2001; Milosavljević
2001; Milosavljević & Djeniže 2002a).

From Eqs. (1–6) it is possible to obtain the plasma param-
eters (N and T) and the line broadening characteristics (Wt,
We, Wi , A andD). One can see that the ion contribution, ex-
pressed in terms of theA andD parameters directly determine
the ion width (Wi ) component in the total Stark width (Eqs. (1)
and (2)).

This sophisticated deconvolution method, which allows di-
rect determination of all six parameters by fitting the theoretical
K-profile (6) to experimental data, requires a sufficient number
of experimental points per line, and small statistical errors. The
upper limits of numerical conditionality of this method are a
minimum of twenty experimental points per line (within the
range−3/2We + λo < λ < +3/2We + λo), and maximal sta-
tistical indeterminacy in intensity is 5% at every experimental
point. Poor experimental measurements weaken the condition-
ality of the system of equations, and lead to non-applicability
of this method. This has been concluded by testing the sensitiv-
ity of the algorithm by generating random statistical noise with
Gaussian distribution in every point convolved by theoretical
profiles. The fitting procedure with theK–convolution integral
has also been tested using another set of experimental data (see
Milosavljević & Djeniže 2002a,b,c). TheK convolution inte-
gral is used for the analysis of our new data for many spectral
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Table 1. Various discharge conditions:C-bank capacity (inµF), U-bank voltage (in kV),H-plasma length (in cm),Φ-tube diameter (in mm),
P-filling pressure (in Pa).Nexp (in 1022 m−3) andTexp (in 103 K) denote experimental electron density and temperature, respectively obtained at
a moment when the line profiles were analyzed.ND (in 1022 m−3) andTD (in 103 K) represent averaged electron density and averaged electron
temperature obtained by using our line deconvolution procedure (Milosavljevi´c & Poparić 2001).

Working gases Exp. C U H Φ P Nexp ND Texp TD

72% Ar+ 28% He a 14 1.5 7.2 5 133 6.7 ± 7% 6.9 ± 12% 15.6 ± 11% 15.8 ± 12%

97% Ar+ 3% H2 b 14 1.5 7.2 5 67 7.0 ± 7% 7.3 ± 12% 16.0 ± 11% 16.2 ± 12%

97% Ar+ 3% H2 c 14 1.5 7.2 5 133 7.1 ± 7% 7.4 ± 12% 16.2 ± 11% 16.5 ± 12%

lines of neutral rare gases. By comparing the different spec-
tral lines obtained under the same plasma conditions, we tested
the physical stability of the deconvolution procedure. The ob-
tained parameters, which are tied to plasma conditions, such
asT andN, are independent from the analyzed lines. Our calcu-
lated values of temperature from each spectral line and values
obtained by Boltzmann and Saha equations are in very good
agreement, within±7%. The electron density calculated from
each spectral line shows even better agreement with the values
measured by interferometry, the agreement being within±5%.

Taking into account the uncertainties of the line profile
measurements and above mentioned, we estimate errors±12%
for theWe andWi , ±15% for theA parameter and±20% forD.

3. Experiment

The modified version of the linear low pressure pulsed arc
(Djeniže et al. 1991, 1998, 2002; Milosavljevi´c et al. 2000,
2001) has been used as a plasma source. Pulsed discharge
was performed in a quartz discharge tube. The working gases
were helium-argon (28% He+ 72% Ar) and hydrogen-argon
(3% H2 + 97% Ar) mixtures. The used tube geometry and cor-
responding discharge conditions are presented in Table 1.

The spectroscopic observation of spectral lines has been
made end-on along the axis of the discharge tube.

The line profiles were recorded by a step-by-step technique
using a photomultiplier (EMI 9789 QB and EMI 9659B) and
a grating spectrograph (Zeiss PGS-2, reciprocal linear disper-
sion 0.73 nm mm−1 in the first order) system. The instrumental
FWHM of 8 pm was obtained by using narrow spectral lines
emitted by the hollow cathode discharge. The spectrograph exit
slit (10µm) with the calibrated photomultipliers was micromet-
rically traversed along the spectral plane in small wavelength
steps (7.3 pm). The averaged photomultiplier signal (five shots
in each position) was digitized using an oscilloscope, interfaced
to a computer.

Plasma reproducibility was monitored by the Ar and
Ar  line radiation and, also, by the discharge current using a
Rogowski coil signal (it was found to be within±5%).

The used deconvolution procedure in its details is described
in Milosavljević & Poparić (2001) and Milosavljevi´c (2001).
It includes a new advanced numerical procedure for decon-
volution of theoretical asymmetric convolution integral of a
Gaussian and a plasma broadened spectral line profilejA,R(λ)
for spectral lines. This method gives complete information on
the plasma parameters from a single recorded spectral line.

The method determines all broadening (Wt, We, Wi , A andD)
and plasma parameters (N and T) self-consistently and di-
rectly from the shape of spectral lines without any assump-
tions or prior knowledge, making it useful in astrophysics. All
one needs to know is the instrumental width of the spectrom-
eter. The measured profiles are the results of convolution with
the Lorentzian Stark and Gaussian profiles caused by Doppler
and instrumental broadening (Griem 1974). Van der Waals
and resonance broadenings (Griem 1974) were estimated to be
smaller by more than an order of magnitude in comparison to
Stark, Doppler and instrumental broadenings. The deconvolu-
tion procedure was computed using the least Chi-square func-
tion (Milosavljević & Poparić 2001).

The absence of self-absorption was checked using the
method presented in Djeniˇze & Bukvić (2001).

The plasma parameters were determined independently
using standard diagnostics methods. Thus, the electron tem-
perature was determined from the ratios of the relative line in-
tensities of seven Ar spectral lines (415.859nm, 416.418nm,
419.103nm, 419.832nm, 420.067nm, 425.936nm and
426.627nm) to the five Ar spectral lines (335.093nm,
420.197nm, 426.653nm, 487.986nm, 488.903nm) with
an estimated error of±11%, assuming the existence of LTE
(Griem 1974). The necessary atomic data have been taken from
NIST (2002). The electron density decay was measured using
a well-known single wavelength He-Ne laser interferometer
technique for the 632.8 nm transition with an estimated error
of ±7%. The electron densities (Nexp) and temperatures (Texp),
obtained at the moment when the line profiles were analyzed,
are presented in Table 1 together with theND andTD values
obtained using the deconvolution procedure.

4. Results and discussion

The measuredNexp and Texp decays are presented in Fig. 1
together with the averagedND andTD values obtained using
the line profile deconvolution procedure for five Ar lines. One
can conclude that the agreement amongTexp andTD values is
excellent (within 3% on average in the three plasmas investi-
gated). This fact confirms the homogeneity of the investigated
plasmas in the linear part of our light source (see Fig. 1 in
Djeniže et al. 1998). In the case of the electron density, the
situation is similar. The agreement among the two sets of the
electron density decays (Nexp andND) is within the experimen-
tal accuracy of±7% and uncertainties (±12%) of the results
obtained with the deconvolution procedure.



400 V. Milosavljević and S. Djeniˇze: Astrophysical plasma diagnostics through analysis of Ar line shape characteristics

Fig. 1.Electron temperature (T) and density (N) decays. Full lines represent measured data using independent experimental techniques. Dashed
lines represent plasma parameters obtained using our line deconvolution procedure in various plasmas (see a, b and c in Table 1). Error bars
represent estimated accuracies of the measurements (±11% and±7% for T andN, respectively) and deconvolutions (±12%).

The plasma broadening parameters (Wexp
t , Wexp

e , Wexp
i ,

Aexp, Dexp) obtained using our deconvolution procedure of the
recorded line profiles at measuredNexp and Texp values are
presented in Table 2 together with those of other authors.
Theoretical (Griem 1974) predictions (index G) of theWe

and A are also given. For the normalization of theAG values
to our electron density the well-knownN1/4 numerical fac-
tor (Griem 1974) was used.

In order to make the comparison among the mea-
sured (Wexp

t ) and calculated (WG
t ) total (electron+ ion) width

values easier, the dependence of the ratioWexp
t /W

G
t on the elec-

tron temperature is presented graphically in Figs. 2 and 3.
The WG

t (Griem 1974) values are calculated using Eq. (226)
from Griem (1974).

Our broadening parameters (Wexp
t ) represent the first mea-

sured values at electron temperatures higher than 14 000 K.
The comparison of ourWexp

t , Wexp
e and Aexp values with

uniquely theoretical data (Griem 1974) was possible for only
two transitions. Thus, in the case of the 419.832nm Ar spec-
tral line Griem’s (1974) theoreticalWG

t values are about twice

as high as the experimentalWexp
t values (see Fig. 2). Also,

the WG
e values are about twice as high as ourWexp

e values.
We think that the discrepancy between measured and theoret-
ical values indicates that the atomic data used for calculations
(Griem 1974) were unreliable. Our ion broadening parame-
ters (Aexp) overvalue the theoretical (AG) values by about 26%
and are multiplied 1.3–1.6 times with the ion-dynamical ef-
fect, depending on the discharge conditions. In the case of
the 420.068nm Ar line all experimentalWexp

t values lie be-
low Griem’s (1974) values by about 20% on average (see
Fig. 3). OurWexp

e values are about 20% smaller than the the-
oreticalWG

e data. Our ion broadening parameters (Aexp) over-
value for about 65% the theoretical (AG) values and are mul-
tiplied 1.3–1.6 times with the ion-dynamical effect, depending
on the discharge conditions. Generally, the electron contribu-
tion to the total Stark width found experimentally is about 85%
(on average) at about 16 000 K electron temperature.

It turns out thatAexp values obtained by Jones et al.
(1986, 1987) and Hahn & Woltz (1990) for the 415.86nm
line agree well with ours. In the case of the 416.42nm line,
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Table 2. The Ar line broadening characteristics. Measured: total StarkFWHM (Wexp
t in pm within ±12% accuracy), electron Stark width

(Wexp
e in pm within±12% accuracy), ion Stark width (Wexp

i in pm within±12% accuracy), static ion broadening parameter (Aexp, dimensionless
within ±15% accuracy) and ion-dynamic coefficient (Dexp, dimensionless within±20% accuracy) at measured electron temperature (Texp

in 103 K) and electron density (Nexp in 1022 m−3). Ref represents the values given in this work (Tw) and those used from other authors:
KM, Kusz & Mazur (1996); B, Bues et al. (1969); G, Gericke (1961); J, Jones et al. (1986); HW, Hahn & Woltz (1990); A, Aparicio et al.
(1998); P, Powell (1969); MM, Musielok et al. (1976); JP, Jones et al. (1987); M, Musielok (1994); Ch, Chapelle et al. (1967); Gr, Griem
(1962). The index G denote theoretical data taken from Griem (1974) at a givenT andN.

Multiplet λ (nm) Texp Nexp Wexp
t Wexp

e Wexp
i Aexp Dexp Ref. WG

e AG

[3/2]o1 − [1/2]o 419.83 15.6 6.7 130 112 18 0.143 1.347 Tw 223 0.113
16.0 7.0 137 117 20 0.145 1.656 Tw 235 0.114
16.2 7.1 139 119 20 0.145 1.649 Tw 239 0.114
11.1 0.4 3.3 KM
12.4 7.3 120 B
14.0 1.0 23 G

[3/2]o2 − [3/2]2 415.86 15.6 6.7 132 114 18 0.143 1.332 Tw
16.0 7.0 139 119 20 0.146 1.638 Tw
16.2 7.1 143 122 21 0.147 1.624 Tw
11.9 6.2 121 0.127 J
11.9 6.2 112 0.125 HW
13.5 10.0 246 A
12.7 9.4 173 B
11.4 4.6 110 G
14.0 1.0 18.3 P
12.5 9.2 190 MM
11.9 6.2 123 0.127 JP
13.4 4.5 107 M

[3/2]o2 − [3/2]1 416.42 15.6 6.7 126 109 17 0.140 1.357 Tw
16.0 7.0 134 115 19 0.142 1.664 Tw
16.2 7.1 134 115 19 0.142 1.663 Tw
11.9 6.2 97 0.196 HW
13.8 14.5 332 Ch
11.1 0.4 3.7 KM
12.7 9.4 171 B
11.4 4.6 100 G
14.0 1.0 18.1 P
10.6 2.6 59.6 MM
11.5 5.1 96 M

[3/2]o1 − [3/2]2 426.63 15.6 6.7 127 110 27 0.132 1.380 Tw
16.0 7.0 130 113 27 0.132 1.712 Tw
16.2 7.1 136 118 28 0.134 1.689 Tw
11.9 6.2 126 0.076 HW
11.4 4.6 110 G
14.0 1.0 17.9 P
12.6 9.9 240 M

[3/2]o2 − [5/2]3 420.07 15.6 6.7 138 119 19 0.140 1.325 Tw 153 0.085
16.0 7.0 143 123 20 0.142 1.636 Tw 162 0.085
16.2 7.1 147 126 21 0.142 1.624 Tw 165 0.085
13.8 14.5 324 Ch
11.1 0.4 2.8 KM
12.7 9.4 155 B
11.4 4.6 100 G
12.6 9.2 180 GR
13.4 4.5 94 M
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Fig. 2. Ratios of the experimental total StarkFWHM (Wexp
t ) to the

theoretical (WG
t ) predictions (Griem 1974) vs. electron temperature

for λ = 419.832 nm.©, ♦, ∇ and4 represent our experimental data
and those from Kusz & Mazur (1996), Bues et al. (1969) and Gericke
(1961), respectively.

Fig. 3.Ratios of the experimental total StarkFWHM (Wexp
t ) to the the-

oretical (WG
t ) predictions (Griem 1974) vs. electron temperature for

λ = 420.068 nm.©, ut, ♦, ∇, 4, * and+ represent our experimental
data and those from Chapelle et al. (1967), Kusz & Mazur (1996),
Bues et al. (1969), Gericke (1961), Griem (1962) and Musielok
(1994), respectively.

Hahn & Woltz (1990) have foundAexp higher than ours (see
Table 2). Direct comparison of ourWexp

t values with other ex-
perimental data for the 415.86 nm, 416.42nm and 426.63nm
lines is impossible, because of the various plasma conditions
in the experiments. But, taking into account the approximative
normalization factor (Wt/N) we have found a tolerable scatter
for the mentioned transitions amongWt/N experimental values
(within 15%–38%). The only exceptions are very lowWt val-
ues from Kusz & Mazur (1996) which are about twice as small
as ours and theWt/N values of other authors.

5. Conclusion

It is shown that the line deconvolution procedure described
by Milosavljević & Poparić (2001), applied to Ar line
profiles, gives convenient plasma parameters (N and T) at
about 16 000 K electron temperature and 7× 1022 m−3 elec-
tron density. We recommend this method for plasma diagnostic
purposes for the case of optically thin plasmas.

We have found clear influence of the quasi-static ion and
ion-dynamical effects on the investigated spectral line shapes.
They play a much more important role than the semiclassi-
cal theory provides. The observed ion-dynamical effect, at our
plasma conditions, multiplies the quasi-static ion contribution
by up to a factor of 1.6. This is of importance for the use
of these Ar lines for astrophysical plasma modeling or for
diagnostics.

Acknowledgements.This work is a part of the project “Determination
of the atomic parameters on the basis of the spectral line profiles”
supported by the Ministry of Science, Technologies and Development
of the Republic of Serbia. S. Djeniˇze is grateful to the Foundation
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