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Résumé. 2014 Nous avons étudié le spectre d’émission de gaz rares produit par une source à décharges. Nous avons
relevé 70 raies nouvelles dans le spectre de l’argon, produites par des ions fortement ionisés, principalement Ar IV
à Ar VIII. Ces raies n’ont pas pu être classifiées, mais sont probablement émises par des états excités de haute
énergie potentielle.

Abstract. 2014 We have studied the emission spectra of rare gases produced by a discharge light source. We report 70
new lines for the argon spectrum, related to highly ionized ions, mainly Ar IV to Ar VIII. The classification of these
lines has not been possible here, but they are probably emitted by excited states of high potential energy.
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1. Introduction.

The spectrum of argon in the extreme ultraviolet
region was investigated thoroughly, more than fourty
years ago, by Boyce [1] and by Phillips and Parker [2].
They measured and classified many lines, relative
to highly ionized argon, in the spectra produced by
electrical discharge in the argon gas. More recently,
Schonheit [3] has studied the spectrum of another
discharge light source and has reported more than
one hundred new, unclassified lines of argon. In the
last decade, the development of the beam foil techni-
que [4-7] has allowed the degree of ionization of the
atoms to be more easily identified and some new lines
(sometimes those of Schonheit) have been identified
and classified

In an earlier paper [8], we reported a source of VUV
radiation produced by electrical discharges in a

rarefied gas, emitting a spectrum mainly composed
of ionic lines of highly ionized elements.
We had attempted to identify the new lines but

our wavelengths were not accurate enough (0.3 A)
and the method of identification had proven to be
not very reliable [9]. In this paper, we will improve the
precision of our wavelength determination and pro-
pose a better method to deduce the degree of ioniza-
tion of the atoms from the variations of the intensities
of the lines.

(*) ERA du CNRS.

2. Experimental device.

As described in our previous paper [8], the repeti-
tive discharge of the 0.25 J1F condenser takes place in
a quartz capillary of 4 mm internal diameter and of
100 mm length. The optimal conditions for the emis-
sion of lines in the studied spectral range were achiev-
ed with an applied voltage of 9 kV and with a total
pressure of the gas of 4 x 10- 2 torr (5 Pa).
For analysis of the emitted spectrum, a grazing

incidence (82°) monochromator type « Romand et
Vodar », with a concave grating of 3 m curvature
radius was used The widths of the entrance and exit
slits were fixed at 0.1 mm, which gives a 0.8 A reso-
lution in the spectral range 100-1000 A. The detec-
tion of the maxima in the spectrum is automatized
Unfortunately, the mechanical motion of the grating
on the Rowland circle shows irreducible irregularities
which scatter the measured wavelengths. By averag-
ing several measurements on different spectra, the

uncertainty has been reduced for most of the lines
below 0.1 A.

3. Selection of the argon lines.

The new lines of argon and krypton spectra are obtain-
ed by eliminating all known lines from the observed
spectrum of the gas. An important problem arises
from the presence of some extra lines irrespective of
the gas that is introduced into the tube. These extra
lines can be mistaken with the studied ones. These
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lines are emitted by elements vapourized from the
capillary wall and from the electrodes. Actually, most
of these extra lines have been attributed to oxygen
and silicon ions. For this identification, we have used
the compilation of lines of Kelly and Palumbo [10].
The easiest way to distinguish the extra lines from

the studied lines is to change the gas introduced in
the tube. If a line appears in the neon, argon and

krypton spectra, it is clearly an extra line. In some
cases, this test is rather ambiguous because the

intensity of the extra lines can be very sensitive to the
nature and the excitation level of the elements in
the plasma. For instance, an oxygen ion easily excit-
ed by impact with a particular argon ion produces
lines which may be seen only with the argon spectra
and could be presumed wrongly to be a true argon
line. For this reason, we have used a second test to

identify the new lines.
Essentially, the second test may be described as

follows. With a constant voltage applied to the tube,
the intensity of the lines emitted by the gas introduced
varies strongly [4, 5] with the pressure of this gas. As
the pressure rises, we generally observe an initial
increase in the intensity of the line followed by a
decrease as the gas absorbs the emitted radiations.
The position of the maxima in the intensity depends
on the degree of ionization of the emitting ions and
also on the wavelength of the line. The intensity of

Fig. 1. - Spectrum emitted by our discharge source in the
following condition : V = 9 kV, p = 0.05 torr. Black dots
indicate the argon lines.

the extra lines seems to be nearly independent of the
pressure of the gas and shows only decreasing curves.
We have thus recorded several spectra with diffe-

rent pressures. The study of the evolution of the
intensity of each line with the pressure has been used
to confirm the identification of the new lines.

4. Identification of the degrees of ionization.

It is well known [3] that the intensity of a line depends
strongly upon the characteristics of the discharge,
such as the applied voltage, the discharge current, the
inductance of the electric circuit and the pressure of
the gas. Owing to the fact that, for some close group
of lines related to the same ion, the intensities of the
lines change in a similar way as a function of the
parameters of the discharge, the new lines can be
identified by comparison with the known lines.

It follows from our previous work [8] that the
intensities of the lines depend primarily on the pres-
sure and the applied voltage and this dependence
varies as a function of the wavelength of the consi-
dered lines. This means that the ratio of the intensities
of a line for two different conditions can be taken as
characteristic of the degree of ionization of the atom
only if the effect of wavelength is taken into account.
For this study, we have recorded seven spectra

under the following conditions of pressure and vol-
tage :

and have calculated for each lines, the different ratios :

The plot of these ratios versus A for the classified
lines shows smooth variations over the studied wave-

length interval. The experimental ratios for the new
lines of the spectrum can be then compared directly
to these curves.

In order to facilitate the identifications of the new
lines, we have used a different presentation for the
ratio of the known lines, as reported in figure 2. The
five different ratios mentioned above are smoothed
and interpolated for a set of 10 arbitrary wavelengths,
regularly spaced over the 200 to 900 A interval. These
interpolated ratios are then plotted on a log-scale in
a number of graphs, which are shown together on
figure 2 with the degree of ionization as abscissa and
the wavelength as ordinate. For a new line, the reading
of the degree of ionization of the emitting ion follows
from the comparison of the experimental ratios plotted
on same scale diagrams, with the schemes of figure 2.
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Fig 2. - Diagram used for the determination of the

degrees of ionization. In each sketch, the black square repre-
sents the intensity taken as reference (V = 6 kV, p = 0.03
or 0.1 torr), the black dots represent the intensities of the
lines for a pressure of 0.03 torr and the circles for a pressure
of 0.1 torr. Each of the sketches is drawn to the same scale
as indicated in the insert

5. Results and discussion.

The argon spectrum emitted by our source, in the 100
to 920 A range, is composed of some 210 lines, and
is reported in figure 1. We have determined, for about
140 of them, the degree of ionization of the ion,
giving confirmation for 92 already classified lines and
new identification for 46 lines. Most of these newly
identified. lines are related to the Ar V and Ar VI

spectra.
The observed lines have been arranged according

to the ionization degree of the ion and listed in table I.
The small lines and the lines showing inconsistent
behaviour have been listed separately in table II.
With an applied voltage of more than 3 kV, the

strongest lines of the Ar II and Ar III spectra appear
as very weak lines in our spectrum, which indicate
that our discharge is relatively devoid of ions Ar+
and Ar+ +, for the range of voltage used (6-15 kV).
On the other hand, we observe no line of the Ar IX

spectrum [ 11-14] which means that the impacts in the
plasma are not sufficiently energetic to produce or
excite Ar8 + ions.
The unidentified lines in table II may then probably

be related to the Ar IV to Ar VIII spectra.
As can be seen in the different compilations of

lines [10] and spectral terms [12, 13], the spectra of
highly ionized argon is relatively less well known
than those of the other atoms of the isoelectronic

sequences. We have then deduced some new spectral
terms of Ar IV to Ar VIII by interpolation from the
neighbouring elements (silicon to titanium) in each
isoelectronic sequence. No new definite classification
could be proposed from this study. Actually, our
spectrum does not seem to be convenient for further

Table I. - Identified lines emitted by our discharge source. Majuscule letters S, D, T and Q refer to the singulet,
doublet, triplet and quartet series of lines. Lines belonging to the same multiplet are noted with bracket. a : wave-
length and classification given by Kelly and Palumbo [10], b : wavelength and classification given by Berry et al. [5],
c : wavelength and classification given by Buchet-Poulizac et al. [7], d : wavelength given by Schönheit [3], e :
wavelength and classification given by Fawcett et al. [14].
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Table II. - Unidentified lines. The third column

refers to probable degree of ionization of the emitting
ion, as determined in our study of the intensities. (For
the letters a, b, c, d, e, see caption of table L)

spectroscopic study because of the still low wave-

length accuracy and because of the presence of more
than one hundred extra lines which mask important
portions of the spectrum.

6. Concluding remarks.

The extreme ultraviolet spectrum emitted by our
source has shown numerous lines emitted by Ar3+
to Ar7+ ions. New lines are reported in this study,
indicating that the spectra of these ions are still not
completely known.
By using a method of determination, based on the

study of the influence of the discharge parameters on
the intensity of the lines, we could identify the degree
of ionization of 46 new lines related mainly to Ar V
and Ar VI spectra.

It is probably difficult to say why our source
produces so many lines of the spectra of Ar4+ and
Ar5 + ions, more numerous than previously reported
by other authors, but two reasons can be proposed
First, our spectrum shows strong lines related to
Ar7+ ions and these ions can produce a great variety
of strongly excited ions of lower degrees of ionization
by recombination. Second, our discharge is a very
complex phenomenon. The dense plasma inside the
discharge is always , far from thermal equilibrium.
This means that during the time of discharge, the
physical parameters of the plasma (velocity and

density of ion) are continuously changing, probably
over several orders of magnitude. In this case, nearly
all excited species can be produced, giving birth to
the numerous observed lines.
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