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We report measured Stark shifts and widths of the neutral carbon 5052- and 4932-A lines and the neu-
tral oxygen 4368-A line in the plasma of an atmospheric pressure wall stabilized electric arc. Electron
densities of (1.4-3.1)X10'® cm™* are measured from the width of the Hy line while electron and gas
temperatures in the range from 9300 to 10300 K are determined from plasma composition data. Experi-
mental Stark widths and shifts are compared to theoretical results obtained from semiclassical calcula-
tions of Stark broadening parameters using quasistatic and ion-dynamic treatment of the ions. Some in-
dications are found that the inclusion of ion dynamics in the calculation of the shifts of the C1 5052-A
line slightly improves the consistency between theory and experiment.

PACS number(s): 52.70.Kz, 32.70.Jz

I. INTRODUCTION

Study of the influence of ion dynamics to the shape and
shift of plasma broadened spectral lines has been concen-
trated to hydrogen and hydrogenlike ions (see e.g., Ref.
[1] and references therein). Only a few papers are devot-
ed to the study of its influence to nonhydrogen spectral
lines where the effect is generally smaller and easier to
calculate. A method for calculating ion-dynamic effects
to the nonhydrogenic atom lines are developed by Griem
[2] and Barnard, Cooper, and Smith [3]. A summary of
these theoretical approaches is included in an experimen-
tal work on helium [4] while a recent paper by Kobilarov,
Konjevié¢, and Popovié [5] is devoted to the investigation
of the influence of ion dynamics to the helium lines. Fur-
thermore, it has been shown [5] that inclusion of the ion-
dynamic effects in the comparison between experimental
data and results of the Stark broadening theories for HeI
lines could explain systematic discrepancies detected at
lower electron densities and in this way opens new possi-
bilities for high precision electron-density-plasma diag-
nostics.

The aim of this work is to extend the study of the
influence of ion dynamics to the width and shift of isolat-
ed spectral lines of elements heavier than helium. Carbon
and oxygen are selected for a number of reasons. First, in
comparison with helium plasma there is a considerable
difference in the mass of the ion perturber, second, gase-
ous compounds for these elements are available so their
introduction in the plasma can be easily and precisely
controlled and finally, other high quality experimental
data are available for comparison (see, e.g., Ref. [6] and
references therein).
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II. THEORY

The details of theoretical approaches used for evalua-
tion of plasma-broadened line shapes and shifts are given
elsewhere [2-5]; to facilitate the discussion only final for-
mulas will be given here.

A. Quasistatic treatment of ions [2]

Full half width is
Wgppe =2w,(1+g Ay )N, 10716 (1)
and shift at the half width
d a1 o =(d, £3.20458,w, )N, 10716, ()
where g=1.75(1—0.75R), g,=8/1.75, and

Ay=AN}*107* In the above equations w, and d, are
the electron-impact half-halfwidth and shift in angstrom
units, respectively, and A is an ion-broadening parame-
ter. All three quantities are for electron density N, =10'¢
cm 3. Debye shielding parameter R is given by

R =0.090N/ /¢, 1%,
where T, is the electron temperature.

B. Dynamic treatment of ions [3—5]

Full half width [3,4] is
Wayn =2w,(1+g A4, W;)N,107'¢ , (3)

where

613 ©1995 The American Physical Society



614 Z. MIJATOVIC et al. 51

_ |1.36B7'%/g, B<(1.36/g)

W 1, B>(1.36/g)°
and
B = A4}/%0.0806w, /A*N2"*)(/T,)

with atom-ion perturber reduced mass ¢ in amu and gas
temperature T,.
Shift at the half-width [3-5] is

dgyn1»=(d,+3.20 4yg,D;w, )N, 1071¢ 4)

where

_ |(2.35B71*=34,°R)/g, , B<1

7, B>1.

There are certain restrictions on the applicability of Egs.
(1)=(4) and they are [2]

R<0.8, 0.05< 4y<0.5. (5)

For the evaluation of the theoretical Stark widths and
shifts of C1 and O1 lines from Egs. (1)-(4), w,, d,, and 4
are taken from Ref. [2] while electron and ion tempera-
tures for our plasma conditions were taken equal,
T,=T,. For the calculation of atom emitter-ion per-
turber reduced mass p plasma composition data were
used and the influence of all singly ionized species were
taken into account in the following way:

n
> N;/M;
i=1

1/.u= I/Mcmitter+ (6)

where M, is the mass of the perturbing ion and
>7_,N;=N,. The latter is a reasonable assumption for
an atmospheric pressure low current arc plasma where
only singly ionized atoms are detected.

III. EXPERIMENTAL APPARATUS
AND PROCEDURE

A. Plasma source

For the plasma source we used an atmospheric pres-
sure wall stabilized electric arc. The arc consists of a
stack of 7.1 mm thick water-cooled copper plates separat-
ed by 0.5 mm thick insulating Teflon gaskets. The diame-
ter of the arc channel is 5 mm and its length is 70 mm.
Argon gas with the flow rate of 3 1/min is introduced into
the arc from both ends in such a way that both tungsten
electrodes are burning in an inert atmosphere. The gas
mixture is introduced in the middle part of the arc, see
Fig. 1. The exhaust pipes are placed between the arc
center and electrodes, so the gas mixture leaves the arc
channel before reaching the near-electrode region. In
this way the effect of cold layers, which could influence
spectral line shapes, is avoided. For C1 and O1 spectral
lines recording mixtures of H,:Ar:CO, (4:64:32) and
H,:Ar:0, (4:66:30) were used, respectively. The flow rate
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FIG. 1. Schematic diagram of the experimental setup.

of gas mixtures was approximately 0.03 1/min. The
current, in the range from 19 to 30 A, was supplied to the
arc by a current-stabilized power supply with stability of
0.3%.

B. Line shape and shift recordings

The plasma observations were performed end-on
through a 5 mm hole in the electrode. The central part
around the arc axis is imaged 1:1 onto the entrance slit of
the 1 m monochromator by means of the concave 1 m fo-
cal length, focusing mirror M,, see Fig. 1. A 10 mm dia-
phragm D placed in front of the focusing mirror ensures
that light comes from a narrow cone about the arc axis.
The concave mirror M, placed two focal lengths from
the center of the arc is used along with the light chopper
C, for the line self-absorption testing (see, e.g., Ref. [7]).
A low pressure lamp with a microwave excitation was
used as a source of unshifted spectral lines. For CI spec-
tral lines a low pressure neon lamp was used while for the
shift of O14368.25 A a low pressure continuous flow ox-
ygen discharge was used. The neon lamp contained a cer-
tain amount of impurities in the form of carbon com-
pound so with microwave excitation CI 5052.17 A is
detected (see Fig. 2) and used for the shift measurements
of the same line emitted from the arc plasma. For CI
4932.05 A, the NeI 4930.944-A spectral line is used as a
reference line. Wavelengths of investigated CI and O1
lines are taken from Ref. [8] while the wavelength of the
Nel1 line not listed in [8] was taken from Ref. [9]. For the
shift measurements, the lights from the arc plasma and
from the reference source are focused onto the slit of the
monochromator, see Fig. 1. The mirror M; is partially
reflecting so the light from both, arc plasma and refer-
ence source have the same optical path from the mirror
M, to the exit slit of the monochromator. Using the
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FIG. 2. Simultaneously rscorded and normalized to the same
peak intensity C1 5052.17-A line profiles from the arc plasma
(broadened profile) and from the reference source.

chopper C, light could be obtained from the arc or from
a reference source alternatively. Two He-Ne lasers, one
positioned behind the arc the other one directed through
the exit slit of the monochromator, are used to align the
arc and the reference source.

The monochromator with the inverse linear dispersion
of 8.33-A/mm is equipped with the photomultiplier tube
and stepping motor (36 000 steps/rev). Signals from the
photomultiplier were led to the digitizing oscilloscope
working in the averaging mode (32 samples over 200 ms
for each sample). The stepping motor (HP-IB interface),
chopper (RS-232 interface) and oscilloscope (HP-IB inter-
face) are controlled by the personal computer. The same
computer was used for data acquisition.

With the slits of the monochromator not exceeding 15
um all spectral line profiles recorded from the reference
source had a Gaussian form so, in order to determine the
center of the unshifted line profile, they were fitted by
least square method to the Gaussian. The spectral line
profiles from the arc plasma were also treated by the
computer program developed for deconvolution of
Gaussian and plasma broadened neutral line profiles
J4,r(x) [10]. Shift of plasma-broadened lines was always
measured at the half width. Before the line shape mea-
surements, the experimental test for the possible distor-
tion of the profile caused by the self absorption was car-
ried out. Under the present experimental conditions all
investigated spectral lines were found optically thin. An
example of simultaneously recorded spectral line profiles
from the arc plasma and from the reference source is
given in Fig. 2.

IV. PLASMA DIAGNOSTICS

An electron density in the range (1.45-3.12)X10'®
cm™? at the arc axis was determined from the width of
the Balmer Hy line in conjunction with theoretical calcu-
lations by Vidal, Cooper, and Smith [11]. Electron tem-
peratures were deduced from the plasma composition
data. For this purpose we used the values of measured
electron densities and plasma composition data which
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were evaluated for our experimental conditions using a
procedure described by White, Jonson, and Dantzig [12].
Plasma composition data were also used for the estima-
tion of the influence of various ions present in the arc
plasma to the width and shift of investigated CI1 and O1
lines, see Eqgs. (3)-(5).

V. RESULTS AND DISCUSSION

Experimental results for the shift and width of investi-
gated CI and O1 lines are given together with other ex-
perimental data in Tables I-III. Experimental results
with an estimated uncertainty +30% or better (marked
by code letter B in Refs. [6,7] and [13]) are taken for the
comparison only. Estimated uncertainty of reported elec-
tron densities and temperatures do not exceed +9% and
+3%, respectively. Stark widths w,, and shifts d,,, in
Tables I-III are determined with an accuracy +4% and
+3%, respectively. In the case of the C1 4932.05-A line
shift measurements are performed in respect to the spec-
tral line of another element—neon—so the estimated un-
certainty is in the range of +4%. In two columns, fol-
lowing experimental results in Tables I and II ratios of
measured and theoretical widths and shifts calculated us-
ing the quasistatic w,, /wg,, and d,, /dy, [Egs. (1) and
(2)] and dynamic ion approximation, w, /wy,,, and
d,, /d 4y, [Egs. (3) and (4)] are given. Parameters W; and
D; [see Egs. (3) and (4)] are given in these tables also.
Since in the case of O14368.25-A line ion-broadening pa-
rameter 4, over the whole electron density range for all
experiments in Table III is smaller than 0.05 [see condi-
tion (5)] ion-broadening contribution is excluded from
theoretical data. So in this table

Wy, =2w,N, 1071, d_. =d,N,1071¢, 0

see Egs. (1) and (2). For the same reason wgy,, and dg4y,
were not calculated as well.

Here one should notice that correction of the theoreti-
cal half-widths in cases when A4, <0.05 can be evaluated
by adding a ‘““‘quadrupole” ion impact width as suggested
by Griem [Eq. (218b) in Ref. [2]]. Since, in this way, eval-
uated correction for the ion widths is very large (about
25% of the electron impact widths), while typical ion-
broadening contribution for isolated nonhydrogenic atom
lines does not exceed 10-159% at the most, we have
neglected the ion contribution to the widths for this par-
ticular line. Furthermore, for all investigated lines the
influence of the Debye shielding effect on the linewidths
and line shifts was found negligible.

Although reported CI and O1 Stark widths and shifts
in Tables I-III are high accuracy data, the uncertainty in
electron density determination introduces relatively large
errors in w,, /Wyeor and d,, /d .o, so the estimated un-
certainties of these ratios in Tables I-III range between
13% and 16%. Here only experimental errors are taken
into account. The ratios of the experimental widths and
shifts to the corresponding theoretical values are used for
both, as a measure of the agreement with the theory and
for the intercomparison of the experimental results mea-
sured in plasmas with different electron densities and



616

Z. MDATOVIC et al.

TABLE 1. Experimental widths w,, and shifts d,, for C1 5052.17-A line. Ratios of measured and
calculated widths using static- wg,, and d,, and dynamic-ion approximation wgy, and dg4y, are given.
Data for theoretical calculations are taken from Griem [2]. Corresponding ion broadening parameters
W, and D; evaluated from Egs. (3) and (4), respectively, are given also.

N, T Wy, do,,,

(10 cm™)  (K) (A) Wy /Wyar W /Wayn  W;  (A) d,/dyy dn/deyn D;  Ref.
1.42 9320 0.29 1.10 0.95 2.19 This
1.85 9670 0.67 0.99 0.94 1.65 0.37 1.07 0.94 2.04 work
2.15 9870 0.79 1.01 0.96 1.60 0.43 1.06 0.93 1.95
2.20 9890 0.82 1.01 0.97 1.60 0.43 1.03 0.91 1.94
2.20 9890 0.80 0.99 0.95 1.60 0.43 1.04 0.92 1.94
2.55 10110 0.93 0.99 0.95 1.55 0.49 1.02 0.91 1.85
2.85 10280 1.06 0.99 0.95 1.51 0.55 1.01 091 1.78
2.90 10310 1.06 0.98 0.94 1.51 0.56 1.01 0.91 1.77
0.91 9000 0.36 1.14 1.07 1.88 0.10 0.57 0.48 246 [14]
1.65 10000 0.57 0.94 0.90 1.70 0.27 0.87 0.76 2.10
3.40 10800 1.14 0.88 0.85 147 0.54 0.83 0.75 1.70
5.96 11600 1.94 0.84 0.81 1.33 1.01 0.87 0.81 1.42
7.93 11600 3.08 1.00 0.97 1.28 [15]

TABLE II. Same as for Table I but for the C14932.05-A line.
N, T Wy, dg,,

(10 cm™)  (K) (A) Wy, /Wy Wy /wey, W, (A) d,/dyy dn/dsy, D; Ref.
2.20 9890 1.05 0.81 0.79 1.31 0.59 0.82 0.76 1.46 This
2.85 10280 1.35 0.80 0.78 1.25 0.72 0.77 0.73 1.34 work
0.91 9000 0.42 0.82 0.78 1.54 0.21 0.73 0.65 1.92  [14]
1.65 10000 0.83 0.86 0.83 1.37 045 0.84 0.77 1.61
3.40 10800 1.40 0.68 0.67 1.21 0.83 0.74 0.74 1
5.96 11600 2.34 0.64 0.63 1.10 1.56 0.78 0.78 1
7.93 11600 3.90 0.79 0.79 1.06 [15]

TABLE III. Experimental widths w,, and shifts d,, for O1 4368.25-A line. Ratios of measured and
calculated widths wy,, and shifts d,, [see Eq. (7)] are given. Data for theoretical calculations are taken
from Griem [2].

N, T Wy dJ"

(10 cm ™) (K) (A) Wy /W (A) dyn /A Ref.
2.40 10 600 0.51 1.29 0.10 1.17 This
3.12 10980 0.67 1.28 0.13 1.17 work
5.70 12080 1.08 1.10 0.20 0.98 [16]
1.91 10 100 0.39 1.27 [14]
2.99 10900 0.58 1.15
4.94 11900 1.07 1.24
7.13 12700 1.57 1.25
3.97 11580 0.78 1.14 0.12 0.85 [17]
7.84 12500 1.44 1.04 0.27 0.97
4.41 13570 0.82 1.02
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electron temperatures.

Comparison between three sets of the experimental re-
sults for the width of the CI 5052.17-A line in Table I
(this experiment and data from [14] and [15]) show,
within the uncertainty of the experimental results, agree-
ment with the semiclassical theory [2]. However the
agreement of our results with [15] is much better and
discrepancy of w,, /wg,, does not exceed +2%. The re-
sults from [14] show large variations of w,, /wy,, which
are even larger for the shifts, see d,, /d,, in Table I. It is
very difficult to trace the cause of the large variations of
W,, /Wy, and d,, /dg,, in [14]. The flow of the test gas
through the end region of the arc (plasma observations
were performed end-on in [14]) may cause distortions of
the line profiles and influences line shift measurements.

In the case of the C14932-A lme, see Table II, similar
conclusions as for the CI 5052-A line may be drawn.
Again our results agree better with [15] and large varia-
tions of w,, /wg,, in [14] exist. This time, however, our
shifts results, d,, /d,,, agree better with [14].

Our experlmental results for the O 4368-A line are in
agreement within the uncertainty of the experimental
measurements) with three other experiments [14,16,17]
and with the theory [2]. For the evaluation of w,, /w,,
and d,, /d,, for this line contribution of the ion broaden-
ing is not taken into account and this may influence the
results of the comparison but this influence should not
exceed a few percent. One can draw similar conclusions
for the shift results in Table III.

Comparison of the ratios of the experimental Stark
widths and shifts with theoretical values evaluated using
quasistatic and ion-dynamic approximation in Tables I
and II differ only a few percent. The only exceptlon isCI1
5052-A line where the use of ion dynamics in evaluation
of the shifts results in =~10% larger theoretical values.
While the average ratios for the static w,, /wg,, and dy-
namic widths w,, /Wy, are 0.99 and 0.95, respectively,
standard deviation is 0.011 in both cases. In case of the
shifts the average ratios are d,,/dg,,=1.04 and
d,, /d 4y, =0.92 with the standard dev1at10n of 0.032 and
0.016, respectively. It is also important to notice that
d, /d, gradually changes from 1.01 to 1.10 and the
agreement with quasistatic theory becomes worse at the
lower electron densities (larger D;). So in spite of the fact
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that the average agreement of the experiment with quasi-
static results is better the comparison with the theoretical
results which include dynamic treatment of ions shows
more consistency.

In order to support the above conclusions we per-
formed a search through the literature (see, e.g., Refs.
[6,7] and [13]) and some illustrative examples for Ar 1 [18]
and N1 [19] spectral lines are discovered, see Table IV.
Again experimental shift ratios d,, /dg4, measured at
different electron densities and temperature show more
consistency while the ratios with quasistatic theoretical
results d,, /d,, show the tendency of the gradual in-
crease with the decrease of the electron density. This is
in agreement with ion-dynamic theory [2,3] which pre-
dicts at lower electron densities larger effects of the ion
motion to the linewidths and in particular to the line
shifts. So, in the estimation of the influence of ion dy-
namics to the Stark width and shift, it is essential to mea-
sure line parameters at low and high electron densities.
Consistency of the comparison with the theory in the
whole region of the plasma parameters is a more impor-
tant indication of the validity of the theory than the abso-
lute agreement with the theoretical results which depend,
for example, upon the completeness and accuracy of the
set of perturbing levels taken in the calculations of the
linewidths and, in particular, for line shifts.

VI. CONCLUSIONS

In this paper we present results of the measurement of
Stark widths and shifts of C15052.17- and 4932.05- A and
O14368.25-A lines in the plasma of an atmospheric pres-
sure wall stabilized electric arc. The experimental results
are compared with the data from semiclassical calcula-
tions by Griem [2] using quasistatic [2] and ion-dynamic
[3] approximations. It seems that comparison of the ex-
perimental results for the shift of the C1 5052. 17-A line
shows slightly better consistency if ion-dynamic contribu-
tion to the Stark shift [3] is taken into account, see ratios
d,, /d 4, in Table I. Some other experimental results per-
formed independently, see Table I, support our results for
the shift of the CI 5052.17-A line. Therefore we may
conclude that, within the limits of the uncertainty of our

TABLE IV. Same as for Table I but for the Ar14272.17-A (Ref. [18]) and N1 4935.12-A line (Ref. [19].

Spectral N, T Wy, do'"
line (10' cm™3) (K) (A) (A) W, /Wear W, /Wayn W, d,, /d g d,, /dgyn D; Ref.
Arl 1.20 9750 0.20 0.12 0.78 0.75 1.56 0.97 0.86 1.97 [18]
4272 A 2.47 10560 0.44 0.24 0.81 0.79 1.37 0.92 0.85 1.61
4.70 11430  0.80 0.44 0.76 0.75 1.23 0.88 0.88 1
7.30 12150 1.31 0.65 0.78 0.77 1.13 0.82 0.82 1
9.40 12700 1.69 0.89 0.75 0.74 1.07 0.85 0.85 1
N1 . 59 11700 1.18 —0.20 0.88 0.86 1.63 0.78 0.63 2.00 [19]
4935 A 16.4 14 640 3.50 —0.46 0.85 0.84 1.32 0.64 0.64 1
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experimental results and in the range of plasma parame-
ters covered in this experiment, there are some indica-
tions that the Barnard, Cooper, and Smith theory [3]
correctly describes the dynamic contribution of the ions
to the Stark shift.
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