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a b s t r a c t 

We report the results of the Stark profile studies of the 696.543 nm Ar I spectral line in laser-induced 

plasma generated by a nanosecond Nd:YAG laser radiation at 532 nm in argon at reduced pressure. 

Plasma diagnostics was performed with the use of the laser Thomson scattering method, free from 

assumptions about the plasma thermodynamic equilibrium, its composition but also independently of 

plasma emission spectra. The profiles were investigated in wide range of electron densities and temper- 

atures, from 2.81 · 10 22 m 

−3 to 5.69 · 10 23 m 

−3 and from 10 430 K to 73 400 K, respectively. Stark profiles 

were calculated using a semi-classical method as well as by N-body numerical simulations assuming a 

plasma in local thermodynamic equilibrium. Our studies show agreement within 20% between experi- 

mental Stark widths and those calculated by the semi-classical method while much bigger discrepancies 

were found with computer simulated ones. Importantly, Stark profiles of the investigated spectral line, 

both experimentally determined and computed, are highly sensitive to electron temperature. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

Investigations of Stark broadening of spectral lines, emitted

y atoms and ions, are important for astrophysics as well as

or the modeling and diagnostics of laboratory plasmas. Because

he shapes of these profiles are very sensitive to the electric

icrofields originating from electrons and ions surrounding the

mitter, measuring the full width and shift of the line enables

etermination of plasma parameters – electron density and their

emperature [1] . The sensitivity of lineshapes to plasma microfields

s particularly strong in the case of the linear Stark effect, typical

or hydrogen and hydrogen-like ions. 

Nonetheless, in many multi-element plasmas hydrogen lines

verlap with other lines or there is no hydrogen at all. In such

ases, the Stark profiles of isolated non-hydrogenic lines, broad-

ned due to the quadratic Stark effect, are used for plasma stud-

es. One such line is the 696.543 nm Ar I line (Mult. 13, tran-

ition 3 p 5 4 s 
[

3 
2 

]o 

2 
− 3 p 5 4 p 

[
1 
2 

]
1 
) which is well isolated in the red

art of the spectrum and relatively intense ( A ki = 6 . 4 · 10 6 s −1 [2] ).
∗ Corresponding author. 
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esearch interest in this particular spectral line is also caused by

he numerous industrial applications of argon-containing plasmas

3–10] . 

The Stark width and shift of the 696.543 nm Ar I line in

ifferent types of plasma have been studied for over fifty years

11] . For this purpose, various plasma sources were used, such as

all-stabilized arcs, pulsed arcs, plasma jets, free-burning arcs or

inear flash tubes. Depending on the plasma source, the studies

ere carried out in range of electron densities from 1.2 · 10 22 m 

−3 

o 3.63 · 10 24 m 

−3 and of plasma temperatures from 9 700 K to

6 500 K. The electron density in plasma was usually inferred

rom emission data – by analysis of Stark widths of hydrogen

ines, continuum plasma radiation or applying the plasma state

quation – and less frequently by interferometric methods. On

he other hand, the electron temperature was determined solely

ased on the emission data applying the Boltzmann-Saha (BS), the

lsen-Richter (OR) or the Larenz-Fowler-Milne (LFM) methods and

ssuming the plasma at a given state of thermodynamic equilib-

ium. Information on selected experiments is presented in Table 1 .

The theory and calculations of the broadening of spectral lines

y plasma have been developed for many years. Some of these

tudies concern the improvement of the impact perturbative semi-

lassical approach and were initiated by Baranger [26] , Griem

https://doi.org/10.1016/j.jqsrt.2019.106635
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2019.106635&domain=pdf
mailto:bartecka@uni.opole.pl
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Table 1 

Some experiments in which the Stark broadening of the 695.5 nm Ar I spectral line was studied. 

Ref. Plasma source n e 10 23 m 

−3 Method of n e measurement T (K) Method of T e measurement Plasma composition 

[11] Wall-stabilized arc 0.12 – 0.77 H β Stark width 9700 – 12,265 LTE eq. set Ar+H 2 trace 

[12] Wall-stabilized arc 0.13 – 0.77 H β Stark width 9900 – 12,200 LTE eq. set, Ar I line abs. 

intensity 

Ar+H 2 trace 

[13] Wall-stabilized arc 0.7 – 1.1 H β Stark width 12,100 – 13,100 LTE eq. set Ar+H 2 

[14] Pulsed arc 0.25 – 0.98 H α Stark width, laser 

interferometry 

13,500 – 26,500 Boltzmann plot of Ar II lines, 

ratio of Ar II and Ar I line int. 

Ar+H 2 trace 

[15] Linear low-pressure pulsed 

arc 

0.38 laser interferometry 13,000 ratio of Ar II and Ar I line int. 72%Ar + 28%He 

[16] Linear low-pressure pulsed 

arc 

0.67 – 0.71 line deconvolution procedure 15,600 – 16,200 line deconvolution procedure 72%Ar+28%He, 

97%Ar+3%H 2 

[17,18] Plasma jet (without Abel 

inversion) 

1.45 LTE eq. set 13,800 Ar I line abs. intensity, 

continuum intensity 

Ar 

[19] Plasma jet 0.39 – 0.61 H α Stark width 11,250 – 11,900 LTE eq. set Ar, 95%Ar+5%H 2 

[20] High current, free-burning 

arc 

0.70 – 1.93 LTE eq. set 11,900 – 14,700 LFM method, Ar I line abs. 

intenisty 

Ar 

[21] High current, near cathode 

arc 

1.21 – 1.97 LTE eq. set, Ar I and Ar II 

FWHM 

13,500 – 24,000 LFM method, OR diagram, 2 

lines intensity ratio 

Ar 

[22] High current, near cathode 

arc 

0.8 – 2.0 DFWM spectr. 12,800 – 18,600 DFWM spectr., OR diagram Ar 

[23] Linear flash tube 6.0 – 10.0 H β Stark width, continuum 

intensity, laser interferometry 

16,500 – 18,700 LTE eq. set, optically thick IR 

Ar I line intensity 

Ar, Ar+H 2 (less than 

3%) 

[24] Linear flash tube 5.0 – 10.0 continuum intensity, laser 

interferometry 

16,500 – 18,700 LTE eq. set, optically thick IR 

Ar I line intensity 

Ar 

[25] Linear flash tube 5.7 – 36.3 continuum intensity 15,700 – 19,600 optically thick IR Ar I line int. Ar 
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[27] and Sahal-Bréchot [28] in the 1960s. The key ingredient is

an assumption of temporally separated strong electron collisions,

which allows for a reduction of electron broadening to single elec-

tron (scattering) calculations. Such calculations are typically done

using a semiclassical approach of electrons moving along pre-

scribed classical trajectories and further in the perturbative, semi-

classical long-range dipole approximation. This often results in an

estimated strong collision term, which can be substantial. Further,

non-dipole effects [29,30] have been investigated. After the im-

portance of penetrating collisions, i.e. particles whose trajectories

penetrate the area of the emitter wave function, was realized, ap-

proaches were developed to drop the long-range approximation

and account for penetration, either perturbatively [31,32] or non-

perturbatively [32,33] . Since penetration softens the interaction,

perturbative treatments such as [31] are more valid than perturba-

tive treatments that do not account for penetration, in addition to

including more physics, resulting in smaller strong collision terms. 

Another approach is related to computer simulations [34–36] in

which the Schrödinger equation, describing the internal state of

the emitter, is solved numerically for all particles, i.e. without in-

voking the impact approximation. An emitter state is perturbed

by ions and electrons represented by particles moving along fixed

and well-defined classical trajectories. Simulated line profile re-

sults from averaging over electric-field histories experienced by the

emitters. Comparative studies for such approaches were presented

by Alexiou et al. [32] and Sahal-Bréchot et al. [30] . 

Calculations of the Stark profile of the studied Ar I line have

been usually performed using the impact approximation for elec-

trons and the quasi-static one for ions, as developed originally

by Griem et al. [37] . In many cases, approximate semi-empirical

formulas have also been used, such as in the works of Dimitri-

jevi ́c et al. [15,38,39] , Majstrovi ́c et al. [40] , Freudenstein and Cooper

[41] or recently of Hannachi et al. [42] . For high density plasmas

( n e > 5 · 10 23 m 

−3 ), the perturbation approach was used by Val-

ognes et al. [24] including the contributions of interacting levels of

like and unlike parentage and later significantly improved by intro-

ducing the nearest neighbour (N–N) approximation [25] . 

Significant departures between different theoretical predictions

as well as between different experimental observations, make fur-

ther research necessary both in terms of more reliable measure-
ments and more accurate calculations. a  
In the present study we used laser-induced plasma (LIP) in ar-

on at reduced pressure as the plasma source. Despite its transient

ature, the advantage of LIP, with respect to the shock tube or the

heta pinch for instance, is the high reproducibility and simple ex-

itation system without electromagnetic interference but also the

ide range of electron densities achievable at various stages of

lasma evolution. For LIP diagnostics we applied the laser Thom-

on scattering (TS) method [43] completely independent of plasma

mission spectra. Principal advantages of TS are high spatial and

emporal resolutions and ease with which the measured spectra

an be interpreted. That is, the basic plasma parameters — the

lectron temperature and density — can be directly derived from

he electron feature of the TS spectrum without any assumptions

bout the plasma thermodynamic equilibrium and its chemical

omposition. 

In the present work, calculations of Stark profiles were carried

ut in two ways: using the semi-classical model [37] with im-

act approximation for electrons and quasi-static approximation

or ions which we call a standard approach and applying com-

uter simulation method (CSM) in a way equivalent to the one

resented by Gigosos and Cardeñoso [35] . In semi-classical calcula-

ions, apart from the upper level, the contribution from the lower

evel was also included which is usually neglected. In CSM we used

 different method of solving the Schrödinger equation which de-

cribes the evolution of the emitter caused by its interaction with

he plasma [44] . Last but not least, all calculations were performed

or LIP parameters as determined with the use of TS technique. 

. Experiment 

The scheme of the experimental setup is depicted in Fig. 1 . A

acuum chamber was evacuated below 0.1 mbar and then purged

ith argon at 400 mbar at a constant flow rate of 30 l/h. Plasma

as created in the center of the chamber by focusing a Q-switched

d:YAG laser pulses (4.5 ns, 10 Hz, 15 mJ at 532 nm) with an

5 mm focal length aspheric lens. The laser spots of 44 μm di-

meter resulted in a laser fluence of about 470 J/cm 

2 . All experi-

ental parameters were matched to have shot to shot highly re-

roducible plasma plumes. For laser scattering, a separate, single

ode ( δλ< 0.28 pm), Nd:YAG laser with ∼ 6.0 ns pulse duration

t 532 nm was used. This laser beam was propagating orthogonally
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Fig. 1. Scheme of the experimental setup. 
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Fig. 2. The TS spectra registered at different stages of plasma evolution and fitted 

with the spectral density function. Plasma parameters determined on this basis are 

included in Table 2 . 
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o the first, plasma generating one, and was polarized perpendicu-

arly to the observation direction. The beam was loosely focused to

he spot of about 200 μm in diameter in the plasma volume and

ulses of up to 10 mJ were applied resulting in energy fluence of

5 J/cm 

2 . The delay between pulses of two lasers was controlled

y a digital delay pulse generator with accuracy better than 0.5 ns.

he emission from LIP and the laser-scattering light were observed

n a direction perpendicular to the plane of laser beams by imag-

ng the investigated plasma volume onto the entrance slit of a

zerny-Turner spectrograph (750 mm focal length, 1.005 nm/mm

eciprocal dispersion) with a magnification of 1.2. Plasma imaging

as accomplished using the zeroth order of the spectrograph with

he entrance slit fully open. Imaging allowed verification of the

lasma reproducibility, its positioning with respect to the probe

aser beam as well as selection of a specific plasma layer for in-

estigations. The spectra of the scattered light and the LIP emis-

ion were recorded over a wavelength range of 13.3 nm with slit

idths of 50 μm and 30 μm, respectively. The apparatus profile for

he emission part of the experiment was determined using differ-

nt CW laser sources and is well described by the lorentzian func-

ion with 0.036 nm FWHM. Self absorption of studied spectral line

as checked with the back-reflecting mirror method as described

n Cveji ́c et al. [45] . 

The optical signals were collected using a gated two dimen-

ional intensified charge-coupled device (ICCD) camera synchro-

ized to the probe and plasma-generating pulses in case of TS

nd emission measurements, respectively. In order to improve the

ignal-to-noise ratio of TS spectra, the ICCD gate width was as

hort as 6 ns. On the other hand, emission signals were recorded

t gate widths set to 3% of the respective delay time, e.g., 18 ns for

00 ns delay, to probe the quasi stationary plasma. Laser-scattering

nd emission spectra were averaged, respectively, over 20 0 0 and

0 0 0 laser shots and were investigated in the time interval from

90 ns to 14.0 μs after the laser breakdown. 

Corrections of the recorded signals to the spectral sensitivity of

he entire experimental system were carried out using a halogen

amp. 

. Experimental results 

.1. Plasma diagnostics by Thomson scattering 

The laser scattering spectra, recorded at selected stages of

lasma evolution and on the axis of the studied plasma layer, are

resented in Fig. 2 . Their central parts (at the wavelength of the

robe laser) contain the Rayleigh and the Thomson scattering sig-

al on atoms and free electrons, respectively. In turn, the distinct

ide maxima is the so called electronic part of the TS, and its shape

ndicates the partially collective character of this process. Hence,
tting the spectral density function to this part of the TS spectrum

ields both the electron density and temperature without having

o calibrate the power of the scattered light [43,46] . The fits to

he electron part of the measured TS spectra are also presented

n Fig. 2 while fitted plasma parameters are included in Table 2 . It

hould be noted one more time that the fitted model is free from

ssumptions about the thermodynamic equilibrium and the chem-

cal composition of the plasma. 

The results of plasma diagnostics show that electron density

nd temperature are homogeneous in the near axis area with a ra-

ius of about 0.25 mm and 0.5 mm, respectively, that is across the

ntire width of the probe laser beam. For studies of Stark profiles

f the Ar I spectral line only the central, homogeneous plasma core

as considered. 

The uncertainties of n e and T e were evaluated based on statis-

ical uncertainties of the fitted spectral density function to the ex-

erimental TS spectrum and also taking into account their scatter-

ng in the central plasma region. The uncertainty of the electron

emperature may be enlarged due to possible electron heating by

he probe laser pulse in the inverse bremsstrahlung process. This

ffect was carefully verified by measurements of TS spectra at dif-

erent energies of the probe pulse and it was recognized as negli-

ible under our experimental conditions. 
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Table 2 

Plasma parameters and FWHM Stark widths of the Ar I 696.5 nm line profiles 

as determined at various moments of plasma evolution (exp) and with different 

theoretical approaches (according to [47] – Griem and computer simulations per- 

formed in this work – CSM). Experimental results include upper and lower limits 

of their uncertainties. 

delay (ns) n e (10 23 m 

−3 ) T e (K) Stark FWHM (nm) 

exp Griem CSM 

190 5 . 69 +0 . 05 
−0 . 14 

73400 +130 
−260 

0 . 613 +0 . 017 
−0 . 008 

0.744 0.692 

270 3 . 67 +0 . 04 
−0 . 11 

57400 +130 
−260 

0 . 492 +0 . 017 
−0 . 007 

0.456 0.407 

400 2 . 83 +0 . 02 
−0 . 08 

38200 +130 
−260 

0 . 277 +0 . 016 
−0 . 003 

0.318 0.271 

550 2 . 13 +0 . 02 
−0 . 06 

27680 +130 
−260 

0 . 199 +0 . 016 
−0 . 003 

0.217 0.162 

1100 1 . 27 +0 . 03 
−0 . 05 

21240 +130 
−260 

0 . 108 +0 . 014 
−0 . 002 

0.118 0.078 

1100 1 . 66 +0 . 01 
−0 . 04 

21010 +130 
−260 

0 . 137 +0 . 015 
−0 . 003 

0.155 0.109 

1600 1 . 28 +0 . 01 
−0 . 04 

18550 +130 
−260 

0 . 102 +0 . 014 
−0 . 002 

0.114 0.079 

2400 0 . 944 +0 . 012 
−0 . 029 

16250 +130 
−260 

0 . 070 +0 . 012 
−0 . 003 

0.080 0.050 

4000 0 . 658 +0 . 009 
−0 . 022 

13415 +130 
−260 

0 . 039 +0 . 010 
−0 . 002 

0.052 0.031 

7500 0 . 467 +0 . 007 
−0 . 015 

11670 +130 
−260 

0 . 028 +0 . 008 
−0 . 002 

0.035 0.021 

14,000 0 . 281 +0 . 006 
−0 . 012 

10430 +130 
−260 

0 . 017 +0 . 006 
−0 . 002 

0.020 0.0108 
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Additional uncertainties in determining plasma parameters, im-

portant for Stark profile studies, are caused by different time ac-

cumulations of TS and emission spectra on the ICCD. Namely,

while TS spectra were recorded over 6 ns independently of the

delay, accumulation time of emission spectra was increasing from

6 ns to 420 ns at delays of 190 ns and 14 μs, respectively. Sys-

tematic uncertainty related to such gate width effect was deter-

mined by first fitting the power laws to decays of n e and T e 
with time and then evaluating their decrease over the time pe-

riod equal to the applied gate. The final – statistical plus sys-

tematic – uncertainties for plasma parameters are presented in

Table 2 . 

3.2. Determination of the Ar I 696.5 nm spectral line profile 

Images of laterally integrated emission spectra containing the

Ar I 696.5 nm spectral line were first corrected for dark current of

the ICCD and smoothed using the Savitzky–Golay filtering. By ap-

plying the procedure described in [45] no evidence was found for

self-absorption of the line and its profiles were treated as originat-

ing from the optically thin medium. Radially resolved spectra were

then obtained applying the inverse Abel transformation [48] . Only

the radially resolved spectra for the central, homogeneous part of

the plasma column were further considered. The resulting spec-

tra contain the corresponding atomic argon line but also contin-

uous plasma radiation which was assumed constant in the mea-

sured wavelength range. The global line profile was obtained by

subtracting the signal of continuum plasma radiation. Such pro-

files obtained for the central, homogeneous plasma column and

for various delays are shown in Fig. 3 . The measured profiles are

essentially symmetric and well described by the Voigt function.

Assuming statistically independent Stark and Doppler effects, the

gaussian contribution to this profile was calculated on the basis

of electron temperature (corresponding to the kinetic temperature

of argon under LTE plasma conditions). Then, the lorentzian part

is the sum of the collisional broadening (assuming the significant

dominance of the Stark over the van der Waals broadening) and

the instrumental broadening. To estimate a possible systematic er-

ror in the experimental procedure, we repeated this deconvolution,

assuming, as is usually done, that the instrumental profile is Gaus-

sian, which results in larger quoted Stark widths. We take the dif-
erence between the two calculations (i.e. assuming a Lorentzian

r Gaussian instrumental profile) to be a measure of the system-

tic error in the quoted experimental widths. Experimentally de-

ermined Stark widths together with independently determined

lasma parameters ( n e , T e ) are the benchmark data for theoretical

odels and other experiments. 

Because the shifts of the investigated line were below the ex-

erimental accuracy so they are not the subject of our studies. 

. Calculations of Stark profiles 

The Stark profiles of non-hydrogen atoms are usually calculated

sing the so-called j ( x ) profiles developed by Griem [47] . The com-

utations of j ( x ) profiles are based on the impact and quasi-static

pproximation for electrons and ions, respectively. According to the

mpact approximation the electron contribution to the line width

s (Griem et al. [47] and Sobelman [49] ) 

 e + id e = 〈 α|〈 β| φab | α〉 β〉 
= n e 

∫ ∞ 

0 

v f (v ) dv 
[
πρ2 

min + 

∫ ρD 

ρmin 

2 πρdρ
{〈 α|〈 β| S a S ∗b −1 | α〉 β〉 }]

(1)

here w e , d e and φab are the electron-impact half-width, the shift

f the line and the electron-impact operator, respectively. f ( v ) de-

otes the Maxwell electron velocity distribution function. Then, ρ
s the electron-radiator impact parameter while ρmin is its small-

st value below which the perturbation theory breaks down and

ollisions are termed strong. S a , S b mean the S matrix for an in-

ividual scattering event corresponding respectively to the initial

the upper) and the final (the lower) state of the emitter. As the

pper limit of integration over ρ , the Debye radius ρD is assumed

hile the impact of strong collisions, ρ < ρmin , is estimated by the

orentz term [37] . Thus the curve ρmin (v ) separates strong from

eak collisions in the v ρ – plane with ρmin tending to zero while

 is increasing to infinity. Here, as in [37] , the electron-emitter

nteraction potential contains only the dipole term, whereas the

ower state is the s-state and therefore there is no interference

erm. The appropriate estimates of the strong collision term and

f the limiting impact parameter were made by Griem et al. [37] .

hey proposed a set of equations that do not violate the condi-

ion for the validity of the perturbation theory ( | S a S ∗b − 1 | ≤ 1 ) and

t the same time lead to correct values in the limit of high- and

ow-temperatures. 

We performed detailed calculations according to these formulas

ut also including the contribution of the lower level in the same

rder of perturbation theory. In such case, the formula (1) takes

he form 

 α|〈 β| φab | α〉| β〉 = −n e 

∫ 
v dv f (v ) 

{ 

πρ2 
min + 

4 π

3 v 

(
h̄ 

m 

)2 

×
( ∑ 

σα′ 

∣∣∣∣ 〈 α| r σ | α′ 〉 
a 0 

∣∣∣∣
2 [

a (z min 
αα′ ) + ib(3 z min 

αα′ / 4) 
]

+ 

∑ 

σβ ′ 

∣∣∣∣ 〈 β| r σ | β ′ 〉 
a 0 

∣∣∣∣
2 [

a (z min 
ββ ′ ) −ib(3 z min 

ββ ′ / 4) 
]) }

(2)

here z min 
αα′ ≡ ω αα′ ρmin / v , z min 

ββ ′ ≡ ω ββ ′ ρmin / v ; h̄ ω αα′ ( h̄ ω ββ ′ ) de-

ote energy distance between individual initial (final) states. Aux-

liary functions a ( z ) and b ( z ) can be calculated as it is described in

37] or [49] . The other symbols have the usual meaning. 
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Fig. 3. Experimental (circles) and theoretical line profiles calculated using the standard semi-classic model [37] (the dashed green line) with the contribution of the lower 

level and the CS method (the full red line). Calculations performed for n e and T e independently determined by the TS method including the Doppler and the apparatus 

broadening. The zero wavelength corresponds to the position of the line maximum. 
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According to Griem et al. [37] , the minimum impact parameter

min can be calculated from the following equation 

〈 α|〈 β| S a (ρmin ) S 
∗
b (ρmin ) − 1 | α〉| β〉| ≈ 2 

3 

(
h̄ 

m v ρmin 

)2 

×

⎡ 

⎣ 

( ∑ 

σα′ 

∣∣∣∣ 〈 α| r σ | α′ 〉 
a 0 

∣∣∣∣
2 

A (z min 
αα′ ) + 

∑ 

σβ ′ 

∣∣∣∣ 〈 β| r σ | β ′ 〉 
a 0 

∣∣∣∣
2 

A (z min 
ββ ′ ) 

) 2 

+ 

( ∑ 

σα′ 

∣∣∣∣ 〈 α| r σ | α′ 〉 
a 0 

∣∣∣∣
2 

B (z min 
αα′ ) −

∑ 

σβ ′ 

∣∣∣∣ 〈 β| r σ | β ′ 〉 
a 0 

∣∣∣∣
2 

B (z min 
ββ ′ ) 

) 2 
⎤ 

⎦ 

1 / 2 

= 

[ 
1 

2 

�
(

1 

3 

)] −3 / 2 

(3) 

ith auxiliary functions A ( z ) and B ( z ) as defined in [37] . 

If the contribution of the lower level to the line broadening is

egligible (e.g. as in [37] ) then S b is replaced by a unit matrix. Oth-

rwise, contributions of both levels should be considered. In this

ork, in a regime of weak collisions, we calculate the width of the

rofile taking into account the contribution from the upper and the

ower level in the same manner, using the same order of pertur-

ation theory. However, only a single expression, the Lorentz term,

escribes the contribution to the line broadening due to strong col-

isions. 
The final Stark profile of the emission line is then calculated in

he standard form 

j(x ) = 

1 

π

∫ ∞ 

0 

W r (β) dβ

1 + (x − α4 / 3 β2 ) 2 
(4) 

ith α = (C 4 F 
2 

0 
/e 0 w e ) 3 / 4 denoting an ion asymmetry parameter,

 4 is a constant of the quadratic Stark effect, F 0 = 1 / (4 πε0 ) e 0 /R 2 
0 

 normal field, R 0 denotes the mean distance between ions, x =
(λ − d e ) /w e corresponds to the reduced detuning of wavelength

rom unperturbed wavelength of a spectral line. W r ( β) is the static

on microfield probability density calculated by Halenka [50] while

= F /F 0 is the reduced modulus of the field strength and r =
 0 /ρD is the plasma screening parameter. The influence of the

oppler effect and the apparatus profile on the line profile is con-

idered by convolving the j ( x ) function with the appropriate func-

ions describing these effects. 

All calculations performed are semi-empirical and the data used

or the matrix elements of the electric dipole moment and en-

rgy levels are determined based on the oscillator strengths and

he atomic energy levels included in the NIST tables [2] . 

Computer simulation methods (CSM) [34] have been success-

ully used for modeling of Stark profiles of hydrogen, hydrogen-

ike and helium lines (e.g. [35] ). Through calculations, motion of

 statistically representative number of perturbers is modeled. The

esulting electric-field history, as experienced by the emitters, are

sed to obtain time evolution of the latter, allowing for obtain-

ng the emitter spectrum. Such calculations are believed to be the

ost reliable type of Stark broadening models because they are
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based on a very few approximations, in contrast to the j ( x ) profiles.

Moreover, unlike the impact theory, weak and strong collisions are

treated identically and therefore one can take ρmin = 0 . CSM was

originally developed to describe the so-called ion dynamic effect

for hydrogen spectral lines. However, for emitters heavier than hy-

drogen, e.g. atomic argon, this effect plays almost no role and the

contribution of ions to the linewidth is much smaller than the

electrons, in general. Due to the reliability of CSM, despite very

long computation time, we decided to compare its results with the

experiment and with calculations made according to the standard

model. 

For the calculations presented in this study, a common CS

plasma model was used [34,35] . The plasma charged particles,

ions and electrons, are treated as classical particles moving along

straight lines, independently of each other and of the emitter. The

plasma of ions and electrons is treated in the quasi-particle pic-

ture as an infinite ideal gas, with charge shielding in the form of

a Debye–Hückel potential. The simulated volume is a sphere of a

radius ρD , with the electrically neutral emitter placed at its center.

In the rest frame of the emitter, the mass of each quasi-particle,

representing the ion, should be equal to the reduced mass of the

emitter-ion pair which is particularly important for light emitters

like H or He. During the simulation, the escaping particle from the

modeled plasma volume is substituted by the “new” particle. Such

particle entering the sphere has the same velocity as the escaping

one but of random direction. Consequently, there is no drift of the

electron (or ion) temperature. 

The spectral line profile is expressed by the average of the

dipole autocorrelation function C ( t ), which is written as 

I ( ω ) = lim 

t f →∞ 

π−1 

t f ∫ 
0 

C ( t ) e i ωt d t , (5)

 ( t ) = Tr 

{ 

�
 d αβ · U 

+ 
ββ ′ ( t, 0 ) � d β ′ α′ U α′ α′′ ( t, 0 ) ρα′′ α

} 

av 
(6)

where � d is the dipole operator for the hydrogen atom while α, α′ 
and β , β ′ indicate the sublevels of the initial ( E α) and final ( E β )

states of the unperturbed atom, respectively. The frequency sep-

aration from the line center ω = ω −
(
E α − E β

)
/ h̄ , whereas U ( t ,

0) is the operator of the time development of the hydrogen atom

in the presence of the electric field. The averaging { ���} goes over

all possible time histories. The time-evolution operators U αα′ ( t, 0 )
and U 

+ 
ββ ′ ( t, 0 ) (corresponding to the initial and final states, respec-

tively) satisfy the Schrödinger equation 

i h̄ 

˙ U ( t, 0 ) = [ H 0 + V ( t ) ] U ( t, 0 ) (7)

where H 0 is the Hamiltonian of the isolated radiator and V ( t ) =
− �

 d · � F ( t ) is the radiator-plasma interaction potential. The solution

of Eq. (7) was obtained with the Strang symmetrical splitting for-

mula leading to unitary evolution of time 

 ( t + t , t ) 

∼= 

exp ( id x F x t/ 2 h̄ ) exp ( id y F y t/ 2 h̄ ) exp ( id z F z t/ 2 h̄ ) 

× exp ( −iH 0 t/ h̄ ) 

× exp ( id z F z t/ 2 h̄ ) exp ( id y F y t/ 2 h̄ ) exp ( id z F x t/ 2 h̄ ) . (8)

The disadvantage of CSM is a long computation time in order to

have a properly-averaged line profile as opposed to immediate re-

sults obtained from the analytical formulas of the standard model.

5. Discussion 

The Ar I 696.5 nm line profiles, both those experimentally

determined and those computed, are shown in Fig. 3 while their

Stark widths are presented in Fig. 4 and collected in Table 2 .
lthough computed and experimental profiles agree fairly well for

he entire range of electron densities considered, it must be borne

n mind that for low densities the apparatus width contributes sig-

ificantly, especially for CS calculations. The discrepancy between

heoretical and experimental Stark widths (see Fig. 4 ), which is be-

ween 2% and 35%, decreases with n e while those calculated using

he standard model are usually larger and those computed by the

SM are usually smaller than experimentally determined. For small

lectron densities ( < 5 · 10 22 m 

−3 ) the experimental Stark widths

i.e. experimental profiles with instrumental and Doppler broad-

ning deconvolved) are smaller than the instrumental broadening

0.036 nm) and are not much larger than the Doppler broadening

0.008 nm at 10 000 K) which largely increase their uncertainty.

or n e > 1 . 0 · 10 23 m 

−3 all Stark widths are comparable, especially

f we consider those calculated using the standard model and

xperimental ones. By comparison, semiclassical perturbation

ethod taking into account the emitter - electron as well as

he emitter - ion interaction, both in the impact approximation,

s claimed by Sahal–Bréchot et al. [29] , provides Stark widths

onsistent with experimentally determined within 20% – 30%. 

For all experimental conditions, CSM provides underestimated

tark widths, compared to the experiment, and this discrepancy is

he higher the smaller n e . Indeed, narrow line profiles (with the

alfwidth meeting the condition ω 

−1 
1 / 2 

� τ = R 0 / v 0 – duration of

 single collision) require long computation times because their

utocorrelation function decreases slowly with time. During this

eriod of time, there might be a large number of short-term colli-

ions, in particular with electrons at speeds greater than their av-

rage speed, which may be omitted due to incorrect computation

tep t . On the one hand, shortening t decreases the probability

f omitting the aforementioned collisions, but on the other hand, it

ignificantly increases the computing time. In our simulations, we

ssumed t = ρD / (200 v 0 ) (where v 0 = 

√ 

2 k B T e /m e ), which means

hat receiving a properly averaged profile required, on average, a

ew days of computer work and it was increasing with decreasing

f n e . Nevertheless, even for the lowest n e , shortening the compu-

ation step t twice, compared to the step adopted in the model,

ives the same line profile within uncertainty limits. 

The impact of strong collisions could be investigated including

n CSM calculations quadrupole interaction, quantum effects, pene-

ration effects or back-reaction effect – perturbation of the electron

rajectory due to the interaction with the emitter. Unfortunately,

his is a rather complex task and can not be resolved with the code

pplied in this work. 

On the other hand, the standard theory (in the version de-

cribed here) gives the largest Stark widths which can be explained

y the overestimation of the impact of strong collisions described

y the Lorentz term. Their contribution to the Stark width is about

5% of its total value for the lowest temperature and decreases,

eaching 40% for the highest temperature. The influence of this

ype of collisions is reduced within non-perturbative impact cal-

ulations as proposed by Bacon and Edwards [51] or as in papers

30–33] . 

The accuracy of the calculated Stark widths also depends, to a

arge extent, on the accuracy of available atomic data – oscilla-

or strengths – which are estimated at 25% at best and typically

t 50% [2] . Although this type of uncertainty may explain discrep-

ncies between the results of the simulation and the experiment,

hey do not explain differences in the results provided by models

pplied. 

Another result of our studies is the demonstration of a very

trong dependence of the Stark width of the investigated Ar I line

n the electron temperature as shown in Fig. 4 c. Because the Stark

rofiles studied, both simulated and experimentally observed, do

ot show asymmetries, it can be assumed that ionic contribution

o the line profile (based on the j ( x ) profile) is negligible and the



K. Dzier ̇z ̧e ga, W. Zawadzki and F. Sobczuk et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 237 (2019) 106635 7 

Fig. 4. (a) Experimental and theoretical Stark widths determined in this work, depending on the electron density of the plasma as determined with the use of the TS 

method, (b) the ratio of the theoretical to the experimental Stark width depending on the electron density and (c) the normalized Stark width depending on the electron 

temperature. The full lines represent the fitting of the power law ( FWHM /n e ∝ T 
−β

e ) to the results of the standard/Griem model and the experiment with power factor 

β = 0 . 32(1) (green line) and 0.38(5) (orange line), respectively. 

Fig. 5. Comparison of the Stark widths of the 696.5 nm Ar I spectral line, determined experimentally and calculated in this work with the results of other experiments. 
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symmetry parameter (see Eq. 4 ) α∼= 

0. Therefore, for a given tem-

erature, the Stark width is directly proportional to electron den-

ity so any variations of its normalized (to n e ) value originate from

ariations of T e . Such dependence can be approximated by the

ower law, FWHM /n e ∝ T 
−β

e , with β = 0 . 32(1) and 0.38(5) for re-

ults of the standard model and the experiment, respectively. A

ery similar power factor was obtained by Pellerin et al. [21] , but

tudying it in a smaller range of T e while using a high current arc

s a plasma source. 

The results for the Stark width of the 696.5 nm Ar I line ob-

ained in this work and in selected experiments are shown in

ig. 5 and they cover almost two orders of n e magnitude. While

or n e < 10 23 m 

−3 there exists large scatter of the results of differ-

nt investigations, our studies indicate much larger Stark widths

n the range of the highest n e compared to the work of Vitel

nd Skowronek [23] . Indeed, the underestimated Stark widths pre-

ented in the latter work were explained by Uzelac and Konjevi ́c

m  
52] as a result of erroneous assumptions as to the radiation trans-

ort through their plasma medium. 

. Summary and conclusions 

In this work we report the results of the experimental and the-

retical studies of Stark profile of the Ar I 696.543 nm spectral line.

n the experiment, plasma was induced by focusing nanosecond

d:YAG laser pulses at 532 nm in a vacuum chamber filled with

rgon at pressure of 400 mbar. Spatially- and temporally-resolved

lasma diagnostics was performed by the use of the laser Thom-

on scattering method which is free from assumptions about the

lasma thermodynamic equilibrium and its composition. The radi-

lly resolved plasma spectra, containing Ar I line of interest, were

btained applying the inverse Abel transform to the measured, lat-

rally integrated spectra. 

The Stark profiles were calculated by computer simulation

ethod and according to the standard model with some modifi-
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cations assuming plasma in local thermodynamic equilibrium. Cal-

culations were performed for TS-inferred electron densities and

temperatures, in a relatively wide range from 2.81 · 10 22 m 

−3 to

5.69 · 10 23 m 

−3 and from 10 430 K to 73 400 K, respectively. 

Our studies show major discrepancies between the experiment

and CSM that grow with the decrease in electron density. The

much smaller Stark widths resulting from these calculations are,

but only to some extent, the effect of underestimating strong colli-

sions. However, it is more likely that the discrepancies arise mostly

from neglecting the van der Waals (vdW) broadening. With de-

creasing electron density in the plasma, the Stark broadening de-

creases but at the same time atom density rapidly grows giving

rise to larger broadening caused by vdW collisions. In stationary

argon plasma at T e = 10 433 K at atmospheric pressure (e.g. arc

plasma), in the case of the studied spectral line, the vdW broad-

ening is 0.0023 nm [53,54] which is several times smaller than

the Stark broadening. However, in LIP conditions, the influence of

vdW collisions can be far greater due to higher global pressures

in the plasma plume at plasma parameters similar to those in the

arc plasma. In order to calculate the vdW contribution to the line

broadening, we need either atomic density or plasma pressure at

the studied stages of plasma evolution which are not provided

by applied plasma diagnostic method. Resolving the problem of

observed descrepencies requires very accurate and comprehensive

diagnostics of LIP including measurements of atomic density.

Moreover, the measurements of line profiles must be made with a

sufficiently high spectral resolution to minimize the impact of the

instrumental broadening. All this together is a big challenge and at

the moment is beyond the capability of our experiment. 

Although much better agreement exists between the results of

the experiment and of calculations based on the standard model

(experimental profiles are narrower only by about 15%–20%), this

consistency can be quite accidental in view of the above discus-

sion. 
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