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Abstract. Characteristics of the Stark broadened and overlapping 447.1 nm He I spectral line and its
forbidden 447.0 nm components have been measured at electron densities between 4.4 x 10?2 m™3 and
8.2 x 10*2 m™® and electron temperatures between 18000 K and 33000 K in plasmas created in five
various discharge conditions using the low pressure pulsed arc as an optically thin plasma source operated
in helium-nitrogen-oxygen gas mixture. Good agreement was found among our measured line characteristics
and their existing calculated values, based on the quasistatic approximation. Possible influence of the singly
ionized oxygen impurity atoms (O II) on the intensity values of the dip between allowed and forbidden
components was found that can explain the disagreement among some existing experimental and calculated
line characteristics data, at higher electron temperatures and densities. On the basis of the observed
asymmetry of the 447.1 nm spectral line profile we have obtained the ion contribution parameter at
1022 m~3 electron density and 8 000 K electron temperature.

PACS. 52.70.Kz Optical (ultraviolet, visible, infrared) measurements — 32.70.Jz Line shapes, widths,
and shifts — 32.70.-n Intensities and shapes of atomic spectral lines

1 Introduction

Spectral line broadening characteristics such as the line
width and line center shift can be used for the cosmic and
laboratory plasma diagnostics purpose [1,2]. In this re-
spect, it is of interest to find spectral lines with convenient
broadening parameters [1-5]. The Ay = 447.1 nm neutral
helium (He I) spectral line that belongs to the 43D-2°P
allowed transition with its Ag = 447.0 nm forbidden com-
ponent (43F-23P transition) belongs to this group of men-
tioned lines [2,6,7]. Namely, in the plasmas with electron
densities above 4 x 1022 m~3 and electron temperatures
above 10000 K these line profiles merge due to the in-
crease of the role of the Stark broadening effect [6,7]. The
characteristics of this overlapping (see Fig. 1) like the ra-
tio of the forbidden (Ir) and allowed (I4) line maximum
intensities Ir/Ia, the ratio of the dip (Ip) between both
components to the maximum intensity of the allowed com-
ponent Ip/Ix, the total line width of the overlapping line
components (A);/3) and the wavelength distance (AAar)
between the Ap and Ap, show a strong dependence on the
electron density (N) in plasma [6,7]. Accordingly the men-
tioned data can be used for plasma diagnostics purpose.
These dependencies are theoretically predicted on the
basis of the quasistatic approximation (G) [6] and qua-
sistatic impact approximation (BCS) [7]. Calculations
have been performed up to 40000 K electron temperature
(T'). Existing measured A); /o and AXar values show sat-
isfactory agreement with theoretical G and BCS data in a
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Fig. 1. The characteristics of the merged profiles of the Aa =
447.1 nm and Ar = 447.0 nm He I lines in the 25th us after
the beginning of the discharge recorded in decaying plasma in
exp. bi.

wide range of the electron densities (0.4—5.0) x 1023 m~3.
In the case of the Iy /In and Ip/Ia ratios the situation
is much different (see Figs. 4 and 5). Namely, the val-
ues of these ratios, obtained experimentally, lie above the
calculated values (G and BCS). The aim of this paper is
to supply new experimental results to clear up this dis-
crepancy. In this view, we have measured the overlapping
profiles of the Ap = 447.1 nm and Ap = 447.0 nm He I
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spectral lines emitted under five different plasma condi-
tions. Thus, the electron temperature has been ranged
between 18000 K and 33000 K and the electron den-
sity between 4.4 x 10?2 m—3 and 8.2 x 10?2 m~3. The
found ANy /9, AXar, Ir/Ia and Ip/Ia values have been
compared with the existing experimental and theoretical
data. On the other hand, we have monitored the 447.1 nm
He I line profile during the decaying plasma up to the mo-
ment when the electron density dropped down to values
with which the forbidden and the allowed components be-
come mutually isolated. This allows us to perform mea-
surements of the broadening characteristics of the iso-
lated Ap = 447.1 nm line. Our measured Stark FWHM
(full-width at half maximum intensity, W) values of the
Aa = 447.1 nm line have been compared with the existing
experimental and theoretical Stark width data. On the ba-
sis of the found asymmetry of the Aa line profile we have
obtained, also, the ion contribution to this line broadening
(coefficients « in [1]).

2 Experiment

The modified version of the linear low pressure pulsed arc
[8-11] has been used as a plasma source. A pulsed dis-
charge was driven in a quartz discharge tube of different
inner diameters (€): 5 mm and 25 mm and has an effec-
tive plasma length (H) from 6.2 cm to 14 cm (see Fig. 1 in
[8,10]). Various dimensions of the discharge tube offer the
possibility of the electron temperature variation in a wide
range. The tube has end-on quartz windows. On the oppo-
site side of the electrodes the glass tube was expanded in
order to reduce the erosion of the glass wall and also the
sputtering of the electrode material onto the quartz win-
dows. The working gas was helium-nitrogen-oxygen mix-
ture (90% He + 8% Ny + 2% O3) at 267 Pa and 133 Pa
filling pressures in flowing regime. Spectroscopic observa-
tion of spectral lines was made end-on along the axis of
the discharge tube. A capacitor of 8 uF was charged up
to 4.5 kV (exp. a) and a capacitor of 14 uF was charged
up to 1.5, 2.6, 3.4 and 4.2 kV, respectively (exp. b). The
mentioned discharge conditions were realized in discharge
tube with various lengths (H) and diameters (©). The
used tube geometry and corresponding discharge condi-
tions are presented in Table 1.

The line profiles were recorded by a step-by-step tech-
nique using a photomultiplier (EMI 9789 QB and EMI
9659B) and a grating spectrograph (Zeiss PGS-2, recipro-
cal linear dispersion 0.73 nm/mm in the first order) sys-
tem. The instrumental FWHM of 0.008 nm was obtained
by using the narrow spectral lines emitted by the hollow
cathode discharge. The recorded profile of these lines has
been of the Gaussian type within 8% accuracy in the range
of the investigated spectral line wavelengths. The spectro-
graph exit slit (10 pm) with the calibrated photomultiplier
was micrometrically traversed along the spectral plane in
small wavelength steps (0.0073 nm). The averaged photo-
multiplier signal (five shots in each position) was digitized
using an oscilloscope, interfaced to a computer. A sample
output, as an example, is shown in Figures 1 and 2.
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Table 1. Various discharge conditions. C-bank capacity, U-
bank voltage, H-effective plasma length, ¢-tube diameter, P-
filling pressure. N (in 10**> m™®) and T (in 10* K) denote
electron density and temperature values, respectively obtained
at a 25th us after the beginning of the discharge when the
overlapping profiles were analyzed.

Exp. C U H [ P N T
(WF)  (kV) (cm) (mm) (Pa)

a 8 4.5 6.2 5 267 6.1 33.0

b1 14 4.2 14.0 25 267 82 31.5

bo 14 3.4 14.0 25 267 6.7 30.0

bs 14 2.6 14.0 25 267 4.4 28.0

ba 14 1.5 7.2 5 133 5.0 18.0

He | A,=447.0 nm and He | A,=447.1 nm
exp. b,, U=1.5 kV, P=133 Pa

200

3\
40 AN

Fig. 2. Temporal evolution of the overlapping Aax = 447.1 nm
and Ap = 447.0 nm He I spectral line profiles recorded under
discharge conditions in exp. ba.

Plasma reproducibility was monitored by the He I
(501.5 nm, 388.8 nm and 587.6 nm) lines radiation and,
also, by the discharge current using Rogowski coil signal
(it was found to be within £5%).

The used deconvolution procedure in its details is de-
scribed in [12]. It includes a new advanced numerical pro-
cedure for deconvolution of theoretical asymmetric con-
volution integral of a Gaussian and a plasma broadened
spectral line profile ja r(A) for spectral lines. This method
gives complete information on the plasma parameters from
a single recorded spectral line. The method determines
all broadening plasma parameters self-consistently and di-
rectly from the shape of spectral lines without any as-
sumptions or prior knowledge. All one needs to know is
the instrumental width of the spectrometer. The measured
profiles were convoluted due to the convolutions of the
Lorentzian Stark and Gaussian profiles caused by Doppler
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Table 2. Measured overlapped profile characteristics with esti-
mated accuracies at various N (in 10> m™®) and T (in 10® K).

N T A)\l/g A)\AF [F/IA ID/IA
(nm)  (am)

6.1 33.0 1.6+0.2 0.72+£0.02 0.86+0.07 0.5540.05

8.2 315 19403 0.84+0.02 0.85+0.07 0.61£0.06

6.7 30.0 1.5+0.2 0.69+0.02 0.84+0.07 0.57%0.05

44 28.0 1.3+0.2 0.65+0.02 0.80+0.07 0.5140.05

5.0 18.0 14402 0.62+0.01 0.82+0.07 0.54+0.05

and instrumental broadenings [1]. Van der Waals and
resonance broadenings [1] were estimated to be smaller
by more than an order of magnitude in comparison to
Stark, Doppler and instrumental broadenings. The de-
convolution procedure was computerized using the least
Chi-square function [12]. The line widths were measured
with +12% accuracy and the ion contribution parameters
(o) with £15% accuracy. The plasma parameters were de-
termined using standard diagnostics methods [13]. Thus,
the electron temperature was determined from the ratios
of the relative line intensities of four N III spectral lines
(409.74 nm, 410.34 nm, 463.42 nm and 464.06 nm) to the
463.05 nm N II spectral line with an estimated error of
+10%, assuming the existence of the LTE [1]. In the case
of the exp. by the electron temperature has been obtained
using the relative line intensity ratio method between the
He IT P, 468.6 nm and the He I 587.56 nm lines and,
also, using the ratios between the He II P, line inten-
sity and the five He T (388.86 nm, 471.32 nm, 501.57 nm,
667.82 nm and 706.52 nm) spectral line intensities with an
estimated error of £12%. The 388.86 nm and 501.57 nm
line profiles have been corrected for the self-absorption ef-
fect using the double plasma length method described in
[3]. All the necessary atomic data have been taken from
[14,15]. The electron density decay was measured using a
well-known single wavelength He—Ne laser interferometer
technique [16] for the 632.8 nm transition with an esti-
mated error of £9%. The electron densities and tempera-
tures, obtained at the moment when the overlapped line
profiles were analyzed, are presented in Tables 1 and 2.
This moment is selected taking into account the line max-
imum intensity relaxation time. We have found that the
447.1 nm He I, O IT and N II spectral lines have differ-
ent line maximum intensity decays. Thus, in the 25th us
after the beginning of the discharge He I line intensity
reaches up to 90% of its maximum while the O II and
N II line intensity maximums dropped down to 50% of
their maximum (Fig. 3). Thus, the contribution of the
O II line intensities to the 447.1 nm line profile at the
mentioned moment can be neglected.

101

1.0 4 —o—Hel 447.1 nm

—e— O 11469.9 nm

0.9

0.8
0.7 ]
0.6
05
0.4
0.3
0.2

Normalized line maximum Intensity

0.1

0.0 T T T T T
] 20 40 60

t[us]

Fig. 3. Temporal evolution of the Ax = 447.1 He I and
the 469.92 nm O II spectral line maximum intensities (Imax)
(exp. b1).

3 Results and discussion
3.1 Overlapping lines

Our experimentally obtained line characteristics are pre-
sented in Table 2.

In order to make the comparison easier between mea-
sured and calculated line profile parameters, their theo-
retical (G, BCS) dependences on the electron density are
presented in Figures 4 and 5 together with the values of
other authors.

Our measured A); /o and AXar values lie slightly be-
low theoretically predicted ones, showing tolerable agree-
ment with them taking into account the accuracy of mea-
surements (see Fig. 4). Similar behavior show, also, A\, /5
and AXar values obtained in experiments [17,19,21,22,
25,27,29].

Generally, all existing experimental A\, /5 and AAar
values agree with the G and BCS predictions within the
uncertainties of the calculations and accuracies of the ex-
periments (see Fig. 4).

In the case of the Ir/Is and I /I ratios the situation
is different. Our mesured values and those from [20,22,26,
28] agree with the theoretical values. But, the significant
number of existing experiments give intensity ratios that
overvalue the theoretical G and BCS predictions. This is
particularly evident in the case of the In/Ia ratio (see
Fig. 5).

We think that these discrepancies can be explained
taking into account the role of the O II impurity ions in
the plasma sources during the high current (up to 73 kA)
and high temperature (up to 55000 K) discharges. The
446.54 nm, 446.79 nm and 446.94 nm O II spectral lines
originate from the high lying (3p"") energy level (33.20 eV)
with relatively large (0.92 x 10® s™1) transition probabil-
ities [14]. The excitation and population of this energy
level take place predominantly during the recombination
processes from O III states. Thus, the concentration of
the O III ions (No 111) is directly responsible for the men-
tioned O II spectral line intensities. It is known that the
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Fig. 4. The A)\l/g and AMAF as a function of the electron den-
sity (). (o) Our experimental values and those of other au-
thors: (A\) reference [17]; ([]) reference [18]; (+) reference [19];
(V) reference [20]; () reference [21]; (o) reference [22]; (A)
reference [23]; () reference [24]; (X) reference [25]; (&) ref-
erence [26]; (|) reference [27]; (V7 ) reference [28]; (D) refer-
ence [31]. (- - - -) denote the best fit data from experiment
[29]. Solid (G) and dashed (BCS) lines represent the calcu-
lated values by Griem [6] and Barnard et al. [7], respectively
at 20000 K and 40000 K electron temperatures; * denote cal-
culated values from [30].

O IIT ion presence in plasma depends on the electron tem-
perature [2]. Higher electron temperatures lead to the in-
crease of No 111 and, also, to the increase of the intensities
of the mentioned O II spectral lines. In view of this, in the
high temperature He plasmas [19,21,23,29], created by
plasma sources with high current dicharges (up to 73 kA
in [23]), the conditions to products of the oxygen atoms,
and their O IIT and O II ions, like impurities in discharge,
are fulfilled. The presence of O II ions in discharge (pro-
portional with discharge current) may be caused by ero-
sion mechanisms connected to the electrodes and walls of
the plasma sources.

The experiments [17-19,21,23,25,29], which give
higher Ir and Ip measured values, are carried out with
plasmas created in the shock T-tube [18,28] and “laser
focus” [17,19,21] as plasma sources. Both are known as
sources where the impurity atoms can play a significant
role. The presence of the O II spectral lines is explic-
itly confirmed in the experiments [19,22,38]. Thus, the
446.54 nm, 446.79 nm and 446.94 nm O II spectral lines
lie close to the expected line center position of the forbid-
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Fig. 5. The Ir/Ia and Ip/Ia as a function of the electron
density (V). Symbols are the same as in Figure 4.

den He I line (Ar) and can contribute to the increase of
their intensity maximum (Ir). This position is expected
at about 446.4 nm at 10** m~3 electron density [6,7,30].
Moreover, the mentioned O II lines lie “under” the ex-
pected dip position [6,7] at about 447.0 nm between A
and Aa values causing higher measured Ip values in com-
parison with the calculated Ip values. The mentioned O 11
lines have a negligible influence on the intensity of the al-
lowed Aa line expected at 447.7 nm [6,7,30]. Hence the
possible presence of the O II lines results in the increase
of the measured Ir/Ia and Ip/Ia values so that these go
up above the theoretical predictions. This discrepancy be-
tween the measured and calculated intensity ratios must
increase with the density of O II ions (at higher T and
N). On the other hand, the influence of the mentioned
O II lines on the A\, and AXar values is practically
negligible.

It turns out that a number of experimental [32-38]
and theoretical [39-45] works are devoted to the 447.1 nm
He I line profile investigations at an electron density be-
low 3x10?2 m—3. The smearing of the central dip is, with
these plasma compositions and electron density, explained
by taking into account the ion dynamic effect. The ion
dynamic effect depends on the mass (1) and tempereture
(T;) of the perturbing ions expressed as (T;/u)'/2. With
our plasma conditions and compositions this effect is neg-
ligible [2,12,44].
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Fig. 6. Ratios of the experimental total half-width (Wexp) of
the separated Aa = 447.1 nm He I spectral line to the various
theoretical (W) predictions wvs. electron temperature. Circle
and square represent our experimental data and those from
[48], respectively. Empty, half and quartal divided symbols rep-
resent the ratios related to the theories taken from [1,46,47],
respectively.

3.2 Separated lines

We have monitored the line profile up to the 120th us (see
Fig. 2) after the beginning of the discharge (in exp. by)
when the electron density has dropped down to (6.0 £
0.6) x 10%! m~3 and the electron temperature to (8000
+ 2000) K. 6000 K temperature of the emitting atoms,
at this moment, was found due the Gauss component in
convolutions [12]. With these plasma parameters the Ag
can be used as isolated line. Applying the deconvolution
procedure described in [12] we have obtained the follow-
ing line profile characteristics: total line width (electron
+ ion) Wy = 0.203 nm; electron width W, = 0.102 nm;
ion contribution parameter normalized to 10?2 m—3 elec-
tron density, a = 0.937. Our ion contribution parameter
is higher than the one obtained in [1] (oo = 0.625) and [46]
(o = 0.650).

In Figure 6 the ratios Wexp/Win are presented versus
electron temeperature. Our experimental data and those
from [48] are related to the theoretical predictions taken
from [1,46,47].

The experimental results lie below all three theoretical
predictions. Our mesured Wy, fairly agrees (within 12%)
with theoretical data from [47].

4 Conclusion

We have obtained agreement between our measured line
characteristics and their calculated values on the basis of
the quasistatic approximation [6,7]. As possible explana-
tion of the disagreement between some experimental re-
sults and theoretical predictions in the case of the line
intensity ratios we have recommended the possible role of
the O II impurity ions.
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On the basis of the asymmetry of the Aa line profile we
have obtained, also, the ion broadening parameter which
is about 50% higher than the existing theoretical values.

This research is a part of the project supported by the Ministry
of Science and Development of the Republic of Serbia.
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