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Abstract. On the basis of five accurately recorded neutral argon)(ire shapes (in the 4s—5p transition) we have recovered

the basic plasma parameters i.e. electron temperafyien@ electron densityN) using our new line deconvolution procedure in

the case of three flerent 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 parameiadiN) are not possible. On the basis of the observed
asymmetry of the Stark broadened line profile we have obtained not only its ion broadening parAnetecl{ is caused by

the influence of the ion microfield on the line broadening mechanism but also the influence of the ion-dynfiedtd))eon

the line shape. The separate electidf)(and ion V) 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.

Key words. plasmas — line: profiles — atomic data

1. Introduction temperature T°) and electron densityNP) have been ob-

h  th | i has b tained, using our line deconvolution procedure, in the case of
e presence of the neutral argon (pspectral lines has €€MNihree diferent plasmas created in a linear, low-pressure, pulsed

discovered in various cosmic light sources in the last few yeags,. discharge in helium-argon and hydrogen-argon mixtures.
Recently, Weaver et al. (2002) have referred to the presencergly,\ knowledge, our results of tHeandN values have been
Art lines in the spectra of long-period comets. ThetAb- 0 st hublished data obtained directly from the line pro-
sorption lines have been detected in the spectra of the quagar,qing a deconvolution procedure. Plasma parameters have
Q0347-3819 (Levshakov et al. 2002) and PG 125893 15, pheen measured P and N&F) using independent, well-
(Richter et al. 2001). In the studies by Friedman et al. (200@10\,\,”' experimental diagnostical techniques. Excellent agree-
Jenkins etal. (2000), Kruk etal. (2002) and Lehner etal. (2002}t has been found within the two sets of the obtained pa-
the absorptions in the Arlines were presented. Argon is de'rameters'['D and Te®: andNP and N®®). This recommends
tected in the spectrum of the damped,Lsystem of IZw 18 ;- qeconvolution procedure for plasma diagnostical purposes,

(Levshakov et al. 2001). Mallouris et al. (2001) refer t0 thggyacially in astrophysics where direct measurements of the
presence of Arlines in the spectrum of the Wolf-Rayet binary,

h h i h : glasma parameter3 (@andN) are not possible. The method is
SK 108. Thus, the Ar spectral line shapes represent Impoty,jicapie for optically thin plasmas. For the optically thick

tant sources of information about the physical conditions in tﬁ%
place of birth of the radiation, especially since the launch of t ak asymmetry of the spectral line profile caused by self-
Hubble space telescope. absorption.

In our work we applied our line deconvolution proce- _ - _
dure (Milosavljeve & Popart 2001) to five precisely recorded  In plasmas with electron densities higher tharf' @2,

Ar1 line profiles. The basic plasma parameters, i.e. electrofiere the Stark féect begins to play an important role in
the Art spectral line broadening, the Stark broadening char-

Send gprint requests toV. Milosavljevic, acteristics can also be used for plasma diagnostical purposes.
e-mail:vladimir@ff.bg.ac.yu However, the existing experimental ArStark width data

smas the situation is more complicated because of very
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(Lesage & Fuhr 1999; NIST 2002; Konjevét al. 2002, and where

references therein) present only the sum of the electWd) ( .

and ion {\) contributions to the total Stark width¢) without g = a1/3%-03x 107" We[nm] (N[m‘3])2/3 | _ 1, (5
any possibility for their separation. TN& andW; Ar I values (A[nm])? TolK] 7
presented here are the first data, in this field, separated frorrtlh fact ith atorm-i turb duced :

the measured total Stark width by using the line deconvolj- 1€ factor with atom-1on perturber reduce masimn amu)

tion procedure described by Milosavljev& Popart (2001) gngagrﬁisctgmn%erﬁ‘tg% szi?][e) Ii:n; ;hhea'néllij:rt]feea?;éhjs'i?ln' the
which have already been applied for someiHBle1, Ar1 y glg P 9

and K1 lines (Milosavljevi & Djenize 2002a,b,c, 2003). A Guasi-static ion approximation, described by Milosavtesi

significant number of experimental studies have been dedicaFt)é)(Parc (2001, and references therein).

to the Art total StarkFWHM (full-width at half intensity maxi- 00
mum,W,) investigations of the 4s—5p transition. However, onl{f(4) = Ko + Kmax f exp(-t?)
one study (Griem 1974) contains theoretidgl W, andW; val- -

ues in the 4s-5p transition. In this paper we are presentin

the measured Stark broadening parameters of the 415.86 gm, ” Hr(8) ds| . (6)
416.42nm, 419.83nm, 420.07 nm and 426.63 nm gyrectral 0 24_40_;5% , 2
lines (in the 4s—5p transition) at about 16 000 K electron tem We —ap

perature and at about’x 10°? m~3 electron density. The used

T values are typical for many cosmic light sources. On the baki§re Ko is the baseline (@set) andKmax is the maximum in-

of the observed Arline profile asymmetry, the characteristicgensity (ford = 1o) (Milosavljevic & Popart 2001).Hg(3)

of the ion contribution to the total StaFRWHM (W,), expressed is an electric microfield strength distribution function of nor-
as a function of the ion contribution parameté) éind ion- Mmalized field strengti$ = F/Fo, whereF, is the Holtsmark
dynamical &ect (D) have also been obtained. As an opticallfield strength. A (o = A%3) is the static ion broadening pa-
thin plasma source we have used a linear, low-pressure, puleg@eter and is a measure of the relative importance of ion and
arc operated in three various discharge conditions \@uv\,, €lectron broadening® is the ratio of the mean distance be-
W andA values have been compared to all available theoretid¢@ieen the ions to the Debye radius (see Eqg. (3)), i.e. the Debye

and experimental Stark broadening parameters. shielding parameter andk is the electron widthKWHM) in
the jar profile (Griem 1974).
2. Theoretical background and deconvolution For the purpose of the deconvolution iteration process we
procedure need to know the value df (Eqg. (6)) as a function of for
every group of parameterkax Ao, We, Wi, R, A). Wg is de-
The total line StarlEWHM (W) is given as fined in Eq. (2.3) of Milosavlje\d'& Popart (2001). The used
Wi = We + W, (1) numerical procedure for solution of Eq. (6) is described in ear-

lier publications (Milosavljews’& Popartc 2001; Milosavljeve
%301; Milosavljeve & Djenize 2002a).

From Eqgs. (1-6) it is possible to obtain the plasma param-
rs N and T) and the line broadening characteristit¥;,(
We, Wi, A andD). One can see that the ion contribution, ex-
nﬁBressed in terms of th& andD parameters directly determine
the ion width M) component in the total Stark width (Egs. (1)

whereW, andW, are the electron and ion contributions, re
spectively. For a non-hydrogenic, isolated neutral atom line t
ion broadening is not negligible and the line profiles are dgfe
scribed by an asymmetri€ function (see Eq. (6)). The total
Stark width (M) may be calculated from the equation (Grie
1974; Barnard et al. 1974, Kelleher 1981):

W, ~ We [1 + 1.75AD(1 - 0.75R)] (2) and (2)).
where This sophisticated deconvolution method, which allows di-
rect determination of all six parameters by fitting the theoretical
_ 36re’N (3) K-profile (6) to experimental data, requires &®ient number
\ (kT3 of experimental points per line, and smalll statistical errors. The

is the ratio of the mean ion separation to the Debye lengt2per limits of numerical conditionality of this method are a
N and T represent electron density and temperature, respgtinimum of twenty experimental points per line (within the
tively. A is the quasi-static ion broadening parameter (sé&nge—3/2We + Ao < 4 < +3/2We + 1o), and maximal sta-

Eq. (224) in Griem 1974) an® is a codiicient of the ion- tistical indeterminacy in intensity is 5% at every experimental

dynamical contribution with the established criterion: point. Poor experimental measurements weaken the condition-
136 ality of the system of equations, and lead to non-applicability
=——" B for of this method. This has been concluded by testing the sensitiv-
1.75(1- 0.75R) . ; . o . :
3 ity of the algorithm by generating random statistical noise with
B < 136 . Gaussian distribution in every point convolved by theoretical
1.75(1-0.75R) ] ’ profiles. The fitting procedure with tHé—convolution integral
or has also been tested using another set of experimental data (se

1.75(1- 0.75R) ) gral is used for the analysis of our new data for many spectral

D-1 for B> ( 1.36 )3 Milosavljevié & Djenize 2002a,b,c). Th& convolution inte-
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Table 1. Various discharge condition§€-bank capacity (inF), U-bank voltage (in kV)H-plasma length (in cm)p-tube diameter (in mm),
P-filling pressure (in PaN®® (in 10?2m~3) andT*® (in 10° K) denote experimental electron density and temperature, respectively obtained at
a moment when the line profiles were analyzs8.(in 1072 m=%) andTP (in 10° K) represent averaged electron density and averaged electron
temperature obtained by using our line deconvolution procedure (MilosavBeRidpart 2001).

Working gases Exp. C U H & P Nexp NP Texp D

72% Ar + 28% He a 14 15 72 5 133 B£7% 69+12% 156+11% 158+ 12%
97% Ar+ 3% H, b 14 15 72 5 67 D+x7% 73+x12% 160+11% 162+ 12%
97% Ar+ 3% H, c 14 15 72 5 133 1x7% 74+12% 162+11% 165+ 12%

lines of neutral rare gases. By comparing thedent spec- The method determines all broadenivg(We., Wi, A andD)

tral lines obtained under the same plasma conditions, we tested plasma parameterdl (and T) self-consistently and di-

the physical stability of the deconvolution procedure. The obectly from the shape of spectral lines without any assump-
tained parameters, which are tied to plasma conditions, sumns or prior knowledge, making it useful in astrophysics. All
asT andN, are independent from the analyzed lines. Our calcane needs to know is the instrumental width of the spectrom-
lated values of temperature from each spectral line and vale¢sr. The measured profiles are the results of convolution with
obtained by Boltzmann and Saha equations are in very gabd Lorentzian Stark and Gaussian profiles caused by Doppler
agreement, withire7%. The electron density calculated fromand instrumental broadening (Griem 1974). Van der Waals
each spectral line shows even better agreement with the valaed resonance broadenings (Griem 1974) were estimated to be
measured by interferometry, the agreement being withits. smaller by more than an order of magnitude in comparison to

Taking into account the uncertainties of the line profil8tark, Doppler and instrumental broadenings. The deconvolu-
measurements and above mentioned, we estimate ert@fé tion procedure was computed using the least Chi-square func-
for theW, andW;, +15% for theA parameter and20% forD. tion (Milosavljevi¢ & Popart 2001).

The absence of self-absorption was checked using the
method presented in Djere & Bukvi¢ (2001).

The plasma parameters were determined independently
The modified version of the linear low pressure pulsed ausing standard diagnostics methods. Thus, the electron tem-
(DjeniZe et al. 1991, 1998, 2002; Milosavljevét al. 2000, perature was determined from the ratios of the relative line in-
2001) has been used as a plasma source. Pulsed discht@mgities of seven Arspectral lines (415.859nm, 416.418 nm,
was performed in a quartz discharge tube. The working ga€d®.103nm, 419.832nm, 420.067nm, 425.936nm and
were helium-argon (28% He 72% Ar) and hydrogen-argon426.627nm) to the five Am spectral lines (335.093nm,
(3% H, + 97% Ar) mixtures. The used tube geometry and cof20.197nm, 426.653nm, 487.986nm, 488.903nm) with
responding discharge conditions are presented in Table 1. an estimated error a£11%, assuming the existence of LTE

The spectroscopic observation of spectral lines has bd&fiem 1974). The necessary atomic data have been taken from
made end-on along the axis of the discharge tube. NIST (2002). The electron density decay was measured using

The line profiles were recorded by a step-by-step technicuevell-known single wavelength He-Ne laser interferometer
using a photomultiplier (EMI 9789 QB and EMI 9659B) andechnique for the 632.8 nm transition with an estimated error
a grating spectrograph (Zeiss PGS-2, reciprocal linear dispef<7%. The electron densitieslf*”) and temperature3d {*®),
sion 0.73 nmmmt in the first order) system. The instrumentapbtained at the moment when the line profiles were analyzed,
FWHM of 8 pm was obtained by using narrow spectral line&e presented in Table 1 together with K8 and T values
emitted by the hollow cathode discharge. The spectrograph étained using the deconvolution procedure.
slit (10um) with the calibrated photomultipliers was micromet-
rically traversed along the spectral plane in small wavelength : .
steps (7.3 pm). The averaged photomultiplier signal (five sho SReSUItS and discussion
in each position) was digitized using an oscilloscope, interfac&tdle measured®® and T®*® decays are presented in Fig. 1
to a computer. together with the averaged® and TP values obtained using

Plasma reproducibility was monitored by the 1Aand the line profile deconvolution procedure for five Aines. One
Ar 11 line radiation and, also, by the discharge current usingcan conclude that the agreement am®®¥ and TP values is
Rogowski coil signal (it was found to be withib%). excellent (within 3% on average in the three plasmas investi-

The used deconvolution procedure in its details is describgated). This fact confirms the homogeneity of the investigated
in Milosavljevi¢ & Popart (2001) and Milosavljewi’(2001). plasmas in the linear part of our light source (see Fig. 1 in
It includes a new advanced numerical procedure for decddjeniZze et al. 1998). In the case of the electron density, the
volution of theoretical asymmetric convolution integral of aituation is similar. The agreement among the two sets of the
Gaussian and a plasma broadened spectral line pjafdel) electron density decaysIf*® andNP) is within the experimen-
for spectral lines. This method gives complete information dal accuracy of=7% and uncertainties:(12%) of the results
the plasma parameters from a single recorded spectral liabtained with the deconvolution procedure.

3. Experiment
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Fig. 1. Electron temperaturd ) and density ) decays. Full lines represent measured data using independent experimental techniques. Dast
lines represent plasma parameters obtained using our line deconvolution procedure in various plasmas (see a, b and c in Table 1). Errc
represent estimated accuracies of the measuremeht84 and+7% for T andN, respectively) and deconvolutions}2%).

The plasma broadening parametews{ ", We'®, W®®, as high as the experimental™ values (see Fig. 2). Also,
AS® D®P) optained using our deconvolution procedure of thibe WS values are about twice as high as ME® values.
recorded line profiles at measur&$® and T®*P values are We think that the discrepancy between measured and theoret-
presented in Table 2 together with those of other authoisal values indicates that the atomic data used for calculations
Theoretical (Griem 1974) predictions (index G) of the (Griem 1974) were unreliable. Our ion broadening parame-
and A are also given. For the normalization of thA&€ values ters (A®*) overvalue the theoreticahf) values by about 26%
to our electron density the well-knowN'4 numerical fac- and are multiplied 1.3-1.6 times with the ion-dynamical ef-
tor (Griem 1974) was used. fect, depending on the discharge conditions. In the case of

In order to make the comparison among the metie 420.068 nm Ar line all experimenta\/\/te"p values lie be-
sured W"*) and calculatedW®) total (electron+ ion) width low Griem’s (1974) values by about 20% on average (see
values easier, the dependence of the Mfif/WE on the elec- Fig. 3). OurWg * values are about 20% smaller than the the-
tron temperature is presented graphically in Figs. 2 and @etical WS data. Our ion broadening parametef§<) over-
TheV\/tG (Griem 1974) values are calculated using Eq. (226alue for about 65% the theoreticalS) values and are mul-
from Griem (1974). tiplied 1.3-1.6 times with the ion-dynamicdtect, depending

Our broadening parametel/{®) represent the first mea-on the discharge conditions. Generally, the electron contribu-
sured values at electron temperatures higher than 14 000 K tion to the total Stark width found experimentally is about 85%

The comparison of ou®, WE® and AP values with (on average) at about 16 000 K electron temperature.
uniquely theoretical data (Griem 1974) was possible for only It turns out thatA®P values obtained by Jones et al.
two transitions. Thus, in the case of the 419.832 nm gpec- (1986, 1987) and Hahn & Woltz (1990) for the 415.86nm
tral line Griem’s (1974) theoreticali® values are about twice line agree well with ours. In the case of the 416.42nm line,
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Table 2. The Art line broadening characteristics. Measured: total SEMHM (WS in pm within +12% accuracy), electron Stark width
(WE® in pm within +12% accuracy), ion Stark WidtN\(eXp in pm within +12% accuracy), static ion broadening parame?&f’( dimensionless

within £15% accuracy) and ion-dynamic dheient (D®*P, dimensionless withinrt20% accuracy) at measured electron temperaftifé (

in 1¢° K) and electron densityN®® in 10?2 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 aDiaadN.

Multiplet A(nm) TP NSP WPP WP WP a=e pe® Ref. WS AC
[3/2]9-[1/2], 419.83 156 6.7 130 112 18 0.143 1347 Tw 223 0.113
160 7.0 137 117 20 0145 1656 Tw 235 0.114
162 71 139 119 20 0145 1649 Tw 239 0.114
111 04 33 KM
124 73 120 B
140 10 23 G
[3/2]9-[3/2], 415.86 156 6.7 132 114 18 0.143 1332 Tw
160 7.0 139 119 20 0.146 1.638 Tw
16.2 71 143 122 21 0147 1624 Tw
119 6.2 121 0.127 J
119 62 112 0.125 HW
135 10.0 246 A
127 94 173 B
11.4 46 110 G
140 1.0 183 P
125 9.2 190 MM
119 6.2 123 0.127 JP
13.4 45 107 M
[3/219-[3/2]; 416.42 156 6.7 126 109 17 0.140 1.357 Tw
160 7.0 134 115 19 0.142 1664 Tw
162 71 134 115 19 0142 1663 Tw
119 6.2 97 0.196 HW
13.8 145 332 Ch
111 04 37 KM
127 94 171 B
11.4 46 100 G
140 1.0 181 P
106 2.6 59.6 MM
115 51 96 M
[3/2]9-[3/2], 426.63 156 6.7 127 110 27 0132 1380 Tw
160 7.0 130 113 27 0.132 1712 Tw
162 7.1 136 118 28 0.134 1.689 Tw
119 6.2 126 0.076 HW
11.4 46 110 G
140 1.0 17.9 P
126 9.9 240 M
[3/2]9-[5/2]; 420.07 156 6.7 138 119 19 0140 1325 Tw 153 0.085
160 7.0 143 123 20 0142 1636 Tw 162 0.085
162 7.1 147 126 21 0.142 1.624 Tw 165 0.085
13.8 145 324 Ch
111 04 238 KM
12.7 9.4 155 B
114 46 100 G
126 9.2 180 GR
134 45 94 M
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5. Conclusion
o Arl 419.832 nm , _ _ ,
s It is shown that the line deconvolution procedure described
] Q\ by Milosavljevié & Popart (2001), applied to Ar line
124 & _ profiles, gives convenient plasma parametédsand T) at
| = about 16000 K electron temperature anc 70°2m~3 elec-
104 tron density. We recommend this method for plasma diagnostic
] purposes for the case of optically thin plasmas.
0.8 We have found clear influence of the quasi-static ion and
] ion-dynamical €ects on the investigated spectral line shapes.
064 A They play a much more important role than the semiclassi-
] v e} cal theory provides. The observed ion-dynamidide, at our
04 v plasma conditions, multiplies the quasi-static ion contribution
] by up to a factor of 1.6. This is of importance for the use
024 ¢ 3 of these Ar lines for astrophysical plasma modeling or for
TN diagnostics.
0.0 T T T T T T T T T T [ 0 K]
0 4 8 12 16 20
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