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Plasma broadening and shifting of spectral lines along the isoelectronic sequence of boron
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Temperature dependence of the Stark widiihNsin and Fv) and shifts (N1 and Oiv) of the
35?S-3p(1S)2P° and F?PP-3d(1S)?D transitions have been studied theoretically using the impact semiclas-
sical method and experimentally observed in the plasma of a low pressure pulsed arc. Plasma electron densities
were determined from the width of the HeP, line while electron temperatures were measured from the
relative line intensities. To estimate the influence of different ions on the width and shift of lines, evaluations
of the plasma composition data were performed and, in conjunction with our theoretical results, the contribu-
tion of ion broadening was estimated. Within the estimated uncertainties experimental Stark widths agree well
with the results of our semiclassical electron impact widths in the studied electron temperature range. For the
conditions of the present experiment, estimated contribution of the ion broadening has never exceeded five
percent of the total width. So within the precision of this experiment it was not possible to detect its presence
with certainty. Along the boron isoelectronic sequence the experimental widths and shifts agree with semi-
classical electron impact data predictions. In the case of [lhes the inclusion othe energy levels with
different parent termén our semiclassical calculations of the Stark widths and shifts improved the agreement
between theory and experiment considerably. Comparisons of the experimental widths with simple theoretical
formulas for estimation of plasma broadened linewidths show an agreement within estimated uncertainties.
[S1063-651%96)00307-9

PACS numbgs): 52.70.Kz, 32.70.Jz

I. INTRODUCTION Here, we present the results of experimental and theoreti-
cal study of the broadening and shift of the analogous tran-
Knowledge of the Stark width and shift dependence uporsitions along the isoelectronic sequence of boron. These type
the temperature of the charged perturbers in the plasma is of studies, which are very convenient for the testing of
importance for testing of the theory and for the reliable di-theory (similar energy level structure of the emitter with
agnostics of laboratory and astrophysical plasmas. Namelgradual increase of the ionic chajgalso enables determi-
the dependence of the Stark broadening parameters upon thation of the Stark width and/or shift dependence upon spec-
electron concentratiolN, has been tested in a number of troscopic charge numbet of the emitter. This also is of
experiments(see, e.g., Refs[1] and [2] and references importance for the estimation of the broadening parameters
therein) while the dependence of these parameters upon thier the ions with no available data. An early study of the
electron temperaturd, in a wider temperature range is experimental line widths along isoelectronic sequence was
tested only in a few cases. Usually, experimental results arperformed in[4]. Although the analysis was based only on
reported for a single electron temperature and in most of théhe few experimental data it was clearly demonstrated that
cases when comparison with another experiment is petthe widths decrease strongly with increasing ionic chidde
formed, temperature dependence of the Stark broadening p&ince then several publications have reported experimental
rameter is neglected. This is justified by assuming weak demeasurements of the Stark widths and shifts of the analogous
pendence of the widthw and shift d upon electron transitions along isoelectronic sequen¢és-8|. In all the
temperatureT,. This assumption may be used only in aexperiments gradual decrease of the Stark widths with an
small temperature range whose magnitude depends upon tirerease o7 is detected. AZ ! scaling of the Stark widths
shape ofw(T,.) andd(T,) curves(see, e.g., comparison be- was found for 3—3p transitions in Li-like iongup toZ=6)
tween experimental and theoretical results in Figs.)1lFdr-  [5]. In another experiment this study is extended to higher
thermore, the usual assumption that, in comparison with thenized speciesup toZ=8) and systematic deviations of the
electron impact contribution to the width or shift of ionized line widths from the theoretically expectefi ? scaling is
atom lines, one can neglect the contribution of ions, may notletected 7]. In a recent experimer8] along boron isoelec-
be correct(see, e.g., theoretical results for widths and shiftstronic sequence, 83p and 3-3d transitions, considerable
of Ov lines in Ref.[3] and Table ). This ion contribution  widths deviations are detected fae=5 andZ=6 from those
may change the Stark broadening parameters and maylpeedicted by some theoretical calculations. Recent experi-
temperature dependence at elevated temperatures. To answeental studies of the Stark shifts of thes-4p transition
guantitatively the above questions both theoretical and exalong theP isoelectronic sequencésin, Clii, and Ariv)
perimental study of the plasma broadened spectral line palso showed a gradual decrease of shifts with increase of
rameters of multiply ionized atoms are required. [6] (see alsq9]). Furthermore, the change of the sign of the
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TABLE |. This table shows Stark broadening parameters for t#S3p('S)?P° and the
3p?PP-3d(1S)2D multiplets ofN 1, O v, andF v for the perturber density of #6cm™2 and temperatures
from 10 000 up to 300 000 K. Transition and averaged wavelengths for the multiplet in A are also given. If
one divides theC value by the Stark width value, we obtain an estimate for the maximum perturber density
(in cm™3) for which the line may be treated as isolated and the tabulated data may be used. Brackets in the
table enclose powers of ten.

Perturber density1x10Y cm™3

Perturbers are: Electrons Protons
Transition T (K) Width (A) Shift (A) Width (A) Shift (A)
N 3s-3p 10 000 0.474 0.116-02] 0.38§ —-02] —0.131-02]
4100.5 A 20 000 0.339 —0.682-02] 0.78§—02] —0.26§-02]
C=0.3E+21 30 000 0.283 -0.743-02] 0.104-01] -0.370-02]

50 000 0.231 —0.629-02] 0.137-01] —0.506—-02]

100 000 0.183 —0.837-02] 0.16§—01] —0.697-02]

150 000 0.162 -0.743-02] 0.183-01] —0.773-02]

N 3p-3d 10 000 0.584 -0.827-02] 0.101-01] —0.409-02]
4639.9 A 20 000 0.424 —0.857—-02] 0.229-01] —0.916-02]
C=04&E+21 30000 0.355 —0.753-02] 0.329-01] —0.132-01]
50 000 0.290 —0.688-02] 0.43§—-01] -0.191-01]

100 000 0.229 —0.94Q-02] 0.58—01] —0.268 —01]

150 000 0.205 —0.764-02] 0.641—-01] —0.304 —-01]

Perturbers are: He Hen

N 3s-3p 10 000 0.59[—02] -0.129-02] 0.710-02] -0.232-02]
4100.5 A 20 000 0.103-01] —0.253-02] 0.149-01] -0.512-02]
C=0.3€E+21 30 000 0.12[/~01] —0.344-02] 0.203-01] —-0.729-02]
50 000 0.15p-01] —0.466—-02] 0.267—-01] —0.102-01]

100 000 0.17B-01] -0.583-02] 0.334-01] —0.142-01]

150 000 0.190-01] —0.649-02] 0.364—-01] —0.158-01]

N 3p-3d 10 000 0.12p-01] —0.225-02] 0.163—-01] —0.406—-02]
4639.9 A 20 000 0.205-01] —0.427-02] 0.317-01] -0.87§-02]
C=0.4&E+21 30 000 0.252-01] -0.570-02] 0.403-01] -0.123-01]
50 000 0.28B-01] —0.737-02] 0.52Q-01] —0.166—01]

100 000 0.32[-01] —0.929-02] 0.617—-01] —0.230-01]

150 000 0.35p-01] —0.104-01] 0.664—01] —0.256 -01]

Perturbers are: N N1

N 3s-3p 10 000 0.75-02] -0.127-02] 0.963-02] -0.231-02]
4100.5 A 20 000 0.118-01] —0.24Q-02] 0.183-01] —0.499-02]
C=03&E&+21 30 000 0.143-01] -0.319-02] 0.231-01] -0.692-02]
50 000 0.16p—-01] -0.410-02] 0.29 —01] -0.927-02]

100 000 0.18¢-01] —0.516—-02] 0.348—-01] —0.127-01]

150 000 0.19[-01] —-0.576-02] 0.374-01] —0.143-01]

N 3p-3d 100 000 0.16p-01] -0.220-02] 0.214-01] —0.402-02]
4639.9 A 20 000 0.236-01] —0.407-02] 0.377-01] —0.83§-02]
C=0.4&E+21 30 000 0.274-01] —0.520-02] 0.461-01] —0.116-01]
50 000 0.30B-01] -0.67§-02] 0.559-01] —0.154-01]

100 000 0.34p-01] -0.832-02] 0.63§—-01] —0.203-01]

150 000 0.358-01] —0.921-02] 0.684—-01] —0.226—-01]

Perturbers are: N/ N v
N 3s-3p 10 000 0.10B-01] —0.30§-02] 0.107-01] —0.354-02]
4100.5 A 20 000 0.242-01] -0.733-02] 0.251-01] —0.952-02]
C=0.3€E+21 30 000 0.304-01] —0.10§-01] 0.359-01] —0.141-01]

50 000 0.40p-01] —0.149-01] 0.489—-01] —0.21Q-01]

100 000 0.50[—01] —0.211-01] 0.656 —01] —0.301-01]

150 000 0.54p-01] —0.237-01] 0.71§-01] —0.344-01]

N m 3p-3d 10 000 0.236-01] —0.534-02] 0.239-01] —0.620-02]

4639.9 A 20 000 0.471:01]  -0.12§-01] 0.53§-01]  —0.164—01]
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TABLE I. (Continued)

Perturber density1x10 cm™3

Perturbers are: Electrons Protons
Transition T (K) Width (A) Shift (A) Width (A) Shift (A)
C=0.4&E+21 30 000 0.603-01] —0.17§-01] 0.731-01] —0.23§-01]

50 000 0.77p-01] —0.243-01] 0.969—01] —0.343-01]
100 000 0.925-01] —0.341-01] 0.120 —0.490-01]
150 000 0.99[7-01] —0.383-01] 0.130 —0.550-01]
Perturbers are: NI N v
N 3s-3p 10 000 0.976-02] —0.384-02] 0.967-02] -0.416-02]
41005 A 20 000 0.27%01] -0.114-01] 0.284-01] -0.133-01]
C=0.3€E+21 30 000 0.3909-01] —0.177-01] 0.434-01] —0.211-01]
50 000 0.56B-01] —0.268 —01] 0.647-01] —0.328-01]
100 000 0.80p-01] —0.393-01] 0.93§-01] —0.49Q-01]
150 000 0.88p-01] —0.463-01] 0.105 —0.580—-01]
N 3p-3d 10 000 0.23[-01] —0.674-02] 0.23Q—-01] —0.730-02]
4639.9 A 20 000 0.591-01] —0.199-01] 0.631—-01] —0.230-01]
C=0.4&+21 30 000 0.838-01] —0.29§-01] 0.92Q-01] —0.357-01]
50 000 0.112 —0.442-01] 0.126 —0.543-01]
100 000 0.147 —0.644—-01] 0.174 —0.803-01]
150 000 0.161 —0.737-01] 0.191 —0.924-01]
Perturbers are: Electrons Protons
O 3s-3p 10000 0.299 0.1§8-01] 0.407-03] 0.288 —04]
3066.4 A 20 000 0.198 0.17101] 0.107-02] 0.648 —04]
C=0.2&+21 30 000 0.155 0.129-01] 0.173-02] 0.10Q—-03]
50 000 0.121 0.104-01] 0.276-02] 0.17Q—-03]
100 000 0.90B-01] 0.803—-02] 0.416-02] 0.324-03]
150 000 0.776-01] 0.65Q-02] 0.501-02] 0.433-03]
O1v 3p-3d 10 000 0.278 0.174-01] 0.91Q-03] 0.224-03]
34109 A 20 000 0.177 0.14701] 0.230-02] 0.499-03]
C=0.3£+21 30 000 0.144 0.116-01] 0.356 —-02] 0.762—-03]
50 000 0.112 0.87+02] 0.542-02] 0.122-02]
100 000 0.826-01] 0.737-02] 0.782-02] 0.199-02]
150 000 0.700-01] 0.643-02] 0.896—02] 0.24Q-02]

Perturbers are: Ha O
O1v 3s-3p 10 000 0.72p-03] 0.479—-04] 0.117-02] 0.479—-04]
3066.4 A 20 000 0.199-02] 0.121-03] 0.289-02] 0.121-03]
C=0.2&+21 30 000 0.325-02] 0.193-03] 0.447-02] 0.193-03]

50 000 0.52B-02] 0.334-03] 0.663—-02] 0.331-03]

100 000 0.81p-02] 0.643 -03] 0.944-02] 0.620 —03]

150 000 0.98p-02] 0.879-03] 0.107-01] 0.831-03]

Ov 3p-3d 10 000 0.16p-02] 0.367—-03] 0.247-02] 0.367—-03]
34109 A 20 000 0.429-02] 0.933-03] 0.607—-02] 0.93Q—-03]
C=0.3&+21 30 000 0.674-02] 0.147-02] 0.88Q—-02] 0.149-02]
50 000 0.104-01] 0.241-02] 0.124-01] 0.231-02]

100 000 0.15p-01] 0.401-02] 0.171-01] 0.364—-02]

150 000 0.17[-01] 0.487-02] 0.186—01] 0.445-02]

Perturbers are: o Ov

O 3s-3p 10000 0.108-02] 0.573 -04] 0.977-03] 0.649—04]
3066.4 A 20 000 0.3Q9-02] 0.171-03] 0.317-02] 0.231-03]
C=0.2&E&+21 30 000 0.504-02] 0.279-03] 0.54Q0-02] 0.359-03]
50 000 0.814-02] 0.493 03] 0.924-02] 0.649—-03]

100 000 0.12¢-01] 0.959-03] 0.15Q-01] 0.13Q-02]

150 000 0.14p-01] 0.130-02] 0.184-01] 0.179-02]

O1v 3p-3d 10 000 0.23p-02] 0.447-03] 0.219-02] 0.498 03]
34109 A 20 000 0.664-02] 0.131-02] 0.693-02] 0.164-02]
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TABLE I. (Continued.)

Perturber density1x10 cm™3

Perturbers are: Electrons Protons
Transition T (K) Width (A) Shift (A) Width (A) Shift (A)
C=0.3£&+21 30 000 0.104-01] 0.212-02] 0.114-01] 0.274-02]

50 000 0.16p-01] 0.35§-02] 0.189—-01] 0.471-02]

100 000 0.23p-01] 0.593-02] 0.281—-01] 0.83Q—-02]

150 000 0.26B-01] 0.724-02] 0.34Q—-01] 0.101-01]

Perturbers are: QI Cu

O1v 3s-3p 10 000 0.91p5-03] 0.674—-04] 0.104-02] 0.479-04]
3066.4 A 20 000 0.318-02] 0.249-03] 0.272-02] 0.121-03]
C=0.2&+21 30 000 0.56[1-02] 0.434—-03] 0.421-02] 0.193-03]
50 000 0.10p-01] 0.793-03] 0.641-02] 0.332-03]

100 000 0.17§-01] 0.162-02] 0.923-02] 0.62—-03]

150 000 0.21p-01] 0.229-02] 0.106—01] 0.839-03]

O 3p-3d 10 000 0.20p-02] 0.521-03] 0.231-02] 0.367—03]
34109 A 20 000 0.703-02] 0.197-02] 0.571-02] 0.931-03]
C=0.34&+21 30 000 0.1200-01] 0.333-02] 0.844—-02] 0.145-02]
50 000 0.204-01] 0.584—02] 0.121-01] 0.233-02]

100 000 0.32[-01] 0.10§-01] 0.169-01] 0.371-02]

150 000 0.40B-01] 0.133-01] 0.185—-01] 0.454-02]

Perturbers are: (v} Cv
O 3s-3p 10000 0.96B3-03] 0.573—-04] 0.906 —03] 0.649—04]
3066.4 A 20 000 0.296-02] 0.171-03] 0.296—-02] 0.213-03]
C=0.2&E&+21 30 000 0.47[-02] 0.279-03] 0.50§ -02] 0.359—-03]

50 000 0.78[—02] 0.494-03] 0.883-02] 0.649—-03]

100 000 0.12p-01] 0.963 03] 0.146-01] 0.130-02]

150 000 0.14p-01] 0.137-02] 0.18¢0—01] 0.181-02]

O1v 3p-3d 10 000 0.215-02] 0.443-03] 0.204-02] 0.498 —-03]

34109 A 20 000 0.635-02] 0.131-02] 0.649-02] 0.164-02]

C=0.3£&+21 30 000 0.990-02] 0.212-02] 0.108 —01] 0.274-02]

50 000 0.154-01] 0.357-02] 0.177-01] 0.473-02]

100 000 0.22[/—-01] 0.607—-02] 0.274-01] 0.839-02]

150 000 0.265-01] 0.733-02] 0.334-01] 0.103-01]

Perturbers are: Electrons Protons
Fv 3s-3p 10 000 0.124 0.191-01] 0.689—04] —0.756 —04]
2455.0 A 30 000 0.698-01] —0.53§-05] 0.353-03] —0.277-03]
C=0.2E+21 50 000 0.514-01] —0.840-03] 0.684—-03] —0.464-03]
100 000 0.376-01] —0.863 —03] 0.135-02] —0.817-03]
200 000 0.283-01] —0.102-02] 0.207-02] —0.120-02]
300 000 0.243-01] —0.106—-02] 0.250-02] —0.147-02]
Fv 3p-3d 10 000 0.129 —0.773-02] 0.145-03] —0.830Q—04]
2701.6 A 30000 0.798-01] —0.140-02] 0.716—-03] —0.304-03]
C=0.2FE+21 50 000 0.594-01] —0.914-03] 0.131-02] —-0.511-03]
100 000 0.43B-01] —0.686 —03] 0.237-02] —0.90§ -03]
200 000 0.32¢-01] -0.101-02] 0.344-02] —0.139-02]
300 000 0.27p-01] —0.859-03] 0.390-02] —0.165-02]
Perturbers are: He He

Fv 3s-3p 10000 0.12[/-03] —0.756 —04] 0.118-03] —0.119-03]
2455.0 A 30 000 0.596-03] —0.275-03] 0.661—-03] —0.524-03]
C=0.2E+21 50 000 0.10R-02] —0.45Q -03] 0.130-02] —0.909-03]
100 000 0.16p-02] —0.759-03] 0.264—-02] —0.163-02]
200 000 0.236-02] —0.107-02] 0.406—-02] —0.244-02]
300 000 0.25B-02] -0.125-02] 0.495-02] —0.299-02]
Fv 3p-3d 10 000 0.26B-03] —0.830—-04] 0.25Q-03] -0.126-03]
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TABLE I. (Continued)

Perturber density1x10 cm™3

Perturbers are: Electrons Protons
Transition T (K) Width (A) Shift (A) Width (A) Shift (A)
2701.6 A 30 000 0.11702] —0.302 -03] 0.134-02] —0.57—-03]
C=0.2FE+21 50 000 0.189-02] —0.497-03] 0.25Q-02] —0.997-03]

100 000 0.29p-02] —0.845-03] 0.464—-02] —0.182-02]
200 000 0.380-02] -0.120-02] 0.674-02] -0.274-02]
300 000 0.418-02] -0.141-02] 0.776—-02] —0.334-02]

Perturbers are: F Fiv
Fv 3s-3p 10 000 0.19p-03] -0.114-03] 0.179-03] -0.13§-03]
2455.0 A 30 000 0.1Q4-02] —0.521-03] 0.119-02] —0.749-03]
C=0.2E+21 50 000 0.186-02] —0.883 03] 0.213-02] —0.131-02]

100 000 0.32f1-02] —0.154-02] 0.416-02] —0.24Q-02]
200 000 0.45p-02] —0.221-02] 0.63Q—-02] —0.357-02]
300 000 0.51p-02] —0.262-02] 0.753-02] —0.43§-02]
Fv 3p-3d 10 000 0.42p-03] —0.126-03] 0.38Q—03] —0.148-03]
2701.6 &4 30 000 0.20602] —0.573-03] 0.223-02] —0.823-03]
C=0.27E+21 50 000 0.34f-02] —-0.97§-03] 0.406—-02] —0.149-02]
100 000 0.55p-02] -0.171-02] 0.725-02] —0.267-02]
200 000 0.748-02] —0.248-02] 0.104-01] —0.40Q-02]
300 000 0.810-02] —0.296—-02] 0.117-01] —0.489-02]
Perturbers are: 17 Fwvi
Fv 3s-3p 10 000 0.16B3-03] —0.141-03] 0.137-03] —0.131-03]
2455.0 A 30000 0.113-02] —0.956 —03] 0.113-02] -0.114-02]
C=0.2E+21 50 000 0.220-02] —-0.173-02] 0.23§-02] -0.213-02]
100 000 0.480-02] -0.327-02] 0.536—-02] —-0.417-02]
200 000 0.770-02] -0.507-02] 0.911-02] —0.663-02]
300 000 0.97p-02] -0.617-02] 0.116-01] —0.811-02]
Fv 3p-3d 10 000 0.34p-03] —0.15-03] 0.29Q-03] —0.144-03]
2701.6 A 30 000 0.236-02] —0.10§-02] 0.233-02] —0.129-02]
C=0.27E+21 50 000 0.44R-02] —0.191-02] 0.466 —-02] —0.233-02]
100 000 0.856-02] —0.364—-02] 0.954-02] —0.463-02]
200 000 0.12B-01] —0.569-02] 0.149-01] —0.749-02]
300 000 0.15p-01] -0.692-02] 0.184-01] -0.911-02]
Perturbers are: %1 F v
Fv 3s-3p 100 000 0.10p-03] —0.109-03] 0.927-04] —0.106-03]
2455.0 A 30 000 0.113-02] -0.131-02] 0.113-02] —0.149-02]
C=0.2E+21 50 000 0.245-02] —0.250-02] 0.250-02] —0.287-02]
100 000 0.586-02] —0.507—-02] 0.626 —-02] —0.590-02]
200 000 0.106-01] —0.827-02] 0.119-01] —0.993-02]
300 000 0.13p-01] —0.101-01] 0.153-01] —0.121-01]
Fv 3p-3d 10 000 0.21p-03] —0.120-03] 0.195-03] —0.117-03]
2701.6 A 30 000 0.234-02] —0.143-02] 0.233-02] —0.159-02]
C=0.2E+21 50 000 0.482-02] —0.276-02] 0.494-02] —0.31§-02]
100 000 0.10p-01] -0.561-02] 0.111-01] —0.653-02]
200 000 0.16P-01] -0.926-02] 0.190-01] —0.111-01]
300 000 0.21p-01] —0.113-01] 0.239-01] —0.13§-01]

Perturbers are: 0] Siv
F v 3s-3p 10 000 0.22p-03] —0.115-03] 0.201-03] —0.139-03]
2455.0 A 30 000 0.114-02] —0.52Q -03] 0.122-02] —0.748—-03]
C=0.2E+21 50 000 0.199-02] —0.87§ 03] 0.23Q-02] —0.131-02]

100 000 0.33p-02] —0.152-02] 0.437-02] —0.237-02]
200 000 0.46B-02] -0.216-02] 0.646—-02] —0.350-02]
300 000 0.51p-02] —0.254-02] 0.757-02] —0.423-02]
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TABLE I. (Continued)

Perturber density1x10 cm™3

Perturbers are: Electrons Protons
Transition T (K) Width (A) Shift (A) Width (A) Shift (A)
Fv 3p-3d 10000 0.46p-03] —0.126-03] 0.425-03] —0.148-03]
2701.6 A 30 000 0.235-02] —0.573-03] 0.245-02] —0.823-03]
C=0.2E+21 50 000 0.36B-02] —0.970-03] 0.437-02] —0.144-02]

100 000 0.57p-02] -0.169-02] 0.754-02] —0.263-02]
200 000 0.758-02] —0.242-02] 0.107-01] -0.391-02]
300 000 0.82p-02] —0.286—-02] 0.11§-01] —0.476—-02]
Perturbers are: 8 Svi
Fv 3s-3p 10 000 0.18p-03] —0.141-03] 0.153-03] -0.131-03]
2455.0 A 30 000 0.175-02] —0.956 —03] 0.126-02] —0.114-02]
C=02E+21 50 000 0.249-02] —0.172-02] 0.261-02] —-0.212-02]
100 000 0.51p-02] —0.322-02] 0.56§ —02] —-0.411-02]
200 000 0.79p-02] —0.493-02] 0.936—-02] —0.645-02]
300 000 0.986-02] —0.603-02] 0.119-01] —0.789-02]
Fv 3p-3d 10 000 0.386-03] —0.154-03] 0.329-03] —0.144-03]
2701.6 A 30 000 0.294-02] —0.10§-02] 0.259-02] —-0.129-02]
C=0.2E+21 50 000 0.480-02] —0.190-02] 0.508 -02] -0.233-02]
100 000 0.90B3-02] —0.359-02] 0.101-01] —0.457-02]
200 000 0.133-01] —0.554-02] 0.155-01] —0.729-02]
300 000 0.15¢-01] —0.679-02] 0.18§ —01] —0.888 —02]
Perturbers are: i S
Fv 3s-3p 10 000 0.11p-03] —0.109-03] 0.103-03] —0.106-03]
2455.0 A 30 000 0.136-02] —0.131-02] 0.126-02] —0.145-02]
C=0.2E+21 50 000 0.270-02] —0.250-02] 0.276—-02] —0.28—-02]
100 000 0.62(-02] -0.501-02] 0.667—-02] —0.584-02]
200 000 0.10B-01] —0.807-02] 0.127-01] —0.972-02]
300 000 0.138-01] —0.989-02] 0.156 —01] —0.119-01]
Fv 3p-3d 10000 0.23B-03] —0.12Q0-03] 0.219-03] —0.117-03]
2701.6 A 30 000 0.246-02] —0.143-02] 0.26Q0-02] —0.159-02]
C=0.2E+21 50 000 0.520-02] —0.274-02] 0.543-02] —0.31§-02]
100 000 0.11p-01] —0.556—-02] 0.11§-01] —0.648§-02]
200 000 0.175-01] —0.906-02] 0.196—-01] —0.109-01]
300 000 0.21]7-01] -0.111-01] 0.245-01] —0.133-01]

shift along theS sequence(4s’-4p’ transition Cli and related to the recent study of the same transitions in another
Ar 1) is detected6]. This shift behavior was explained by experiment performed with a different plasma source, diag-
the irregular change of the perturbing energy levels distribunosed with another diagnostic technidi&s.

tion around the upper level of the transition along the se-

quence. In this case simple thedy0] predicted the sign of Il. THEORY

the shift[6].

A general problem in the experimental studies along iso- By using the semiclassical-perturbation formaligkt,12]
electronic sequences is scaling of the data to the same teme have calculated Stark broadening parameters far, N
perature. Namely, experimental results for low ionizationO Iv, and Fv 3s2S-3p(1S)?P° and 32P%-3d(}S)?D mul-
stages obtained at lower temperatures have to be comparéglets. Besides electron impact line widths and shifts, Stark
with results for higher ionization stages measured at muclroadening parameters due to all relevant ion perturbers have
higher temperatures. To perform a sensible comparison dieen calculated as well. The corresponding data when per-
the data along the sequence it is necessary to scale all eturbers are NI—N viI are calculated for MI multiplets and
perimental results to the same temperature. In cases whéhiii—Ovi for O Iv multiplets. Since in the case of the con-
width or shift dependence upon temperature is not knowrsidered Qv transitions, several transitions between atomic
this procedure may introduce an uncertainty in the comparienergy levels with different parent terms may influence sig-
son. Therefore the emphasis of this work is concentrated fonificantly, particularly on the shift values, the calculations
several reasons on the temperature dependence of the Stavkh the inclusions of 82p(3P%)3p2S, 2s2p(*P%3p?S,
broadening parameters. Both experimental and theoretical i2s2p(3P%)3p?P,  2s2p(*P%)3p2P, 2s2p(°P%)3p?D,
vestigations will be an extension of our study af-3p and  2s2p(*P%)3p?D, and  2%'D)3s’D  perturbing
3p-3d transitions of Qv [3] to Nl and Fv and it will be  2s%(1S)3p?P%  transitons  32p(3P%)3s?P°  and



54 PLASMA BROADENING AND SHIFTING OF SPECTRAL LINE. .. 749

2s2p(tP%3d?P°  perturbing  %%(*S)3d°D and  portant for the shifts than for the widths.
252p(*P%3s?PP perturbing 2%(1S)3s2S transitions have
been performed here.

In order to assure the consistency of the data set, all os- IIl. EXPERIMENT

cillator strengths(and not only those for added transitions  The experimental apparatus and procedure are described
with different parent termshave been taken from the TOP in [3] SO 0n|y minimum details will be given here. The ||ght
base(the complete package of the opacity projeP) data  source was a low pressure pulsed arc with a quartz discharge
with the database management system is usually referred tabe 10 mm internal diameter. The distance between alumi-
as TOP base[13,14. In order to compare experimental re- num electrodes was 161 mm, and 3 mm diameter holes were
sults for OIv lines from another experimef8] performed in  located at the center of both electrodes to allow end-on
CQO,, the contribution of the @ —-Cv perturbers to the plasma observations. A 30 mm diaphragm placed in front of
width of OIv multiplets are calculated as well. If one com- the focusing mirror ensures that light comes from the narrow
pares Stark widths and shifts for 1@ calculated with the cone about the arc axis. All plasma observations are per-
Coulomb oscillator strengths and oscillator strengths fronformed withh 1 m monochromator with inverse linear disper-
the TOP base, one obtains for the-3p multiplet at an  sion 8.33 A/mm in the first order of the diffraction grating,
electron density of 1 cm 2 andT=100 000 K,w=0.0741  equipped with the photomultiplier tube and a stepping motor.
A and d=-0.002 40 A with Coulomb oscillator strengths The discharge was driven by a 15.F low inductance ca-
andw=0.0741 A andd=-0.002 33 A with TOP base oscil- pacitor charged to 3 k\(nitrogen experiment: peak current
lator strengths. For the B3d multiplet one obtains 1,=14.8 kA, critically damped current pulse duratior 7.7
w=0.0784 A andd=-0.00222 A andw=0.0716 A and us, pressure of the gas mixtupe=3 torr, continuous flow of
d=-0.000 955 A, respectively. If one adds the above menthe gas mixture, composition: 2.0% o, He) and to 4.8
tioned transitions with different parent termms=0.0903 A kV (fluorine experimentt ;=20.5 kA, 7=8.3 us, p=0.8 torr,
andd=+0.008 03 A for the 3-3p multiplet andw=0.0824  continuous flow of the mixture 1.4% of i He) and fired
A andd=-+0.007 37 A for the $-3d multiplet. One can see by an ignitron. The stepping motor and oscilloscope are con-
that the influence of the perturbing levels with different par-trolled by a personal computer, which was also used for data
ent terms is more significant than the differences betweeacquisition. Recordings of spectral line shapes were per-
Coulomb and TOP base oscillator strengths. Since the me&ermed shot by shot. At each wavelength position of the
surements of ¥ Stark widths were performed in the mixture monochromator time evolution and decay of the plasma ra-
of SK; with He and in[8] SF; with hydrogen, Stark widths diation were recorded by the digital oscilloscope. Four such
and shifts when 81-Svii and Fii—Fvi are perturbers signals were averaged at each wavelength. To construct the
have been calculated also. A summary of the formalism useline profiles these averaged signals at different wavelengths
for these calculations is given [d5]. and at various times of the plasma existence were used to
Energy levels needed for calculations have been takenonstruct line profiles. Spectral line profiles were recorded
from [16]. For all radiators except & oscillator strengths with instrumental half widths of 0.168 A and 0.192 A in
were calculated by using the method by Bates and Damgaardtrogen and fluorine experiments, respectively. To deter-
[17,18. We have been using the method described in Refmine the Stark half width from the measured profile, a stan-
[19] for higher energy levels. Our results are shown in Tabledard deconvolution procedure for the Lorentzi&tark and
| for a perturbers density of 30 cm™2 and temperatures Gaussiar(instrumentatDopplep profiles[22] was used.
T=10000-150 000 K for NI, OIv, and Fv. We also For the line-shift measurements we used line profiles at
specify a paramete€ [15] which, when divided by the cor- the different times of the plasma existeni@8]. For this
responding electron-impact full width at half maximum technique of shift measurements it is necessary to know
(FWHM), gives an estimate for the maximum perturbersplasma parameterglectron density and temperatye the
density for which the line may be treated as isolated. Fotimes when both profiles are recorded.
each value given in Table | the collision voluremultiplied For the electron-density measurements we used, as in our
by the perturbers densify is much less than one and there- oxygen experimerit3], the width of the Hel P, 4686 A line
fore the binary approximation is valid. Sindéis propor-  [24]. Our main concern in the electron-density measurements
tional to the cube of the typical emitter-perturber distancewas a possible presence of self-absorption of Bheline
pf'yp, andpf’yp may be estimated from the width, representingwhich may distort the line profile. This would result in erro-
the width as proportional to the perturber dengitythe av- neous reading of the line width which would introduce an
erage velocityv, and the average total cross sectioy),  error in the electron-density measurements. In order to deter-
((Ttyp=71'pt2yp), this is a good estimate of the validity of the mine the optical thickness of the investigated lines we have
impact approximatiol5]. When the impact approximation introduced in the discharge an additional movable electrode
is not valid, the ion-broadening contribution may be esti-[3,25]. By placing the movable electrodd0 mm thick at
mated by using quasistatic estimatidis2(Q]. In the signifi-  two different positions and by recording the line profiles
cant parameter region in between where neither of these twivtom two plasma lengths, it is possible to determind,
approximations is valid, a unified type theory should be usedwhere «, is the spectral line absorption coefficient ands
For example, in Ref[21] simple analytical forms for such the plasma length along the direction of observation. Since
cases are given. The accuracy of the results obtained déhe measured,| for the Hell P, line was always smaller
creases when broadening by ion interaction becomes impothan one it was possible to recover the line prdi#6]. Great
tant. At high densities, the results are no longer linear withcare was also taken to find the optimum conditions with the
density due to the Debye screening. This effect is more imleast self-absorption of the investigated lines. This was
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TABLE II. Transition probabilities for the spectral lines used for the electron temperature

measurements.
lon Wavelength(A) Transition A (108 s7Y Ref.
N i 4097.33 32S,,-3p%PY%, 0.853 [28]
4103.43 32S,,,-3p%P°%), 0.844 [28]
4634.16 $2P%,,-3d%Dy) 0.721 [28]
4640.64 $2P%,-3d%Dg, 0.864 [28]
N Iv 4057.80 'PY-3d'D, 0.662 [44]
Fiv 2451.58 3°D,-3d%FY, 2.39 [45]
2820.74 3%pP%,-3p°D, 1.11 [45]
2823.80 3%P%-3p°D; 0.823 [45]
2826.13 3°pP%,-3p°D, 1.48 [45]
Fv 2450.66 32S,,,-3p%PY%, 1.74 [28]
2703.96 $2P%,-3d%Dg), 1.30 [28]
achieved by careful examination of theiNand Fv line IV. RESULTS AND DISCUSSION

shapes as afunc_non of the exp_e_nmental conditieni| gas The experimental results for the electron densities and
pressure, gas mixture composition, and condenser bank egsmperatures at the axis of the discharge at various times of
ergy), and by checking the optical depth of the strongestne current pulse through the discharge tube are given in
lines by measuring the intensity ratios within multiplets andTaple 1l together with estimated uncertainties. Since we
comparing them with theoretical predictions based on théhave been studying Stark broadening parameters dependence
L-S coupling(see, e.g., Ref27]). The ratios of N and Sig upon temperatur&, we made an attempt to determifig as

in the mixture with helium were determined after a numberaccurately as possible using two independent methods. Un-
of experiments in which these gases were diluted graduallfortunately, to apply a very sensitive method of the relative
until line intensities within investigated multiplets agree line intensities from two successive ionization stages one
within 3% with the values derived from transition probabili- requires much higher plasma electron densftse the local

ties[28]. thermodynamic equilibriundLTE) condition in Eq.(6.59 of
The axial electron temperatures were determined in th&ef.[29]] than were available in our experiment, see Table
nitrogen-helium mixture fron{a) the Boltzmann plot of the lll. Nevertheless both sets of electron temperatures are given

relative intensities of Nil 4097.33. 4103.43. 4634.16 and N Table Ill. For obvious reasons only electron temperatures

4640.64 A lines andb) from relative intensities of two lines derived from the Boltzmann plots of theiN and Fiv rela-

4097.33 and 4057.80 A belonging to two successive ionizayve line intensities are given with estimated errors, see Table

. : : Ill, and they are used in further discussions. Here it should
tion stages of nitrogen, M and Niv, respectively. In the y d er dis y ©

SE-hell i | d iand be pointed out that the possible presence of plasma inhomo-
s-helium mixture electron temperatures are determi@ed oneity may influence electron temperature measurements

from a Boltzmann plot of Fv 2451.58, 2820.74, 2823.80, considerably, namely, if the plasma is inhomogeneous the
and 2826.13 A lines antb) from the relative intensities of different ions will radiate primarily from different tempera-
the 2451.58, and 2450.66 A lines belonging tovFand Fv, ture regions and this can yield large errors in the temperature
respectively. Transition probabilities and data sources fodetermination. In order to test the homogeneity of the ob-
these measurements are given in Table Il. The spectral réerved plasma cone electron temperatures were determined
sponse of the photomultiplier-monochromator system wadvith the different apertures of the optical system; observa-
calibrated against a standard coiled-coil quartz iodine lamptions were performed whita 3 cm and a 10 crdiaphragm in
front the focusing mirror. This corresponds to the change of
. . the diameter of the base of the observed plasma cone from
T e e o o e of 36 MM 079 mierne dameter of he discharge wbe i
LB 10 mm. Within an experimental scatter of the temperature
successive ionization stages and from the Boltzmann plots of rela-

tive line intensities, respectively. Estimated uncertainties are giverrln easurements in the time of interest no difference drisT

also. detected.
The experimental results for the Stark widtfiSVHM),
lon t (w9 N (107cm™d T, (K) Rg (K) of N I and Fv lines are given in Table_IV together with_ the
estimated errors. Table IV also contains spectroscopic data
N 1.5 1.38£15% 55300  3300810% for the investigated lines and comparisons with the semiclas-
2.0 1.7214% 59300 36 10810% sical theoretical results obtained by using the semiclassical
2.5 2.52:14% 64800 44 30810% perturbation approach 1,12 with the code used in a num-
3.0 2.64-14% 70500 39 60810% ber of papers by M. S. Dimitrijevi@and S. Sahal-Bhot
6.0 1.1115% 54700 37 90810% (see, e.g., Refd.30-34) denoted here a®Vpgg (electron
Fv 1.0 2 54+15% 89900 7120812% +ion impact widths, see Tablg.IComparison is also made

in the same table with theoretical results calculated after
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TABLE IV. Experimental Stark widthsw,, (FWHM) of investigated Ni and Fv lines from the 3?S-3p(*S)?P° and the
3p?P%-3d(1S)?D multiplets are compared in this table with theoretical widths: semiclassical electron imgags, electront-ion impact,

w§sg simplified semiclassical approach after Griffu. (526) of Ref.[1]], wg , and modified semiempirical formula after Dimitrijévand
Konjevic [35]. Theoretical widthsvgsg andwi'sg are calculated from the data in Table I.

lon Transition xR Ne (107 ecm™)  T. (K) wp, (A) Wi/W8sg  Wn/WSsg  Wplg  Wn/Wpk
N 3s%S,,,-3p?P%,  4097.33 1.3815% 33000  0.34:7% 0.92 0.89 1.02 1.36
1.71+14% 36100  0.42:7% 0.93 0.91 1.05 1.40

2.52+14% 44300  0.55+6% 0.91 0.88 1.01 1.39

2.64+14% 39600  0.58+6% 0.88 0.85 0.98 1.33

1.11+15% 37900  0.26+6% 0.92 0.88 1.02 1.38

3s?S,,,3p°P%,,  4103.43 1.3815% 33000  0.34:7% 0.92 0.89 1.02 1.36
1.71+14% 36100  0.49-7% 0.90 0.87 1.00 1.32

2.52+14% 44300  0.55:5% 0.91 0.88 1.01 1.39

2.64+14% 39600  0.58+5% 0.88 0.85 0.98 1.33

1.11+15% 37900  0.27+8% 0.98 0.94 1.09 1.46

3p2P%,,-3d’Dy, 4634.16 1.3815% 33000  0.4¢:7% 1.00 0.97 1.02 1.49
1.71+14% 36100  0.55+7% 0.97 0.94 0.99 1.46

2.52+14% 44300  0.76:6% 1.00 0.96 1.00 1.51

2.64+14% 39600  0.79:6% 0.95 0.91 0.96 1.44

1.11+15% 37900  0.35:8% 0.98 0.94 0.99 1.49

3p?PY%,,-3d°Dy, 4640.64 1.3815% 33000 0.4437% 0.95 0.91 0.96 1.40
1.71+14% 36100  0.52+7% 0.94 0.90 0.95 1.41

2.52+14% 44300  0.74:5% 0.97 0.93 0.96 1.47

2.64+14% 39600  0.79:5% 0.95 0.91 0.96 1.44

1.11+15% 37900  0.35:8% 0.98 0.94 0.99 1.49

Fv 3s%S,,,-3p?P%,,  2450.66 2.5414% 71200  0.1¢5% 1.04 0.99 1.49 1.76
3p?P%,,-3d’Ds;,  2703.96 2.5414% 71200  0.13+5% 1.04 0.99 1.54 2.02

Griem[Eqg. (526) in Ref.[1]] W, and results obtained after two different times of the plasma existence corresponding
Dimitrijevic and Konjevid 35] Wy . In order to evaluate the plasma conditionN,, T are also given in Table V. The
contribution of ion impact widths it was necessary to com-experimental Stark shifts are compared witlr semiclassi-
pute plasma composition data for the conditions of the widthcal results (electrons and electrorisons, see Table )l
measurementgelectron density and temperaturélere, to  Adpgg, evaluated as for the widths. Since it is difficult to
simplify calculations we assumed the LTE for our plasmaestimate plasma composition data in another experiment in
conditions(Ng>10" cm™~3) and the plasma composition data order to estimate the contribution of ions,INStark shifts
was evaluated as described for the LTE condition§2iy. measured by Puriet al.[40] are compared in Table V only
The assumption of the LTE conditions is obviously verywith our electron impact shifts.
crude (see two sets of results for electron temperatures in To facilitate comparison between various experiments and
Table Ill). Its use may be justified by the fact th@) the theories all available results for studiediNand Fv line
expected contribution of all ions in the plasma to the linewidths are given in graphical form in Figs. 1-4. In these
width or shift may not exceed 10% of the electron width, sedfigures experimental widths are compared wahour semi-
Table I, and(b) the difference in the contribution of various classical electron impact width$h) semiclassical electron
ions to the linewidths and shifts is so sm@ke Table)ithat  impact widths calculated after Griem [86], given only in
small differences in the computed concentrations of variou§ig. 1, (c) simplified semiclassical results calculated here af-
ions in our experimental conditions is of marginal impor-ter Griem[Eq. (526) in Ref. [1]], and (d) modified semi-
tance for the final result. For the computation of plasma comempirical formula evaluated here after Dimitrije\dad Kon-
position data the energy levels necessary for evaluation gévic [35]. In addition, for our experimental conditions and
the partition functions are taken from6,43. Knowing the  for those in Ref.[8] plasma composition is evaluated and
concentration of each type of the ion in the plasma, it iscomparison with the semiclassical widttedectrons-ions) is
trivial (by the help of Table)lto estimate the ion contribu- performed.
tion to the plasma broadened linewidth. This estimation is Figure 1 shows Nii for the 35?S-3p2P° multiplet. The
simplified by the fact that electron and ion impact widthslarge spread of the experimental data produces a very poor
have a Lorentzian shape, so the width of the profile repremutual consistency. Experimental results from RES8]
sents the sum of the electron and all ion profiles. show large variations of linewidths within the multiplet
The experimental shifts are given in Table V in the formwhich is usually an indication of the presence of self-
Ad/AN,, so the estimated error also includes the uncerabsorption during line shape measuremdsee alsd 36)).
tainty in the electron-density measurements. Since shifts arEhe large spread of the experimental width$38] may also
measured as a difference of two line profiles determined abe partially caused by the optical depth problem. If one takes
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TABLE V. Experimental Stark shiftdd,, determined as a wavelength shift between two lines profiles, compared with the corresponding
theoretical shifts: electron impadtd §sg and electror-ion impactAd s Results for Nii lines were calculated using Coulomb oscillator
strengths while the results for @ lines were obtained with TOP base oscillator strengit$§, [14] with transitions with different parent
terms includedsee Sec. )L

)\tab Nel Tl Ne2 T2 Adm

lon Transition A) 107em® K) @0 em®  (K) R) Ad/AdSsg Ad/AdSsg Ref.

Nu  3s?S;,3p?P%, 4097.33 1.38 33000 2.52 44 300-0.04 5.6 7.4 a
3s%S,,,3p%P%, 4097.33  ~0 ~0 1.78 50000 —0.041 3.7 41 [40]
3s%S,,,-3p%P%,, 4103.43 1.38 33000 2.52 44 300-0.04 5.6 7.4 a
3s%S,,,-3p?P%,, 410343  ~0 ~0 1.78 50000 —0.041 3.7 41 [40]
3p2?P%,,-3d%D,, 4634.16 1.38 33000 2.52 44 300-0.04 5.4 8.3 a
3p?P%,-3d%Dg, 4640.64 1.38 33000 2.52 44 300-0.03 41 8.2 a

Ow  3s%S,,,3p?PY%, 3063.43 2.06 62 600 5.07 93600  0.03 1.4 a
3s%S,,,-3p?P%,, 3071.60 2.06 62 600 5.07 93600  0.03 1.4 a
3p?P%,,-3d%Dy,  3403.60 2.06 62 600 5.07 93600  0.03 15 a
3p?P%,,-3d%Dg;, 3411.76 2.06 62 600 5.07 93600  0.03 15 a

&This work.

into account estimated experimental errors in Rgg§.[37], Comparison between the experimental results and theories is
and[39], all these results are in agreement with the presengtven more unclear. Three sets of experimental (&4 37],
experiment. Spread of the experimental data, however, iand [39] are in good agreement with the modified semi-
rather large to make quantitative conclusions about thempirical formula[35]. The present experiment, as in the
agreement with various theoretical approaches. Neverthelegsieceding case, agrees best with our electron impact widths
the best agreement is found with the semiclassical electroftom Table I, and the simple formu[&q. (526) in Ref.[1]].
impact widths and the simple semiclassical form{iy. Figure 3 shows W, for the 35°S-3p?P° multiplet. Our
(526) of Ref.[1]]. experimental width is in very good agreement with the semi-
Figure 2 shows Nii, for the 3p?°°-3d’D multiplet.  classical data and lies between electron impact widths and

0.6 T
] 2 20
; * N 1ll 3s"S-3p°P
0.4
— ]
o< 4
0.2 ]
o ++———r—r—r——"rr—r—r—rrrrrrrrr———
0 40000 80000 120000 160000
T, [X]

FIG. 1. Full Stark widthgnormalized to an electron density of 1@m™3) for the N1 3sS—3p2P° multiplet vs electron temperature.
Theory: —, semiclassical, electron impact widflsee Table) - - - - - , semiclassical, electrefion impact widths(see Table )l evaluated
only for the experimental conditions of this experiment; for the conditions of[Rgfheoretical electroftion impact widths evaluated from
Table | are denoted with; ---, semiclassical, electron impact widtkafter Griem[36]); — — —, simplified semiclassical approximation
[after Griem, Eq(526) of Ref.[1]]; and — — —, modified semiempirical formulafter Dimitrijevic and Konjevic[35]). Experiment:O,

this work, ¢, Popovig Platisa, and Konjevid31]; +r, Kallne, Jones, and Barnaf@8]; (I, Purcell and Barnarf39]; +, Purig Sredovic,
Djenize, and Platia [40]; and A, Glenzer, Hey, and Kunzp8]. Estimated uncertainties of the experimental data are given whenever
available in the original papers. Closed symbols denote theoretical wiglttrons-ions), open symbols denote experimental widths.
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FIG. 2. Same as in Fig. 1 but for theiN 3p?P%-3d?D multiplet.

electrontion impact widths derived from data in Table I. tended with such confidence to the other investigated multip-
The high temperature result of Glenzer, Heg, and KUB2e lets.
however, is much larger than all other theoretical results. Comparison of the NI experimental shifts shows reason-
Figure 4 shows R, for the 3p°P%-3d?D multiplet. Both  able agreement with our semiclassical results in spite of the
experimental results, this work and RE8], are in very good fact that ratios of measured over theoretical values range
agreement with our semiclassical data in Table I. On thdrom 1.8 up to 3.3(see Table Y. Measured shifts are very
basis of this result one may conclude that the semiclassicaimall in our experimental conditions and in this case accu-
theory describes well the temperature dependence of thmte shift measurements are very difficult to perform. On the
Stark widths. Unfortunately this conclusion may not be ex-other side, theoretical results have a very large uncertainty

0.08 7
] 2 2 0
] FV3sS-3pP
0.06 7
o 0.04 7
z 5
0.02 1
O_""''"'I""""'I"‘"'"'I""""'I""""'I"""III
0 50000 100000 150000 200000 250000 300000

T, [K]

FIG. 3. Same as in Fig. 1 but for tfieV 3s?S-3p?P° multiplet; in addition, the predicted valoe derived from the regularity trer{d 7],
is included.
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FIG. 4. Same as in Fig. 3 but for thev 3p?P%-3d?D multiplet.

whenever shifts are small in comparison with widths as is thgarison of the experimental and theoretical data in Fig. 5
case with investigated M and Owv lines, see Table I. Nev- shows the following.

ertheless, the results for IN lines of Puricet al. [40] agree () The 35%S-3p?P® multiplet: with the exception of the
better with our semiclassical results, see Table V. The agred=V experimental Stark width measured at a high tempera-
ment between theory and experiment fonQlines is very  ture, 300 000 K8] all other, lower temperature results agree,
good. Here we draw attention to the fact that, contrary to th&Vithin the estimated uncertainties, with our semiclassical
blueshift of Nl lines, Ov lines have a redshift, so good theoretical predictions. All simplified theoretical approaches
agreement with theoretical predictions is very encouragingSNoW larger decrease of the Stark widths ugon

2p0 2 : . : ;
Once more we would like to stress that the use of perturbine%‘ (b) The 3p"P"-3d°D multiplet: with the exception of the
energy levels with different parent terms in addition to thosd "Il Stark width from8] all other experimental results agree

from allowed dipole transitions in our semiclassical calcula-Wlth the semiclassical prediction. Although the simplified

tions changed the direction of the shift of thavOines from theoretical approadfEq. (526, [1]] agrees best with experi-

blue to red(see Sec. )l Furthermore, from the comparison ments, the dependence upidiis not correctly described as it

) is for the other simplified approachg35] and[46].
of the data in Table V one may conclude that the use of the It is common for the comparisons along the sequence for

thgoretlca! lon Impact shifts in addition to electron impact, o \yighs of both multiplets that the agreement between our
shift considerably improves the agreement between theoryomiclassical results and experiment for thevQines im-

and experiment for both Ni and Owv lines. proves if one takes into account the influence of the perturb-
Finally, we made a comparison of the Stark widths alonging |evels with the different parent terms.

the isoelectronic sequence for both investigated multiplets,

see Fig. 5. To perform this comparison it was necessary to

normalize all experimental and theoretical results to the same

temperature. Here we selected an electron temperature of V. CONCLUSIONS

87 000 K(7.5 eV) which represent a medium value between The results of the semiclassical theoretical calculations
the low and high temperature data and it was used for théor the Stark widths and shifts of N and Fv 3s°S-3p?P°
same purpose in Ref8]. Temperature dependencies of our and 32P°-3d?D multiplets have been reported. In addition
electron impact widths, see Table | and Table Il in B8},  to the electron impact widths and shifts, ion widths and shifts
are taken to normalize higher or lower temperature resultdue to collisions with all ions of interest for our experimental
For clarity in comparison along the isoelectronic sequenceonditions and those of Reff8] are calculated as well. Fur-
only two sets of the most comprehensive results are usedhermore, for Qv lines, in addition to the data presented in
this experiment together with Refg3] and[8], see Fig. 5. [3], obtained with theLS coupling oscillator strengths, cal-
The relative position of the other experimental results can beulations by using the TOP base oscillator strengthigh
determined from Figs. 1 and 2 and Figs. 2 and 3 of R&f. and without inclusion of transitions with different parent
In Fig. 5 the theoretical dependencies of the Stark widthdgermg [13,14] and measured atomic energy levgl§] have
uponZ along the boron sequence are also introduced. Combeen performed for the electronic and ionic perturbers. As-
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sented, for example, in Reff41, 42. For ions, however,
35°S-3p°F° such analysis is more complicated since the Stark broadening
functions(A,a,B,b, see Ref[1]) depend on two arguments
and not on one as for neutrals. Consequently, an experimen-
tal investigation of the temperature dependence for ions is of
higher interest. The temperature dependence of the experi-
mental widths are best described with our semiclassical elec-
tron impact results, see Figs. 1-4. The high temperature re-
sult for the Fv line of Ref.[8], see Fig. 3, represents an
exception which cannot be explained within the uncertainty
of the experiment and theory. Although we can conclude that
. . . all the simple formulas are in agreement with the experi-
045 050 055 080 065 0.70 ments within their estimated uncertainties, which is typically
about =50%, Griem’s simplified theoretical approahq.
(526) of Ref.[1]] agrees best with the experimental results,
see Figs. 1-4, and Figs. 2 and 3 in R&f.

Comparisons of the experimental widths along the iso-
electronic sequence of boron in Fig. 5 show the best agree-
ment with our semiclassical electron impact widths. Two ex-
ceptions are the FP%3d(!S)?D line of Nm and, in
particular, the high temperature result for the
3523-3p(1S)2PP line of Fv, both results are from Ref8].

11.6 4

logm( o[ S"])

NIl 3p°P°>-3d°D

1.3 J

1.1 4

log.{ o[ s'])

109

The inclusion of the oscillator strengths of the transitions

with the different parent terms in the calculation of the

] widths of OIv lines improves the agreement between the

10.7 F+r . . ey r theory and experiment. Although the simple formulas are in
0.45 050 0.55 060 065 070 reasonable agreement with the experiments, none of them

logy, (2) correctly describes (33d Stark width dependence upah
along the sequence, see Fig. 5.
FIG. 5. Stark widths of theB-like spectral lines(in angular Both measured experimental and calculated theoretical

frequency units as a function of log,Z. Experimental data are  ghifts for Nii and OWv lines are very small and therefore
scaled linearly to a value of the electron density of 1N *andto o, intercomparison under the present plasma conditions
a value of the electron temperature 87 00Q@&5 eV), Theoretical has a large uncertainty. Thus the agreement between semi-
data are calculated for these values. Experimental regjt&len- . 7 . . .
classical theory and this experiment can be considered satis-

zer, Hey, and Kunzg8] andO, this work. Error flags are calculated . ;
uncertainties including the error in the determination of the full factory for Niii lines, see Table V. The results forilNlines

width at half maximum and of the electron density measurementsTOm another experimerj#0] are in better agreement with
Theoretical results: —, electration impact widths, data for @ our theory. For Qv lines, however, the experimental shifts
lines with transitions with a different parent teffrom Table ); —, have an opposite sign from the theoretically predicted ones
electront-ion impact widths, data for @ lines with transitions [3]. An attempt has been made here to locate the cause of
with a different parent term; ---, simple semiclassical, after Griemthis discrepancy. It has been found that inclusion of ten tran-
[Eq. (526) Ref.[1]]; — - —, modified semiempirical formula, after sjtions with different parent term improves the agreement
Dimitrijevic and Konjevic[35]; ---, classical-path approximation, petween theory and experiment and correctly predicts a sign
after Hey and Breg€46] as calculated in Ref8]. of the shift of the observed @ lines.

Comparison of the data in Table V suggests that the ion
. . - impact shifts contribute considerably to the total theoretical
suming plasma LTE conditions, plasma composition data are

evaluated and, in conjunction with the results for the theoShift of N and Olv lines and its inclusion in the estimation

retical Stark broadening data, electron and ion impact Widthgf the_ fotal s_h|ft(e|ectrons|r|ons) on the _baS|s of the present
and shifts are calculated. Experimental Stark widths of N €XPerimentimproves the agreement with the experiment. We
and Ev lines and Stark shifts of NI and O lines of the  cannot draw the same conclusion for the ion contribution to

same multiplets are measured in the plasma of a low pressufe Stark widths.

pulsed arc. Plasma electron density is determined from the

width of Heu P, line while the electron temperatures are

measured from the Boltzmann plot of the relative intensities

of N and Fiv lines. Our experimental Stark widths are in ACKNOWLEDGMENTS
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