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Abstract

We investigate the Stark widths (W) and the shift (d), of the seven neutral argon (Ar I) spectral lines from the 4s–4p and 4s–4pV transitions.
The line shapes are measured in a linear, low-pressure, optically thin pulsed arc discharge at about 16000 K electron temperature (T) and about

7.0�1022 m�3 electron density (N). The new data separates the electron width (We) and ion width Wi from the total Stark width (Wt), as well the

separation of electron total Stark shift (dt) on electron (de) and ion (di) parts. There are no theoretical predictions for these lines. Comparison to

theoretical predictions for other lines within the same multiplets finds that the experimental data exhibits stronger influence by the ion contribution

to the measured Ar I line shape. We have also deduced the ion broadening parameters which describe the influence of the ion static (A) and the

ion–dynamical (D and E) effect on the width and the shift of the line shape.

Applying the line deconvolution procedure, the basic plasma parameters i.e. electron temperature (T) and electron density (N) are recovered.

The plasma parameters (T and N) are measured using independent diagnostics techniques as well. Good agreement is found among two sets of the

N and T plasma parameters obtained from deconvolution procedure and independent diagnostics techniques.

D 2005 Elsevier B.V. All rights reserved.

PACS: 32.70.Jz; 52.25.Ya; 52.70.�m

Keywords: Line shapes, widths, and shifts; Neutrals in plasmas; Plasma diagnostic techniques and instrumentation

1. Introduction

Argon is one of most frequently used gas in electrical

discharges in the last few years driven by the technological

applications of plasmas. Determination of plasma parameters

through analysis of argon emission would be a powerful tool.

In particular, the correlation of plasma internal state to the

measured spectral lines is important. Plasma-broadened and

shifted spectral line profiles have been used for a number of

years, as basis of a non-interfering plasma diagnostic tech-

nique. Numerous theoretical and experimental efforts have

been made to find solid and reliable basis for this application.

This technique became, in some cases, the most sensitive and

often the only possible plasma diagnostic tool. Stark broaden-

ing in plasmas is important to theoretical understanding as well

as for experimental methods, e.g. as a diagnostic tool.

The importance of Stark effects, width and shift is

investigated in many papers, i.e. recently in Refs. [1–8]. A

significant number of experimental studies [9–30] have been

dedicated to the investigation of the Ar I total Stark full-width

at half-intensity maximum (FWHM) (Wt) and total Stark shift

(dt) of the 751.465 nm, 763.511 nm and 772.376 nm spectral

lines from 4s–4p transition and 696.543 nm, 727.294 nm,

706.722 nm and 738.398 nm spectral lines from 4s–4pV
transition. However, to our knowledge, there are no theoretical

predictions for We, de and A values for these Ar I lines.

In this paper, we present the measured Stark width and shift

of seven (above mentioned) Ar I spectral line (in 4s–4p and

4s–4pV transitions) at plasma conditions of approximately

16000 K electron temperature and 7.0�1022 m�3 electron

density. Based on the observed Ar I line profile asymmetry, the

characteristics of the ion contribution to the total Stark FWHM

(Wt) and shift (dt), as expressed by the ion-static parameter (A)

and the ion–dynamical parameter (D and E) are obtained. The

optically thin plasma source used is a linear, low-pressure,

pulsed arc operated in three different discharge conditions. We

0584-8547/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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compare our Wt, We, Wi, dt, de, di and A values to available

experimental Stark broadening parameters and indirectly with

theory [31,32]. We want to point out that electron temperatures

used in our analysis are typical for many cosmic light sources,

laboratory and industrial plasmas.

The basic plasma parameters are obtained using the line

deconvolution procedure [33,34], i.e. electron temperature (TD)

and electron density (ND). This analysis is done for each of the

Ar I lines for both helium–argon and hydrogen–argon gas

mixtures, and three different discharge parameters. To our

knowledge, our results for the T and N are the first published

data obtained directly from the 751.465 nm, 763.511 nm,

772.376 nm, 696.543 nm, 727.294 nm, 706.722 nm and

738.398 nm Ar I line profiles, using a deconvolution procedure.

The same parameters are measured (Texp and Nexp) using

independent, well-known, experimental diagnostic techniques;

Good agreement is found between the two sets of the obtained

parameters (TD and Texp; and ND and Nexp). This method is

suitable for optically thin plasmas. For optically thick plasmas,

the situation is more complicated because of very weak

asymmetry of the spectral line profile caused by self-absorption.

All Ar I Stark width data presented in Refs. [35–37], refer

to the sum of the electron (We) and ion (Wi) contributions to the

total Stark width (Wt) and to the sum of the electron (de) and

ion (di) contributions to the total Stark shift (dt) without

estimating the contribution of electrons and ions separately.

The We, Wi, de and di Ar I values presented here are, to the

knowledge of the authors, the first data in the field, with the

separate ion and electron contributions evaluated from the

measured total Stark width and shift by using the line

deconvolution procedure described in Refs. [33,34]. This

method was successfully applied [6,38–46] to line profiles of

He I, Ne I and Kr I, as well for some other lines of Ar I.

2. Theoretical background and experiment

The total line Stark FWHM (Wt) and shift (dt) with the

corresponding electron We and de and ion Wi and d i
contributions are, respectively, given by:

Wt ¼ We þWi and dt ¼ de þ di: ð1Þ

In this way we distinguish between Wt, st and Wt, s + d and

also between dt, st and dt are total ‘‘static’’ Stark width and

shift, respectively. The ‘‘static’’ means semi-classical theory

[31,32]. The Wt, s + d. The Wt, st and dt, s + d; are total ‘‘static and

dynamic’’ [47] Stark width and shift, respectively.

The Wt, st, Wt, s + d, dt, st and dt, s + d can be calculated from

the equations[32,47]:

Wt; st ,We 1þ 1:75A 1� 0:75Rð Þ½ �
Wt; sþt ,We 1þ 1:75AD 1� 0:75Rð Þ½ �
dt; st ,We de=WeF2A 1� 0:75Rð Þ½ �
and

dt;sþd ,We de=WeF2AE 1� 0:75Rð Þ½ �

ð2Þ

where

R ¼ 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
36IpIe6IN

kTð Þ3

s
; ð3Þ

is the so-called Debye shielding parameter, i.e. the ratio of the

mean ion separation to the Debye radius, where k is the

Boltzmann constant and N and T represent the electron density

and temperature, respectively.

The applied deconvolution procedure is extensively de-

scribed in Refs. [33,34,44,48]. It includes an advanced

numerical procedure for deconvolution of theoretical asym-

metric convolution integral of a Gaussian and a plasma-

broadened spectral line profile jA;R(k). This method gives

complete information on the plasma parameters from a single

recorded spectral line. The method determines all broadening

(Wt, We, Wi, dt, de, di, A, D and E) and plasma parameters (N

and T) self-consistently and directly from the shape of spectral

lines without any assumptions or prior knowledge. All one

needs to know is the instrumental width of the spectrometer

when the spectrometer instrumental width is insignificant

compared with the width of any component into which the

line profile is separated. Otherwise, a deconvolution for the true

instrument function should be calculated as well. The measured

profiles are the results of convolution with the Lorentzian Stark

and Gaussian profiles caused by Doppler and instrumental

broadening [32]. van der Waals and resonance broadenings

Fig. 1. Experimental setup.
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[32] were calculated and was smaller by more than an order of

magnitude in comparison to Stark, Doppler and instrumental

broadenings. The deconvolution procedure was computed

using the least v2 function [33].

The scheme of our experimental setup is presented in Fig. 1.

The plasma source was modified version of the linear low

pressure pulsed arc [49–53]. The working gases are helium–

argon (28% He+72% Ar) and hydrogen–argon (3% H2+97%

Ar) mixtures. Discharges are formed in a quartz discharge tube

with expanded end-regions which serve to minimize quartz-wall

erosion and sputtering of electrode material onto the viewing

windows. The spectroscopic observation of 0spectral lines is

made end-on along the axis of the discharge tube. The elec-

trodes are made from brass and carbon. The tube geometry and

corresponding discharge conditions are presented in Table 1.

The line profiles are 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 dispersion

0.73 nm/mm in the first order) system (Fig. 2). The

instrumental FWHM of 8 pm was obtained by using narrow

spectral lines emitted by the hollow cathode discharge. The

spectrograph exit slit (10 Am) with the calibrated photomulti-

pliers was micrometrically 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.

Shot-to-shot plasma reproducibility is tracked by monitoring

the Ar I and Ar II line radiation and measurement of the

discharge current using a Rogowski coil (it was found to be

within T5%).

To check for self-absorption, the relative line intensity (I)

ratio is monitored during the plasma decay [54] both in

standard collection and by doubling the optical path length by

placing a mirror on the far end of the discharge tube [48].

Significant self-absorption is found for the 751.465 nm line:

approximately 23% in intensity and 9% in line-width; and for

the 763.511 nm line: 15% in intensity and 4% in line-width.

For these two Ar I lines, corrections on self-absorption are
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Fig. 2. Recorded profiles of the 727.294 nm line at given Texp and Nexp (see a

and c in Table 1). Note – these two spectra have been taken with different

voltages on the photomultiplier.
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done. No evidence for self-absorption is found for other five Ar I

spectral lines. Namely in the case of 772.376 nm, 696.543 nm,

727.294 nm, 706.722 nm and 738.398 nm, constant relative line

intensity ratio is found [54]. Taking advantage of the pulsed

discharge; if the ratio of the different lines is found to be

constant, then self-absorption can be neglected.

The plasma parameters (N and T) are also determined

independently using standard diagnostics methods. The electron

temperature is determined from the ratios of the relative line

intensities of seven Ar I spectral lines (415.859 nm, 416.418 nm,

419.103 nm, 419.832 nm, 420.067 nm, 425.936 nm and

426.627 nm) to the five Ar II spectral lines (335.093 nm,

420.197 nm, 426.653 nm, 487.986 nm, 488.903 nm) with an

estimated error of T11%, assuming the existence of LTE [32].

The necessary atomic data was taken from Ref. [36]. The

electron density decay is measured with interferometry using

the 632.8 nm He–Ne laser light with an estimated error of

T7% (Fig. 3).

3. Results and discussion

The plasma parameters Nexp and Texp measured indepen-

dently are presented in Table 1, together with the parameters

obtained using the line pro le de-convolution procedure ND and

TD (see Eqs. (3) and (8) in Ref. [6]). One can conclude that the

agreement among Texp and TD values is very good (within 3%

on average in the three plasmas investigated). This fact confirms

the homogeneity of the investigated plasmas in the linear part of

our light source (see Fig. 1 in Djeni”e et al. [50]). For the

electron density, the situation is similar. The agreement among

the two sets of values for the electron density (Nexp and ND) is

within the experimental accuracy of 7% and within the

uncertainties (12%) of the results obtained by deconvolution

procedure. The plasma broadening parameters (W exp
t, st, W

exp
t, s+t,

We
exp,W exp

i, st, d
exp
t, st, d

exp
t, s+d, de

exp, d exp
i,st , A

exp,Dexp, Eexp) obtained

using our deconvolution procedure of the recorded line profiles

at measured Nexp and Texp values are presented in Tables 2 and 3

together with those of other authors.

Table 2

The Ar I line broadening characteristics for lines from transition 4s–4p

Multiplet,

k (nm)

Texp

(103 K)

Nexp

(1022 m�3)

Wt, s + d
exp

(pm)

Wt, st
exp

(pm)

We
exp

(pm)

Wi, st
exp

(pm)

Aexp Dexp dt, s + d
exp

(pm)

d t, st
exp

(pm)

de
exp

(pm)

d i, st
exp

(pm)

Eexp Reference

[3/2]1
o –[1/2]0 15.6 6.7 79.6 70.8 65.1 5.7 0.076 2.55 41.1 33.2 30.0 3.2 3.41 Tw

751.465 16.0 7.0 85.2 72.4 66.4 6.0 0.078 3.16 44.8 33.4 30.0 3.4 4.34 Tw

16.2 7.1 90.5 77.1 70.6 6.5 0.079 3.10 49.0 37.1 34.4 2.7 4.24 Tw

10.0 1 7.42 0.044 [9]

13.0 10 101 [10]

10.3–11.5 2.0–5.0 23–53 [11]

12.5 10 85.6 17 [12]

[3/2]2
o –[3/2]2 15.6 6.7 76.3 69.3 65.0 4.3 0.057 2.66 37.8 31.4 29.0 2.4 3.62 Tw

763.511 16.0 7.0 83.0 72.7 68.1 4.6 0.058 3.27 42.0 33.0 30.2 2.8 4.55 Tw

16.2 7.1 84.9 74.1 69.4 4.7 0.059 3.26 43.3 33.9 31.2 2.7 4.52 Tw

10.0 1 7.42 0.044 [9]

10.3–11.5 2.0–5.0 20–50 [11]

12.5 10 80.0 20 [12]

13.0 3.3 21 [13]

13.8 14.5 146 [14]

10.0–22.0 2–19 40–180 17–85 [15]

11.1 0.4 3.8 [16]

13.0 3.8 28 [17]

[3/2]2
o –[3/2]1 15.6 6.7 77.4 70.1 65.6 4.6 0.059 2.66 39.0 32.3 29.8 2.5 3.62 Tw

772.376 16.0 7.0 84.4 73.7 68.9 4.8 0.060 3.27 43.2 33.6 30.9 2.7 4.54 Tw

16.2 7.1 85.5 74.7 69.8 4.9 0.060 3.26 44.5 34.8 32.0 2.8 4.53 Tw

10.0 1 6.78 0.042 [9]

12.5 10 70.6 18 [12]

Measured: Wt
exp, We

exp, Wi
exp, d t

exp, de
exp, d i

exp within 12% accuracy at measured electron temperature (Texp) and electron density (Nexp). Reference: sources of

experimental data; Tw, present data. exp=experimental data; t= total; i= ion; e=electron; st=static only; s+d=static and dynamic.

Fig. 3. 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 (T11% and T7% for T and N, respectively) and

deconvolutions (T12%).
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As there are no theoretical calculations for these seven Ar I

spectral lines, we compare our results to lines which belong to

the same multiplets (and transitions) as our lines. Greim [32]

has calculated the values for We, de and A using semi-classical

theory, which limits the comparison to the static Stark width

(Wt, st) and shift dt, st. Comparison is made (see Tables 2 and 3)

for the measured Ar I 763.511 nm and 772.376 nm total

(electron+ ion) FWHM Wt, st
exp ) and shift dt, st

exp values and the

well-known theoretical one Ar I 810.369 nm Wt
G and dt

G.

For the two lines (763.511 nm, 772.376 nm), the measured

total Stark width is 20% lower and the total Stark shift is 10%

higher than the one calculated by Greim [32]. Generally for

these two Ar I spectral lines, the measured electron Stark

widths and shifts are smaller than those presented by Griem

[32] by about 40% and 25%, respectively. It is found that the

electron contribution (We
exp) to the total static Stark widths is

about 93% and the argon ions (Ar II, Ar III, . . .) contribution
about 7% (typically). It is found that the electron contribution

Table 3

Same as Table 2, but for transition 4s–4pV in Ar I spectrum

Multiplet,

k (nm)

Texp

(103 K)

Nexp

(1022 m�3)

Wt, s + d
exp

(pm)

W t, st
exp

(pm)

We
exp

(pm)

Wi, st
exp

(pm)

Aexp Dexp d t, s + d
exp

(pm)

d t, st
exp

(pm)

de
exp

(pm)

d i, st
exp

(pm)

Eexp Reference

[3/2]2
o –[1/2]1 15.6 6.7 51.9 44.9 41.0 3.9 0.083 2.80 17.5 11.3 9.1 2.2 3.78 Tw

696.543 16.0 7.0 58.0 47.8 43.6 4.2 0.084 3.43 21.0 12.0 9.6 2.4 4.73 Tw

16.2 7.1 57.0 46.9 42.7 4.2 0.084 3.46 19.9 11.0 8.6 2.4 4.78 Tw

13.0 10 81 50 [10]

13.0–17.0 3.3–5.5 10–18 [13]

13.8 14.5 80 [14]

11.1 0.4 2.84 [16]

13.0 3.8 33 [17]

16.5–17.4 60–62 440–490 190–210 [18]

17.7–18.0 73–82 520–570 220–230 [18]

18.5–18.7 94–100 590–650 260–260 [18]

10.2–13.9 1.9–14.7 8–107 [19]

12.75 10 80 [20]

13.6–14.6 58–91 580–910 [21]

15.7–19.0 57–157 390–710 [22]

13.5–24.0 12.1–19.7 118–185 [23]

9.7–11.8 1.2–6.0 14–63 5–23 [24]

10.0–20.0 4.8–19.6 40–140 17–67 [25]

9.7–12.25 1.2–7.7 8–66 [26]

11.25–11.9 3.9–6.1 28–43 [27]

13.5–26.5 10 97 26 [28]

14.0–12.0 20–10 140–80 [29]

16.8–19.0 57–80 390–510 210–280 [30]

15.7–17.1 80–160 390–710 230–400 [30]

16.1–19.6 218–363 1160–2090 510–940 [30]

16.5–18.7 60–100 440–650 210–280 [30]

[3/2]1
o –[1/2]1

o 15.6 6.7 72.6 64.2 58.9 5.3 0.079 2.57 18.9 11.4 8.4 3.0 3.44 Tw

727.294 16.0 7.0 78.9 66.7 61.1 5.6 0.080 3.17 20.4 9.6 6.4 3.2 4.35 Tw

16.2 7.1 80.2 67.8 62.1 5.7 0.080 3.16 20.8 9.9 6.6 3.3 4.33 Tw

13.0 10 89 [10]

11.1 0.4 4.39 [16]

10.3–12.5 2.0–8.5 18–80 [26]

13.5–26.5 10 96 38 [28]

[3/2]2
o –[3/2]2 15.6 6.7 52.9 46.5 43.0 3.5 0.071 2.84 18.7 13.0 11.0 2.0 3.85 Tw

706.722 16.0 7.0 56.3 47.2 43.6 3.4 0.072 3.52 19.7 11.6 9.6 2.0 4.90 Tw

16.2 7.1 58.3 49.0 45.2 3.8 0.072 3.49 22.0 13.7 11.6 2.1 4.84 Tw

10.0 1 6.6 0.044 [9]

13.0–18.0 3.3–6.6 9–16 [13]

13.8 14.5 75 [14]

10.3–12.35 2.0–8.0 14–65 [26]

13.5–26.5 10 106 45 [28]

[3/2]1
o –[3/2]2 15.6 6.7 63.8 56.5 52.2 4.3 0.071 2.73 21.6 15.0 12.6 2.4 3.70 Tw

738.398 16.0 7.0 69.2 58.6 54.1 4.5 0.072 3.38 22.6 13.2 10.6 2.6 4.67 Tw

16.2 7.1 71.4 60.6 55.9 4.7 0.072 3.34 22.8 13.3 10.6 2.5 4.62 Tw

10.0 1 7.06 0.044 [9]

10.3–11.5 2.0–5.0 18–42 [11]

12.5 10 74.8 11 [12]

13.0 3.3 12 [13]

13.0 3.3 25 [17]

13.5–26.5 10 103 42 [28]
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(de
exp) to the total static Stark shifts is about 91% and the argon

ions (Ar II, Ar III, ...) contribution about 9% (typically). A

clear influence of the quasi-static ion and ion dynamic effects

on the investigated spectral line shapes is found. They play a

much more important role than the what semi-classical theory

provides, especially for these Ar I spectral lines, where the Aexp

values are 60% higher than theoretical AGriem values. The

observed ion dynamic effect, at our plasma conditions, multi-

plies the quasi-static ion contribution by up to a factor 3 for

widths and up to a factor 4 for shift for these Ar I lines. This

can play an important role in the use of these lines for

astrophysical plasma modeling or for diagnostics purposes.

Our broadening parameter (Wt
exp, dt

exp) of the 751.465 nm,

763.511 nm and 772.376 nm represent the first set of measured

values at electron temperatures higher than 12500 K. The

comparison of our Wt
exp, dt

exp, We
exp, de

exp and Aexp values for

these three Ar I spectral lines with the experimental data of other

authors are not possible because of difference in plasma

parameters in the first place because of difference in electron

temperatures.

For the Ar I 696.543 nm spectral lines, the comparison

among our values and the experimental data of other authors

are much easier. In Refs. [18,22,30], electron temperatures are

similar with ours so taking into account the approximate

normalization factor Wt/Ne and dt/Ne, we have found that our

Stark width is 30% higher in average than theirs, and that the

Stark shift is 15% higher in average than theirs. It is important

to point out that all papers [10–30] for these seven Ar I spectral

lines refer to the sum of the electron (We) and ion (Wi)

contributions to the total Stark width (Wt) and to the sum of the

electron (de) and ion (di) contributions to the total Stark shift

(dt) without estimating the contribution of electrons and ions

separately. The only exception from this is Ref. [9] but, in that

paper, ions are treated as quasi-static. Also, the plasma

parameters in Ref. [9] are substantially different from ours.

So, comparison between the results are difficult.

For three other Ar I spectral lines (727.294 nm, 706.722 nm

and 738.398 nm) our Stark width (Wt
exp) and Stark shift (dt

exp)

represent the second set of measured values at electron tempe-

ratures higher than 14000 K. Direct comparison of ourWt
exp and

dt
exp values with other experimental data [28] is difficult because

of the different plasma conditions in the experiments.

Our ion broadening parameters (Aexp) are a factor of 2.5–

3.5 larger (depending on discharge conditions) when we

include the contribution of the ion–dynamical coefficient

(Dexp). Generally, for our experimental conditions with

electron temperature approximately 16000 K: the electron

contribution to the total static Stark width is about 90%; the

electron contribution to the total static and dynamic Stark width

is about 75%; the electron contribution to the total static Stark

shift is about 80%; and the electron contribution to the dynamic

Stark shift is about 50%.

4. Conclusions

The We, Wi, de and di Ar I values presented here are the first

data in the field, with the separate ion and electron contribu-

tions evaluated from the measured total Stark width and shift

by using the line deconvolution procedure. We 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 semi-classical theory predicts for the

other lines from the same multiplets. The observed ion–

dynamical effect augments the ion contribution to the line Stark

width and shift by up to a factor of 3.5 over the ion–static

component done, at the plasma conditions studied presently.

This reveals the evident contribution, amounting to up to 9%

and 20%, of the argon ions to the total line static width and

shift. These findings are of importance in the use of Ar I line

for astrophysical and laboratory plasma modeling, and for

plasma diagnostics.
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[17] M.S. Dimitrijević, L.J. Skuljan, S. Djeni”e, Stark broadening of the

Ar I spectral lines 763.51, 738.39 and 696.54 nm, Phys. Scr. 66 (2002)

77–81.

[18] Y. Vitel, M. Skowronek, Nobel gas line profiles in dense plasmas: I.

Argon, J. Phys. B 20 (1987) 6477–6491.

[19] K.P. Nick, Thesis, University of Kiel (1982).

[20] E. Iglesias, Y. Guimerans, R. Castell, D. Mandelbaum, A. Sanchez,

Measurements of the Stark broadening of the neutral argon line 13406.6 Å
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