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We report results of an experimental study of Stark broadening and shift of analogous transitions
of S11, Cli, Ar1v, Cl11, and Ar 11l in plasma of a low-pressure pulsed arc. These results, together
with other available experimental data, were used for investigation of Stark broadening and shift of
analogous transition of isoelectronic ions. Results of modified semiempirical calculations are used

for comparison.

I. INTRODUCTION

Plasma broadening and shift of spectral lines for vari-
ous elements and their positive ions have been studied ex-
tensively (see, e.g., Refs. 1-4). Wiese and Konjevié®
made an attempt to derive from the width measurements
certain regularities and similarities which can be used as
useful guides in further theoretical and experimental in-
vestigations and applications of width data in plasma di-
agnostics. Here we should emphasize that at the time of
publication of Ref. 5, experimental data for the Stark
widths along isoelectronic sequence were very scarce (see
Table III in Ref. 5), so the authors® could only conclude
that “‘the widths decrease strongly with increasing ionic
charge.” Recently, Bottcher et al.® have studied the
dependence of the Stark broadening on the emitter
charge Z for the 3s-3p transitions of Li-like ions. Their
measurements clearly show a Z~! dependence of the
Stark width on the emitter ionization stage.

Although on the basis of atomic energy-level structure
one can expect similar regularities for the Stark shifts be-
cause of the lack of experimental data, it was not possible
to perform a similar type of analysis. For example, data
for analogous transitions of homologous atoms and ions
were almost completely lacking, while shift measure-
ments along isoelectronic ions were completely missing.
Recently, Purié et al.” have studied shifts of resonant
transitions of alkali metals, while we have reported mea-
surements of widths and shifts of analogous transitions of
halogen atoms.®

In this paper we present experimental results for plas-
ma shifts and widths of several spectral lines of singly
ionized sulfur (S1I) and chlorine (Cl11), doubly ionized
chlorine (Cl111) and argon (Ar 111), and triply ionized ar-
gon (Ar1v). These results together with other available
data will be used both to test theoretical calculations and
to demonstrate regularities of Stark shifts and widths of
analogous transitions of isoelectronic ions.

II. THEORY

For evaluation of electron impact Stark widths and
shifts of investigated ionic lines we used the so-called
modified semiempirical (MSE) approach as proposed by
Dimitrijevi¢ and Konjevi¢® for widths, and by Dimitrijev-
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i¢ and Kr$lanin'® for shifts. It is important to note here
that for Stark width calculations® one requires data for
several perturbing energy levels only, while for shift cal-
culations'® a complete set of perturbing levels is required.
Furthermore, in some cases for an estimation of Stark
width and shifts, simple formulas'' for the low-
temperature limit of MSE approach are also used.

III. EXPERIMENT

A. Plasma source and experimental procedure

Plasma sources and experimental procedure .are de-
scribed elsewhere,'>!3 so only a few details will be given
here.

A low-pressure pulsed arc is used as a plasma source.
It consisted of a low-inductance discharge capacitor and
the discharge tube. The pulsed arc is fired by an ignitron.
(See Fig. 1 in Ref. 13.) Since it was necessary to excite
spectral lines of different ionization stages and to measure
in some cases exceedingly small widths and shifts, we
used two capacitor banks: one with 10 uF and another
with 5 uF (see Table I). In all experiments the charging
voltage of capacitor banks was constant, 14 kV, and the
period of the ringing frequency of the whole circuit in-
cluding discharge was, with both capacitor banks, 12.5
ps. This was achieved by changing the diameter of one of
the discharge tubes until the impedance of the whole cir-
cuit became equal to the discharge of another capacitor
bank. The diameter of a larger discharge tube used with
10 uF was 31 mm, while the narrower one, 13.5 mm di-
ameter, was used with 5-uF capacitor (see Table I), both
tubes being made of Pyrex glass. The distance between
the end aluminum electrodes in both cases was 28 cm.

Measurements of spectral line shapes and shifts were
preceded by careful selection of the gas mixtures when
gases with investigated elements were gradually diluted
until optically thin conditions for the desired lines were
reached. This was checked by comparing line intensity
ratios within multiplets with those expected from LS cou-
pling (see, e.g., Ref. 2). A detailed study of the possible
influence of self-absorption on the line shapes were per-
formed by use of an auxiliary electrode (see Fig. 1, in Ref.
13). This electrode, located between end electrodes, is
made of aluminum also, but with a thin surrounding
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TABLE 1. Experimental conditions and plasma diagnostics used for determination of electron density and temperature.

Ion Transition Capacitor Internal Gas mixture Plasma diagnostics
bank diameter (vol %) electron electron
(uF) of the density temperature
discharge tube
(mm)
Su 4s°*P-4p*D° 5 13.5 10%SFs-90% He He-Ne laser on 4366.9 A
interferometer 4369.3 A
at 6328 A .
Clu 4s'3D°-4p’ 3P 5 13.5 5% CCl,F,-95%He He-Ne laser on 4366.9 A
interferometer 4369.3 A
at 6328 A
Cli 4s *P-4p*D° S 13.5 5% CCl,F,-95% He He-Ne laser on 4366.9 A
4s'2D-4p'*F°
interferometer 4369.3 A
at 6328 A )
Ar 111 45s3S°-4p P 10 31.0 3.5% Ar-96.5% He Stark width of O 1 37542 A
4s'*D°-4p'*P He1 4686 A 3707.2 A
4s’ 3DO_4p13D 3702.7 é
3455.1 A
Ariv 4s *P-4p*D° 10 31.0 3.5% Ar-96.5% He Stark width of o1 37542 A
4s'2D —4p' °F° He 4686 A 37072 A
3702.7 A
3455.1 A

ring.!> The iron ring is used to move the electrode from
the outside by means of a magnet. In this way it is possi-
ble to vary plasma length and accordingly the absorption
conditions of plasma layer under investigation without
changing the electrical impedance of the circuit, i.e., plas-
ma conditions remain unchanged.

Holes, 1.8 mm diameter, are located at the center of all
three electrodes to facilitate optical alignment and to per-
form laser interferometric measurements of electron den-
sity. The hole in the auxiliary electrode was blocked by a
cutoff filter transparent for the wavelengths larger than
6000 A only. During the experiment a continuous flow of
selected gas mixtures (see Table I) is maintained at a pres-
sure of 133 Pa (1 torr).

The light from a pulsed arc is observed end-on on a
shot-to-shot basis with a 1-m monochromator (inverse
linear dispersion 4.2 A/mm) equipped with photomulti-
plier tube. This instrument has with 12 um slits a mea-
sured instrumental half-width of 0.06 A. The discharge is
imaged onto the entrance slit of the monochromator by
means of a concave mirror, see Fig. 1 in Ref. 13. The dia-
phragm placed in front of the concave mirror ensures
that the light comes only from the central, 1.5 mm diam-
eter of the plasma about the arc axis.

The contribution of instrumental and Doppler
broadening to the width of measured ionic lines was not
negligible under our experimental conditions. Therefore
to obtain a Stark profile from the measured one it was
necessary to use a deconvolution procedure for Gaussian
(instrumental and Doppler) and dispersion (Stark)
profile.*

From line-shift measurements we used plasma radia-
tion at the late times of plasma decay as a source of less
shifted line profiles.!>!>!> Thus to measure the line shift
it is necessary to analyze oscilloscope traces obtained
from the photomultiplier-monochromator system at vari-

ous wavelengths and at various times of the decay. Here
one should notice that the reported shifts are measured at
the half-width of both line profiles. Furthermore, all
fittings of experimental points at the line profile were per-
formed with the aid of a computer.

B. Plasma diagnostics

For axial electron- den51ty measurement we used a sin-
gle wavelength 6328 A laser interferometer with a plane
externalc mirror!® or Stark width of Hell Pashen-a,
4685.7-A line (see Table I). The full width at half max-
imum AApwyy of a 4685.7-A line is related to the elec-
tron density N, using the following relationship:!” ~2°

N,=2.04X 10" Al pwpm)2 cm ™3 .

The axial electron temperature is determined from the
Boltzmann plot of O 111 3754.21-, 3707.24-, 3702.75-, and
3455.12-A or from relative intensities of O1II 4366.90-,
and 4369.31-A impurity lines (see Table I) with transition
probabilities being taken from Wiese et al?! To deter-
mine electron temperature, thermal equilibrium in an op-
tically thin medium is assumed. The spectral response of
the photomultiplier-monochromator system is calibrated
against a standard tungsten coiled-coil quartz-iodine
lamp.

IV. EXPERIMENTAL RESULTS
AND DISCUSSION

Experimental results for Stark widths w,, and Stark
shifts d,, of Cl1I and ArlII lines are given in Table II,
while the results for S11, Clil, and Ar1Iv lines are in
Table III. Tables II and III contain spectroscopic data
for the investigated lines, plasma parameters 7, and N,,
at which w,, and d,, are measured. The estimated error
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TABLE II. Experimental electron impact full widths w,, and shifts d,, of investigated Cl11 and Ar 11l lines. Experimental results
are compared with theoretical widths wyse and shifts dysg calculated using a modified semiempirical approach (Refs. 9 and 10).

Ion Transition A N, W,, d,
o 0 ° w,, dm
(A) T.(K) (10" ecm™?) (A) (A)
WMsg duse
Clu 4s'3D%-4p' 3P 31000 1.4 0.41+0.03 1.34
43363 27000 0.9 0.28+0.02 0.0310.00 1.33 1.9
31000 1.4 0.42+0.03 1.37
+
4343.6 27000 0.9 0.28+0.02 0.03+0.004 1.33 1.59
Ar1mn 45'3D%—4p' P 110000 10.0 0.62+0.05 1.16
- +
28553 80000 5.8 0.44+0.04 0.03+0.00, 1.27 1.16
110000 10.0 0.66+0.05 1.21
- +
2884.1 80 000 5.8 0.45+0.04 0.030.00 1.28 114
4s'°D°-4p'*D 110000 10.0 0.78+0.06 0.98
- +
34997 80000 5.8 0.53+0.05 0.05+0.01 1.04 1.04
110000 10.0 0.78+0.06 0.98
3503.6 80000 5.8 0.54+0.05 0.04+0.01 1.06 083
4s35°-4p P 110000 10.0 0.90+0.06 1.05
— +
35111 80000 5.8 0.60+0.05 0.06:+0.01 1.09 0.99
110000 10.0 0.94+0.06 1.09
— +
35142 80000 5.8 0.64+0.05 0.06:£0.01 1.16 0.99

in N, measurements is £10% whenever laser interferom-
eter is used (see Table I). Electron density determined
from the Hell P, line is uncertain within +11%. Elec-
tron temperatures derived from the ratio of O1I line in-
tensities are accurate within =15%, while those deter-
mined from the Boltzmann plot of O I1I lines, see Table I,
have the estimated uncertainty of +10%. The estimated
error in Stark width and shift measurements are given in
Tables II and III. In the last two columns of Tables II

and III, comparison with theoretical results is given. For
the evaluation of theoretical Stark widths and shifts using
the MSE approach®!° all necessary atomic data are taken
from Refs. 22 and 23. In addition, data for Ar1v 3d *D
and 3d *F levels are taken from Ref. 24. Since data for
Ar1v 4d and 4d’ levels are missing in the literature, we
estimated these levels from the disposition of energy lev-
els along the isoelectronic sequence ,[see Figs. 1(b) and
1(c)]. The results are given in Table IV.

TABLE III. Same as in Table II but for Si11, Clii1, and Ar1v lines.

Ion Transition A T, N, w,, d,
(A) (K) (107 cm™?) (A) (A) on i
WMSE dyvse
R T T T A
S - SO e B S
? 3656.9 27000 0.9 0.18+0.03 —0.02:£0.00, 111 1.97
SR S R R e S
T A L S T
T O R e
L mer R EE g D6

4

SRR R T - RS S
T T
L mey Wm0 OSSO
M T T = e S
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FIG. 1. Energy levels of the investigated transitions and relevant perturbing levels. Below each set of energy-level diagrams aver-
age experimental and theoretical results for widths w and shift Aw in frequency units (s~ ') are given. These results are normalized to
N,=1X10" cm ™3 and T,=31000 K. Theoretical Ar1v data given in parentheses in (b) and (c) are the results obtained without (b)
4d’ and (c) 4d levels. Energy-level data in this figure are taken from Refs. 22, 24, and Table IV.
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FIG. 1. (Continued).

The agreement between experimental and theoretical
widths in Tables II and III is within 30%, this being well
within the estimated uncertainty of the theory.” Howev-
er, it is important to notice that theoretical widths are
systematically smaller than the experimental values. In
the case of shifts the discrepancy between experiment and
theory'® is larger and it varies from multiplet to multi-
plet. Here we draw attention to the importance of the
completeness of the set of perturbing levels used in calcu-
lations of both width and shifts. This is well illustrated
by the results for ArIv multiplets [see data in Figs. 1(b)
and 1(c)]. The introduction of 4d’ [see Fig. 1(b)] and 4d
[see Fig. 1(c)] in calculations considerably improves the
agreement between theory and experiment. From these
results it is also clear that shift calculations are more sen-
sitive to the lack of perturbing levels.

In order to compare our results with other experiments
we have to normalize all data to the same electron densi-
ty N, and electron temperature T,. Linear dependence of

TABLE IV. Estimated energy levels of Ar1v.

Energy level
for multiplet

Config. Desig. (eV)
3523p*(°P)4d 4d*F 42.07
3523p*(°P)4d 4d*P 42.34
3s23p(*P)4d 4d*D 42.36
3s23p('D)4d 4d'’F 44.31

the Stark width w, and Stark shift d, of spectral lines of
isolated nonhydrogenic ions upon electron density has
been checked and proved in a number of experiments
(see, e.g., Refs. 2, 4, and 25). Therefore, scaling of experi-
mental results to the same electron density N, =1X 10"
cm ™3 should not introduce large uncertainty into the
comparison. However, reliable investigations of w,(T,)
and d,(T,) dependence in a large temperature range are
almost completely missing. So_for comparison we used
the w,~1/1/T, and d, ~1/1/ T, dependence as predict-
ed by MSE.”"!! This scaling of experimental data from
the wide temperature range to the same electron temper-
ature introduces into the comparison large uncertainty
which is very difficult to estimate. However, it is impor-
tant to notice that the temperature at which scaling of ex-
perimental data is performed is selected in such a way
that it is in the range of temperatures when
3kT /2AE =2, where AE is the separation between upper
(or lower) levels of the transition considered and nearest
perturbing level. This is the region where, in accordance
with the theory,” ! w, and d, are inversely proportional
to the square root of temperature.

In Fig. 2 our experimental results (in frequency units)
for the widths and shifts of 4s *P—4p *D° transitions of
S11, Cli1 and Ar 1V are given normalized to N, =1X10"
cm ™ and 7,=31000 K together with the results for
widths of other authors?® 3! scaled to the same experi-
mental conditions. For comparison two sets of theoreti-
cal results for widths and shifts are also given in Fig. 2.
In the first case AriIv widths and shifts are calculated
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FIG. 2. Dependence of Stark width w and shift Aw (in fre-
quency units) for the lines of 4s*P—4p *D° transitions upon
effective nuclear charge Z of ion. Experimental results as fol-
lows: A, Ref. 26; +, Ref. 27; @, Ref. 28; X, Ref. 29; - X , Ref.
30; W, Ref. 31; @ and O present results for widths and shifts, re-
spectively. Theory: — — —, MSE (Refs. 9 and 10) with all en-
ergy levels presented in Fig. 1(c); —- —- —. MSE (Refs. 9 and 10)
without perturbing level 4d for Ar1v; - . . . low-temperature
limit of MSE (Ref. 11). All data in this figure are for
N,=1x10"cm 3and T,=31000 K.

from MSE (Refs. 9 and 10) without 3d perturbing level
[see Fig. 1(c)] and with this level included. A second set
of theoretical results is evaluated from simple formulas
derived in Ref. 11 for the low-temperature limit of
MSE.”" ! These calculations do not require the
knowledge of data for perturbing levels except through
the 3kT /2AE <2 condition which has to be satisfied.

Comparison of experimental widths in Fig. 2 show the
following.

With the exception of data by Mar et al.,?® all other re-
sults for S1I agree with the present experiment within the
limits of estimated errors.

For Cli1 and Ar1v the present results agree well with
those from Refs. 29 and 31; the discrepancy is rather
large in the case of results from Ref. 30.

We believe that in Ref. 30 the measured temperature is
too low (Ar1v linewidths are measured at 21 000-22 000
K), so when scaling w, ~1/4/T, is applied, a low value
in Fig. 2 is obtained. Since all experimental data, with
the exception of Refs. 28 and 30, are in reasonable agree-
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ment with the present experiment, we used only our ex-
perimental data for the derivation of the width depen-
dence upon ion emitter charge Z.

Theoretical widths derived from MSE (Ref. 9) agree
well with the present experimental results. The impor-
tance of the 4d level [see Fig. 1(c)] in calculation of Ar1v
Stark widths is clearly illustrated. Further, the results
obtained from low-temperature limit formula of MSE
(Ref. 11) are in good agreement with experiment in spite
of the fact that minimum atomic data are needed for cal-
culations. This is of particular importance for the lines of
multiply ionized atoms since the energy-level data are fre-
quently missing.

In the case of Stark shifts, see Fig. 2, the lack of the 4d
level leads to the change of the trend of theoretical shifts
along isoelectronic ions. By taking into account the es-
timated value of 4d level (see Table IV), the agreement
between theory!® and experiment becomes excellent (see
also Table III). This agreement is accidental, of course,
since a number of perturbing levels (which are missing in
literature) has to be taken into account. The low-
temperature limit of MSE,!! however, gives reasonable
agreement with experiment, see Fig. 2.

For the Stark shifts in Fig. 2 there are no other experi-
mental data available, and therefore only the comparison
with theory!'®!! is performed. The analysis of experimen-
tal results shows a gradual decrease of both width and

dm
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FIG. 3. Shift to width ratio of experimental data from Tables
IT and III.



41 PLASMA SHIFT AND BROADENING OF ANALOGOUS ...

shifts along isoelectronic sequence of ions, see data in
Figs. 1(a)-1(c) and 2. In Fig. 3 the ratio of d,, /w,, shows
the same behavior along the isoelectronic sequence, indi-
cating that shifts decrease faster with Z.

It is interesting to notice the change of the sign of the
shift for the 4s' >D%—4p’ 3P transition from Cl1I to Ar 11,
see Figs. 1(a) and 3. This can be easily understood from
the disposition of relevant perturbing levels, see Fig. 1(a).
In the case of Cl1I the 3d’ perturbing level is very close
above the upper energy level of 4s’ 3D°~4p’ *P transition,
while in ArIII the 3d’ level is below the upper level add-
ing up its influence to the perturbation induced by the 4s’
level. As expected, with a reasonably complete set of per-
turbing levels, the theory!® predicts correctly the sign of
the shift in this case, see Fig. 1(a).

Gradual decrease of widths and shifts with the increase
of emitter charge (along isoelectronic sequence) can be
understood from energy-level diagrams, see examples in
Fig. 1. Energy levels gradually spread along the se-
quence, so their influence as perturbers decreases, and as
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a consequence, electron impact widths and shifts become
smaller. Obviously the rate of change of widths and
shifts for a certain transition along the sequence depends
upon the change of disposition of energy levels and it
varies from transition to transition. This is well illustrat-
ed by examples in Figs. 2 and 4. In Fig. 4 we present the
available experimental results for all cases when we could
find results for the widths of analogous transition for at
least three ions along isoelectronic sequence.®27:32736
Unfortunately, there is a lack of reliable experimental
data for shifts, so the only existing results are presented
in Fig. 2. Together with experimental data in Fig. 4,
theoretical results calculated using MSE (Ref. 9) are also
presented. In order to derive width dependence upon
effective ionic charge Z, a best fit straight line is drawn
through data points whenever they show smooth gradual
change with Z. The results are given in Table V. Due to
the large scatter of experimental data, the best fit line
through data points in Figs. 4(a) and 4(b) are not drawn.
Furthermore, in the case of 4s3P°-4P3D and

3
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FIG. 4. Stark width o (in frequency units) dependence upon effective nuclear charge Z. Results are normalized to (a) N, =1X 10"’
cm ™ and T,=35000 K, (b) 38000 K, (c) 145000 K, (d) and (e) 11 600 K, and (f) 31 000 K.
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TABLE V. Width and shift dependence upon effective nuclear charge for several sequences of ions

derived from data in Figs. 2 and 4.

Sequence of Transition Ions T, (K) Z dependence derived
ions studied
widths shifts
exp. theor. expt. theor.
Li-like 35 2S-3p 2p° C1v-0OvI 145000 Zz 'z ¥
Be-like 3p'P°-3d'D Cui-ov 38000 z- e
B-like 352§ -3p 2P° Cu-O1v 35000 AR
Si-like 4s'P°-4p°D  Pu-Cliv 11600 zZ~M%
4s3P°_4p P Pu-Cliv 11600 Z7 0%
Polike 4s*P-4p*D°  Su-Ariv 31000 Z7O®  z700  z-0ss  z-0n
45'2D-4p'?F°  SI-Ar1v 31000 Z 0%  z-ov

4s 3P —4p 3P transitions of Si-like ions, Figs. 4(d) and 4(e),
the best fit line through theoretical data points has not
been set, either. Namely, due to the existence of a very
close perturbing level 3d in the case of P 11, theoretical re-
sults do not show linear dependence upon z [see our log-
log graphs in Figs. 4(e) and 4(d)].

Finally, we draw attention to some regularities and
similarities of experimental Stark widths and shifts in
Tables II and III. If one compares experimental widths
(converted into frequency units) in these tables, good
agreement will be found with the general study of regu-
larities and similarities in plasma broadened spectral
line-widths by Wiese and Konjevi¢.’ Linewidths within
the multiplet agree within a few percent. Line widths
within two multiplets 4s’'*D°-4p’ 3P and 4s'*D°-4p’ 3D
which belong to the same supermultiplet of Ar 111, Table
I, are the same within 20%. Furthermore, the inspection
of Stark shifts (converted into frequency units) shows the
same type of regularities: shifts within a multiplet are the
same within a few percent and shifts within two multi-
plets belonging to the supermultiplet of Ariil are the
same within 30%. Similar findings for shifts have been
detected recently in the study of the line shifts of halogen
atoms %3738

V. CONCLUSIONS

We report here the results of Stark widths and shift
measurements of two Cl1I, two S1II, six ArIIl, five Cl1II,
and four Ar1v lines. Most of these results, in particular
for shifts, are reported for the first time. These results
are compared with theoretical data. For this purpose we
performed calculations of the corresponding widths and
shifts using modified semiempirical formulas.”'® The re-
sults of comparison with experiment are given in Tables
IT and III. For the Stark widths and shifts the average
ratios of the measured to calculated values are

Wy, /Wumsg d,, /dwuse
Clu 1.34 1.59
cu 1.06 1.54
Clin 1.11 1.72
Ar 1l 1.11 1.02
Ariv 1.09 1.03

These results clearly illustrate the usefulness of MSE
(Refs. 9 and 10) for estimation of Stark widths and shifts.
However, it should be noticed that theoretical widths and
shifts are systematically lower than the experimental ones
although well within the limits of the estimated uncer-
tainty of both experiment and theory. Here we should
underline the importance of completeness of the set of
perturbing levels used in evaluating Stark widths and
shifts particularly, see Figs. 1 and 2. An incomplete set
of perturbing levels taken in evaluation of Stark shifts of
Ar1v lines affects considerably the results, and in this
particular case by pure change gives good agreement be-
tween theory and experiment. For all ions with an in-
complete set of perturbing levels, simple low-temperature
limit MSE formulas'' are recommended whenever the
3kT /2AE =<2 condition is fulfilled (see examples in Fig.
2).

Study of regularities of the Stark widths within multi-
plet and supermultiplet of investigated ions proves once
more the results of general study of regularities and simi-
larities of Stark widths.® Furthermore, the inspection of
Stark shifts shows the same type of regularities: shifts
within multiplet are the same within few percent, and
shifts within supermultiplet within 30%. It has been al-
ready noticed™® that Stark widths of analogous transi-
tions gradually decrease along isoelectronic sequence of
ions. Here we present some new results which show the
same tendency. Clear correlation between the disposition
of perturbing energy levels and the decrease of Stark
width along the sequence of isoelectronic ions exists (see
Fig. 1). From our results and from other experimental
data the dependence of Stark widths upon effective ion
charge (see Fig. 4) of isoelectronic ions is determined.
The results are given in Table V. A similar tendency
along the sequence of isoelectronic ions for the shifts is
detected for the first time (see Fig. 2). Our results in Fig.
3, indicate that shifts decrease faster along the sequence.
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