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Abstract. On the basis of the observed asymmetry of the measured spectral line profiles we have obtained the ion contribution
to the Ne1 (26 lines), Ar1 (19 lines) and Kr1 (20 lines) spectral line broadening due to the quasi-static ion approximation and
ion-dynamical effects. The ion broadening parameters (A) and the ion dynamic coefficients (D) have been obtained directly by
the use of our line deconvolution procedure which allows the determination of the basic physical properties that characterize
the line profile and also the relevant plasma parameters. We are the first to publish experimental data, viz. D and A values for
the Ne1, Art and Krr lines. The 26 Ner, 6 Art and 9 Krr1 A values are the first measured data and many of them are the first
published data in this field. We have found clear evidence of the quasi-static ion and ion-dynamical effects on the investigated
line shapes; they play a much more important role than the approaches based on semiclassical theory provide, especially in the
case of the Ner1 spectral lines. This is of importance for astrophysical plasma modeling and diagnostics.
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1. Introduction

Spectral line shapes represent very important sources of infor-
mation about the physical conditions in the place of birth of
the radiation, especially since the launch of the Hubble space
telescope (Lesage & Fuhr 1999, and references therein). Many
theoretical (Griem 1974, 1997; Barnard et al. 1974; Alexiou
et al. 2000) and experimental studies have been dedicated to
line shape investigations (Lesage & Fuhr 1999; NIST 2002;
Konjevi¢ et al. 2002) (and references therein). Among these,
the studies dealing with neutral spectral lines are of special
interest because of the strong presences of these neutral lines
in low-temperature (10000 K-30 000 K) cosmic plasmas. Ne1
spectral lines have been used to determine neon abundances
in late-to mid-B stars (Sigut 1999). Neon is also present
in oxygen—neon White Dwarfs (Gil-Pons & Garcia—Berro
2001). Ar1 absorption lines have been detected in the spec-
tra of the quasar Q0347-3819 (Levshakov et al. 2002) and
PG 1259 + 593 (Richter et al. 2001). Mallouris (2001) refers
to the presence of Arr lines in the spectrum of the Wolf—
Rayet binary SK 108. Argon is detected in the spectrum of
the damped Ly—« system of IZw 18 (Levshakov et al. 2001).
Krr lines are detected in the spectra of Translucent Clouds
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(Cartledge et al. 2001) and in the spectra of a number of stars
(Cardelli & Meyer 1997). Moreover, in recent investigations
of the spectra of Planetary Nebulae (Dinerstein 2001) it was
found that krypton is one of the most abundant elements in the
cosmos with Z > 32. When the Stark effect becomes important
the neutral line profiles show asymmetry (Griem 1974; Barnard
et al. 1974; Griem 1997). Asymmetries near the center of
isolated spectral lines in plasmas can be caused by the
microfield-induced quadratic Stark shifts of the energy lev-
els of the radiating atoms. It should be mentioned that ions
are not necessarily quasi-static. A dynamical treatment of ions
may be found in Griem (1974) and Barnard et al. (1974). If
ions are quasi-static, we generally get an asymmetric profile.
As shown in Alexiou (1996), Alexiou et al. (1997) and Oks
(1999) in the general case (i.e. ion dynamics) there is always
an impact contribution from ions, which simply adds to (and
may not be distinguished from) the electron impact contribu-
tion. The relative importance of this impact ionic contribution
diminishes with increasing density. We emphasize that care
must be taken in interpreting the line broadening parameters
if ion impact is important, as we cannot experimentally distin-
guish between the electronic and ionic contributions. The ion
contribution to the line shape, depending on the plasma con-
ditions, is described by the ion broadening parameter (A) due
to the quasi-static ion effect, and the ion dynamic coefficient
(D) due to the ion-dynamical effect, respectively (Griem 1974;
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Barnard et al. 1974; Kelleher 1981). Various theoretical papers
deals with these contributions, but the number of experimen-
tal studies dedicated to these properties is limited (Jones et al.
1986, 1987; Hahn & Woltz 1990; Nikoli¢ et al. 1998; Schinkéth
et al. 2000).

The aim of this work is to present the A and D values of the
prominent Ne1, Ar1 and Krr spectral lines useful in the diag-
nostics of various laboratory and cosmic plasmas. On the ba-
sis of the precisely recorded spectral line profiles and their ob-
served asymmetries we have obtained the A and D values by the
use of our deconvolution procedure described in Milosavljevié
& Popari¢ (2001); Milosavljevi¢ (2001) and already applied to
the prominent He 1 lines (Milosavljevi¢ & DjeniZe 2002). It in-
cludes a new advanced numerical procedure for the deconvo-
lution of the theoretical asymmetric convolution integral of a
Gaussian and a plasma broadened spectral line profile ja r(1).
This method gives complete information on the plasma pa-
rameters from a single recorded spectral line. The method de-
termines all line broadening and plasma parameters (electron
density (N) and electron temperature (7)) self-consistently and
directly from the shape of spectral lines without any assump-
tions or prior knowledge. All one needs to known is the instru-
mental width of the spectrometer. It should be pointed out that
this deconvolution procedure is very useful in the case of as-
trophysical plasmas where direct measurements of the relevant
plasma parameters are impossible.

‘We have obtained the ion contribution to the Ne 1 (26 lines),
Ar1 (19 lines) and Kr1 (20 lines) spectral lines broadening due
to the quasi-static ion approximation and ion—dynamical ef-
fects. Our D values for the Ne1, Ar1 and Krr lines are the first
experimental data. The 26 Ne1, 6 Ar1and 9 Kr1 A values are
the first measured data and many of them are the first published
data in this field.

2. Theoretical background

The total line Stark FWHM (full-width at a half intensity max-
imum, W;) is given as

W= W+ W, 1)

where W, and W; represent the electron and ion contributions,
respectively. For a non-hydrogenic, isolated neutral atom line
the ion broadening is not negligible and the line profiles are de-
scribed by an asymmetric K function (see Eq. (6) in Sect. 3 and
in Milosavljevi¢ & Popari¢ 2001). The total Stark width (W;)
may be calculated from the equation (Griem 1974; Barnard
et al. 1974; Kelleher 1981):

Wi = We(1 + 1.75AD(1 — 0.75R)), 2)

where

6|36 -m-€%-N
R= =@y ®)

is the ratio of the mean ion separation to the Debye length. N
and T represent electron density and temperature, respectively.
A is the quasi-static ion broadening parameter (see Eq. (224) in
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Griem 1974) and D is a coefficient of the ion-dynamic contri-
bution with the established criterion:

1.36
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is the factor with atom-ion perturber reduced mass ¢ (in amu)
and gas temperature T,. When D = 1 the influence of the ion—
dynamical effect is negligible and the line shape is treated using
the quasi-static ion approximation. From Egs. (1)-(6) it is pos-
sible to obtain the plasma parameters (N and 7) and the line
broadening characteristics (W;, W, W;, A and D). One can see
that the ion contribution, expressed in terms of the A and D pa-
rameters directly determine the ion width (W;) component in
the total Stark width (Eqs. (1), (2)).

3. Numerical procedure for deconvolution

The proposed functions for various line shapes, Eq. (6) are of
the integral form and include several parameters. Some of these
parameters can be determined in separate experiments, but not
all of them. Furthermore, it is impossible to find an analytical
solution for the integrals, and methods of numerical integration
have to be applied. This procedure, combined with the simulta-
neous fitting of several free parameters, causes the deconvolu-
tion to be an extremely difficult task and requires a number of
computer supported mathematical techniques. Particular prob-
lems are the convergence and reliability of the deconvolution
procedure, which are closely connected with the quality of ex-
perimental data.

K() = Ky + Kpmax f exp(—1%)-

—00

f i 1B -dp| - dr. ©)
0

A=Ag—— 1
1 + (2 (WZ n2 _0.62)2

Here K, is the baseline (offset) and K, is the maximum in-
tensity (for 4 = A,) (Milosavljevi¢ & Popari¢ 2001). Hr(B) is
an electric microfield strength distribution function of normal-
ized field strength 8 = F/F,, where F, is the Holtsmark field
strength. A (o = A*?) is the static ion broadening parameter
and is a measure of the relative importance of ion and electron
broadenings. R is the ratio of the mean distance between the
ions to the Debye radius (see Eq. (3)), i.e. the Debye shielding
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Table 1. Various discharge conditions: C-bank capacity (in uF), U-bank voltage (in kV), H-plasma length (in cm), ®-tube diameter (in mm),
P-filling pressure (in Pa). NP (in 10> m~3) and T°* (in 10* K) denote experimental electron density and temperature, respectively obtained at
a moment when the line profiles were analyzed. N€ (in 10> m~3) and T (in 10° K) represent averaged electron density and averaged electron
temperature obtained by using our line deconvolution procedure (Milosavljevi¢ & Popari¢ 2001).

Emitter Working gas Exp. C U H ® P NP N€ TP T¢
Ner pure neon a; 4 15 72 5 133 67+7% 7.0+ 12% 33.0£6% 33.6+12%
26 lines Q 14 25 72 5 133 88+7% 92+ 12% 365+6% 37.2+12%
Art 72% Ar +28% He b, 14 15 72 5 133 67+7% 69+12% 156+11% 158 +12%
19 97% Ar + 3% H, b, 14 15 72 5 67 7.0+ 7% 73+12% 16.0+11% 162+ 12%
lines 97% Ar + 3% H, b; 14 15 72 5 133 71+7% 74+12% 162+11% 165+ 12%
Kr1 pure krypton c 14 15 72 5 133 165+7% 175+12% 17.0+9% 174+ 12%
20 lines

parameter and W, is the electron width (FWHM) in the js
profile (Griem 1974).

For the purpose of the deconvolution iteration process we
need to know the value of K (Eq. (6)) as a function of A for ev-
ery group of parameters (Kyax, 4o, We, Wa, R, A). Wg is defined
in Eq. (2.3) of Milosavljevi¢ & Popari¢ (2001). The used nu-
merical procedure for the solution of Eq. (6) is described in ear-
lier publications (Milosavljevi¢ & Popari¢ 2001; Milosavljevié
2001; Milosavljevi¢ & Djenize 2002). It should be noted that to
apply this deconvolution and fitting method some assumptions
or prior knowledge about plasmas condition are necessary. For
each emitter ionization stage one needs to know the electric mi-
crofield distribution, in order to fit the K functions. In the cases
of quasi-static or quasi-static and dynamic broadening, our fit-
ting procedure gives the electron impact width (W,), static ion
broadening parameter (A) and, finally the dynamic ion broad-
ening parameter (D).

4. Experiment and results

A linear low-pressure pulsed arc (Milosavljevié et al. 2000,
2001; Milosavljevi¢ & Djenize 2002; Djenize et al. 1992, 2002)
has been used as a plasma source. A pulsed discharge was
driven in a quartz discharge tube at different inner diameters
and plasma lengths. The used tube geometry and correspond-
ing discharge conditions are presented in Table 1.

Spectroscopic observations of spectral lines were made
end-on along the axis of the discharge tube and the profiles
were recorded by a step-by-step technique. The used experi-
mental procedures are described in Milosavljevi¢ et al. (2001)
and in Djenize et al. (2002) for the Ne1 lines, in Milosavljevié
(2001) for the Arrt lines and in Milosavljevié et al. (2000) for
the Krr1 lines, together with the applied diagnostic methods.
The experimentally obtained electron densities (N**P) and elec-
tron temperatures (7*P) are presented in Table 1 together with
those (NC and T°) obtained using our line deconvolution pro-
cedure. It should be pointed out that the values NP and N€,
and T and T° show excellent mutual agreement (within +3%
on average) providing confirmation of the validity of the used
deconvolution procedure.

Our experimentally obtained quasi-static ion broadening
parameters (A®*P) and ion dynamic coefficients (D*P) are

presented in Tables 2—4 together with the available theoreti-
cal AC values taken from Griem (1974). The necessary atomic
data were taken from NIST (2002) and Striganov & Sventickij
(1996). For the Kr1 lines no theoretical A values exist.

5. Discussion
5.1. Neon spectral lines

Our A®P and D®*P values are the first measured data in this
field. Our A% values are much higher than Griem’s AS data by
up to a factor 3—6. Extreme disagreement was found in the case
of the 703.241 nm and 724.517 nm spectral lines belonging to
the lower lying 3s-3p transition. In this case the theoretical A®
values are very low and lie far below our measured data by up
to a factor 15. The obtained D**P values are relatively high (at
our plasma conditions) and multiply the quasi-static ion effect
by about 2.2 times (on average) in the case of all investigated
Nert lines.

We have found that the ion contribution to the Ne1 spectral
line profiles plays a more important role than the theoretical
semiclassical approximation (Griem 1974) provides.

5.2. Argon spectral lines

Our A% are higher than the uniquely theoretical AS values,
by about 80% (on average). The A data obtained by Schinkoth
et al. (2000) for 15 Arr1 lines (in the 4s—4p transition) show
similar behavior. Our ion dynamic coefficients D*P show de-
pendence on the upper level energy of the transition. They
are higher for the low lying transitions (4s—4p). In these cases
the ion dynamic effect (at our plasma conditions) multiply the
quasi-static ion effect by about 3 times. In the cases of high—
lying transitions (4p—4d’, 4p—5d and 4p’—6d) the ion dynamic
effect is negligible (D ~ 1.2) within the accuracy of the mea-
surements.

5.3. Krypton spectral lines

Our A®P values can be separated into two groups. In the
first group are the higher A values (from 0.06651 up to
0.07428) corresponding to the lines in the 5s—5p transitions.
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Table 2. The ion broadening parameters (A*P, dimensionless within +15% estimated accuracy) and ion dynamic coefficients (D®*P, dimension-
less within £20% estimated accuracy) for the 26 Ne1 lines at measured N*? and 7 values (see Table 1). The index: exp and G denote our
experimental values and normalized theoretical values taken from Griem (1974) respectively using the well known Griem (1974) N'/* factor.

Exp. Tran. Multiplet A (nm) AP AS De*P Tran. Multiplet A (nm) AP AS D
a; 3s-3p [3/219-[1/2]; 703.241 0.0808 0.0084 2359 3s-3p’ [3/219-[3/2]° 597.553 0.0914 2.163
a 0.0864 0.0088 2.244 0.0900 2.088
a; [3/219-[1/2]; 724.517 0.0737 0.0048 2.379 [3/219-[3/2], 609.616 0.0746 0.0249 2.437
a 0.0786 0.0052 2.240 0.0799 0.0258 2.320
a; [3/219-[1/2]y 607.434 0.0601 2.382 [3/219-[3/2]; 612.846 0.1624 2.426
a 0.0656 2.262 0.1765 2.256
a [3/219-[3/2], 614.306 0.1008 2246 3s'-3p’  [1/219-[1/2]; 659.895 0.1158 2.348
a 0.1079 2.142 0.1232 2.182
a [3/219-[3/2]; 621.728 0.0794 2.189 [1/219-[1/2]p 585.249 0.1355 2.042
a 0.0832 2.113 0.1426 1.948
a [3/219-[3/2], 630.479 0.1098 2.261 [1215-[1/2]; 616359 0.1165 2.330
a 0.1175 2.105 0.1269 2.162
a [3/21°-[3/2]; 638299 0.1030 2.447 [1/215-[3/2], 667.828 0.0730 0.0166 2.353
a 0.1102 2.319 0.0768 0.0175 2.200
a [3/215-[5/2] 640.225 0.1227 0.0222 2.290 [1/21°-[3/2]; 671.704 0.0571 2.440
a 0.1328 0.0232 2.200 0.0611 2.327
a [3/215-[5/2] 633.443 0.1282 2.287 [1/219-[3/2]; 626.650 0.0867 0.0249 2.340
a 0.1386 2.253 0.0932  0.0258 2.210
a [3/21-[5/2] 650.653 0.0686 0.0212 2.421 [1/215-[3/2]; 653.288 0.1347 0.0233 2.317
a 0.0715 0.0224 2.320 0.1398 0.0241 2.234
ar  3s=3p°  [3/219-[1/2]; 588.190 0.1292 2316 3s-3p  [121°-[3/2], 692.947 0.0744 0.0153 2.462
a, 0.1390 2.207 0.0795 0.0158 2.322
a; [3/219-[1/2];  603.000 0.1260 2.175 [1/219-[5/2]; 717.394 0.0588 2.493
a, 0.1299 2.076 0.0635 2.376
a; [3/219-[3/2], 594.483 0.1226 0.0262 2279 3p-4d [3/2],-[5/2] 597.463 0.1221 2.074
a 0.1328 0.0276 2.122 0.1341 1.983

The second group comprises the lower A values (from 0.05004
up to 0.05492) corresponding to the lines in the higher lying
5s—6p transitions.

It turns out that our A®*P values show small internal scat-
ter within the mentioned groups. They lie within +7% of the
mean value. A similar behavior is also shown by A values from
Schinkoth et al. (2000) in the 5s—5p transitions. Their scatter is
+6%.

The normalized A values obtained in Schinkéth et al.
(2000) are about 34% higher than ours. But, taking into ac-
count the difference between electron temperatures (10000 K
and 17000 K) in the two experiments this discrepancy is really
lower than 34% and can be estimated to be 20%. Thus, one can
conclude that tolerable agreement exists among our A values
and those from Schinkoth et al. (2000).

It should be pointed out that our A values in the Kr1 5s—6p
transitions are the unique data in this field. Our D®*P values are
the first obtained data in this field. We have found that the ion
dynamic effect plays a significant role in the Kr1 line broaden-
ing (at our plasma conditions) and multiplies the quasi-static

ion effect by about 1.5 times (on average) in the case of the
5s—5p transition.

6. Conclusion

We have found a clear influence of the quasi-static ion and ion
dynamic effects on the investigated spectral line shapes; they
play a much more important role than the semiclassical theory
provides, especially for the Ne1 spectral lines, where our AP
values are much higher than theoretical AS values. The ob-
served ion dynamic effect, at our plasma conditions, multiplies
the quasi-static ion contribution by up to a factor 3 for the Ar1
(lower multiplets) lines and by up to a factor 2 for the Ne1lines.
This can play an important role for the use of these lines for as-
trophysical plasma modeling or for diagnostical purposes.
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Table 3. Same as in Table 2 but for the 19 Ar1 spectral lines (see also Table 1).

Exp.  Tran. Multiplet A (nm) AP AG pew Tran. Multiplet A (nm) AP AS D
b, ds-4p  [3/211/2]y 751.465 0.0764 2551 4s-5p  [3/219-[1/2]p 419.832 0.1430 0.1134 1.347
b, 0.0778 3.163 0.1453 0.1139 1.656
b; 0.0793 3.096 0.1452  0.1143  1.649
by [3/219-[3/21, 763.511 0.0574 2.663 [3/219-[3/2], 415.859 0.1432 1.332
b, 0.0582 3.274 0.1460 1.638
b3 0.0586 3.255 0.1473 1.624
b, [3/2]2—[3/2]. 772.376  0.0594 2.665 [3/2]3—[3/2]] 416.418  0.1399 1.357
b, 0.0600 3.275 0.1416 1.664
b; 0.0602 3.264 0.1418 1.663
b, 4s4p’ 37219172 696.543  0.0832 2.803 [3/219-[3/2], 426.629 0.1324 1.380
b, 0.0837 3.432 0.1322 1.712
b; 0.0844 3.456 0.1336 1.689
by [3/219-[1/21 727.294  0.0788 2.445 [3/219-[5/21s 420.068 0.1401 0.0853 1.325
b, 0.0797 3.174 0.1415 0.0850 1.636
b3 0.0796 3.161 0.1422  0.0849 1.624
by [3/2]2—[3/2]2 706.722  0.0709 2.835 4s'-5p’ [1/2](1)—[1/2]0 425936 0.1898 0.1022 1.254
b, 0.0718 3.525 0.1909 0.1030 1.541
b; 0.0719 3.486 0.1926  0.1030 1.552
b, [3/2](1’—[3/2]2 738.398  0.0712 2.735 [1/2]8—[3/2]] 419.103  0.2187 1.317
b, 0.0720 3.376 0.2250 1.615
b; 0.0723 3.342 0.2270 1.605
by 4s'p’  [1/219-[1/2], 750387  0.0636 2489  4p4d [1/21i-[3/21° 591.209  0.1419 1.030
b, 0.0673 3.041 0.1414 1.268
b3 0.0688 3.010 0.1427 1.265
by [1/219-[1/21;  772.421  0.0671 2470  4p-5d  [521-17/21 604.322  0.2117 1.
b, 0.0680 3.054 0.2145 1.152
b3 0.0685 3.029 0.2155 1.149
b3 4p-4d [1/2].—[3/2]2 675.285 0.1532 0.0824 1.496

Table 4. Same as in Table 2 but for the 20 Kr1 spectral lines (see also Table 1).
Exp. Transition Multiplet A (nm) AP D**?  Transition Multiplet A (nm) AP D
c 5s-5p [3/2](1’—[1/2]0 758741 0.074 1.464 58’-5p’ [1/2]‘1)—[1/2]] 828.105 0.070 1.580
c [3/219-[3/21, 760.154 0.071 1.530 [1/219-[1/2]y  768.525 0.073 1.549
c [3/219-[3/21;  769.454 0.068 1.648 [1/2]8—[1/2]1 785.482  0.069 1.556
c [3/219-[3/2], 819.005 0.070 1.563 [1/219[3/2], 826.324 0.071 1.578
c [3/2]?—[3/2]. 829.811 0.068 1.602 [1/2]8—[3/2]] 805.950 0.067 1.630
c [3/219-[5/21; 811.290  0.071  1.559 5s—6p [3/219-[1/2];  436.264  0.050 1.
c [3/219-15/21, 810436 0.074 1.497 [3/219-[3/2], 427.397 0.055 1.
c 5s-5p’ [3/219-[1/2]; 557.029 0.070 1.247 [3/219-[3/2];  446.369  0.050 1.
c [3/2]2—[3/2]2 556.222 0.070  1.303 [3/2]3—[5/2]3 431.958 0.050 1.
c [3/2](1)—[3/2]2 587.091 0.071 1.340 5s’—6p’ [1/2](1)—[1/2]0 435.136  0.051 1.
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