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Abstract. High resolution ejected electron spectroscopy has been used to investigate a large number of
Ar autoionizing states producing ejected electrons in the energy range from 6 to 26 eV at impact electron
energies of 505 and 2018 eV and ejection angles of 40◦, 90◦ and 130◦. The full energy range has been
divided into three regions which were analyzed separately. In the first one (6–9 eV) the obtained features
are identified as the decay of the Ar+ satellite states formed above the Ar2+(1D) at 45.11 eV. In the second
one (9–14 eV) all features are identified as due to the decay of excited states formed by the excitation
of 3s electrons to ns, np and nd subshells. The most prominent features are those arising from the excitation
of 3s to nd(3,1D). In this series the 3s3p63d(1D) state with FWHM of 0.040 eV is used as the calibration
point for all measured spectra. In the third energy region (14–26 eV) a large number of features is observed.
Most of them are identified as the decay of excited states of the type 3s3p5nl and 3s23p4nln′l′.

1 Introduction

Rare gases are the best suited targets to study autoion-
ization processes. Together with helium and neon, argon
has been the subject of several investigations by pho-
ton absorption and ion and electron impact at differ-
ent incident energies. For this work we have paid atten-
tion to those experimental results from electron impact
studies obtained at incident electron energies close to or
higher of 500 eV: Simpson et al. [1] at 400 eV with en-
ergy resolution 0.1 eV, Ogurtsov et al. [2] at 500 eV and
scattering angle of 54.5◦ within ejected energy range of
6–13.5 eV, Bergmark et al. [3] at several keV, Wu et al. [4]
at 2.5 keV and a mean scattering angle of 0◦. Unfor-
tunately, these measurements are limited in energies of
ejected electrons and do not cover the whole autoioniza-
tion region. Other measurements with lower incident elec-
tron energies have been concentrated on resonance clas-
sification, triplet-singlet separation with high resolution
and PCI phenomenon [5–9]. Calculations of energy posi-
tions of autoionization states have been done by Brion and
Olsen [10,11] and Fryar and McConkey [6].
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Studies of autoionization states of argon produced by
ions have been very rare. Ogurtsov et al. [12] used H+ ion
beam at 20 keV studying the ejection energy region be-
tween 5 and 300 eV. Rudd et al. [13] used ion beams of H+

and Ar+ of 100 keV. Both measurements had been done
with low resolution.

The first studies of resonances in autoionization re-
gion of argon by photons have been done by Madden
et al. [14] and Samson [15]. In the work [14] many res-
onances have been observed in the photon energy region
of 20–150 eV produced by excitation of a single 3s elec-
tron to states with the configuration 3s3p6np, the exci-
tation of two of the outer 3p electrons to states with
the configuration of 3s23p4nln′l′ and by the simultane-
ous excitation of 3s and 3p electrons to states with the
configuration 3s3p5nln′l′. Studies by synchrotron radia-
tion have been very extensive. Hall et al. [16] studied near
threshold photoionization of argon in the region 32–49 eV
of photon energy. They investigated satellite states over
the energy range from zero to 1 eV above their respec-
tive thresholds. Satellite states occur when one electron is
ejected and another is raised to an unfilled orbital in ion
state Ar+, 3s23p4nl. Wills et al. [17] used synchrotron ra-
diation and photoelectron spectroscopy in order to study
the 3s23p4nln′l′ doubly excited neutral states in the en-
ergy range from 31 to 42.3 eV. Cvejanović et al. [18] inves-
tigated the satellite states by using high resolution thresh-
old photoelectron spectroscopy and synchrotron radiation
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in the photon energy region of 32–51 eV. The satellite
states were systematically studied by Kikas et al. [19] by
photoelectron spectroscopy at 100 eV photon energy.

A comprehensive analysis of autoionizing levels of ar-
gon excited by low-energy heavy-ion impact has been per-
formed by Jørgensen et al. [20]. They recorded energy
spectra of 5–20 eV ejected electrons from autoionizing ar-
gon states obtained in collisions with several neutral and
ionic species. By applying the Wigner spin conservation
rule and molecular-orbital diagrams they have been able
to interpret the changes in spectra coming from the vari-
ation of atomic number or charge state of the projectile
and assign the resulting configurations.

The ground state configuration of argon is
1s22s22p63s23p6. The first Ar+ ionic state has the
configuration 3s23p5(2P3/2,1/2) at 15.76 and 15.94 eV
respectively, with a spin-orbit splitting of 0.180 eV. The
first excited 3s state has the configuration 3s3p6(2S1/2)
at 13.48 eV with ionization threshold, known as M1 edge,
at 29.24 eV (13.48 + 15.76). The first excited ionic 3p state
at 16.40 eV has the configuration 3s23p4(3P)3d(4D). The
Ar2+ ionic state has three configurations Ar2+(3P)
at 43.375 eV, 43.513 eV and 43.570 eV, Ar2+(1D) at
45.111 eV and Ar2+(1S) at 47.498 eV. With incident
electron energies of 505 and 2018 eV it is possible to
excite and ionize all valence and inner shell electrons i.e.
the 3s, 3p, 2s and 2p ones. The 2p shell has two sub
shells, namely the 2p3/2 one at 248 eV and 2p1/2 one
at 250 eV known as L3 and L2 edges. The 2s shell
at 327 eV is known as L1 edge [21]. In the present paper
we will be concentrated on ejected electrons obtained
by the excitation of 3s and 3p electrons only. Excitation
of L1, L2 and L3 shells will be presented in a forthcoming
paper. Excitation of 3s electron by electron impact
above the first ionization potential can populate the
3s3p6n(s,p,d) autoionizing states, which decay to Ar+.
Excitation of 3p electron populates autoionizing states
with configuration 3s23p4nln′l′, while the simultaneous
excitation of 3s and 3p electrons leads to states with
configuration 3s3p5nln′l′. In all excitation processes
the decay to the Ar2+ 3p5 states can follow 2 channels,
therefore one can expect two series of excited states
separated by the spin-orbit splitting of 0.180 eV.

In this paper we present high resolution ejected elec-
tron spectra of argon in the ejected energy range of
6–26 eV. This ejected energy range was tentatively di-
vided into three energy regions (6–9 eV), (9–14 eV) and
(14–26 eV) which are separately discussed. The first region
is the region of Auger satellite states of the type 3s3p5nl
that decay to the Ar2+ ground or excited states. The sec-
ond region is characterized by the single excitation of 3s
electron to ns, np or nd subshells of the type 3s3p6 (ns,
np, nd) with energy limit at 29.24 eV. The third energy
region is recognized as the region of the double excitation
of the type 3s3p5nln′l′ and 3s23p4nln′l′. The spectra have
been measured at the constant incident electron energies
of 505 and 2018 eV and three ejection angles of 40◦, 90◦
and 130◦ with respect to the incident electron beam in
order to show angular behavior of the excited states. The

systematic angular behavior (10◦ to 130◦) of the states
observed from 6 to 12.5 eV of ejected electron energies
has been presented at incident electron energy of 505 eV.
Also, the feature in cusp like form which corresponds to
the ionization potential of 3s state (29.24 eV) is present
at energies 505 and 2018 eV and three ejection angles 40◦,
90◦ and 130◦. The present systematic study of autoioniz-
ing states in argon is a continuation of our work [22] of
the phenomena connected to the autoionization and Auger
processes in rare gasses at higher electron energies.

2 Experiment

The apparatus used in the present measurements has been
described in an earlier publication [23]. It consists of a high
energy (10–2500 eV) unselected electron gun that can be
rotated in the angular range 10◦–130◦ around the ana-
lyzer axis, a high resolution hemispherical analyzer with
a mean radius of 125 mm and 7 channeltrons for the de-
tection of ejected electrons. After preamplifiers the signals
were transferred by optical fiber cables to the counter and
proceed by data acquisition and evaluation software. The
analyzer operates at constant pass energy with defined
retarding ratio and defined magnification determined by
the two stage 11 element lens system that provides uni-
form high transmission and acceptance angle of (±1◦).
The atomic beam is let into the interaction region via
a 20 mm long platinum-iridium non biased needle with
internal diameter of 0.5 mm in the perpendicular direc-
tion to the scattering plane.

The energy resolution of the ejected electron spectra
of argon is determined by the energy resolution of the
analyzer at mean kinetic energy of 12 eV and Doppler
broadening of 0.0071 eV at temperature of 350 K. The
FWHM of the narrowest feature in the spectra was
0.040 eV, while usually the resolution was between 0.060
and 0.080 eV. The background pressure in the vacuum
chamber was 6 × 10−8 mbar, while the working pressure
with argon was 2 × 10−6 mbar. With electron current
of (9−12 × 10−6 A) typical accumulation time for most
spectra was between 30 and 60 min with energy width
of 0.020 eV per channel. The signal to noise ratio was 2
to 7% in the first and third energy region and 27% in the
second energy region. The transmission was not uniform
in the first energy region (6–9 eV) and all spectra are pre-
sented with the background subtracted without normal-
ization of obtained data. Considering the ejected electron
energies of interest and the detection angles this back-
ground is dominantly coming from electrons produced in
the direct ionization/multiple ionization processes which
have a continuous energy distribution. The shape and
cross sections of this continuum itself, although interesting
per se, will not be further discussed here. The subtrac-
tion of the background was achieved by a combination
of linear and non-linear functions, and it has no influ-
ence to the resonance intensity and its shape. As a cal-
ibration point for the ejected electron energy scale was
used the 3s3p63d(1D) state at 27.48 eV (11.72 eV ejected
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electron energy) in a spectrum of argon and helium mix-
ture at 303 eV of incident electron energy using the en-
ergy position of the double excited 2s2p(1P) state in He
at 60.130 eV (35.55 eV of ejected electron energy) [24] as
a reference. The incident electron energy scale was cali-
brated through the elastic channel.

3 Results and discussion

3.1 The first ejected energy region from 6 to 9 eV

This ejected energy region is populated by several well
defined isolated features shown in Figures 1a and 1b
with corresponding energies and assignments presented
in Table 1. The features have been obtained at constant
incident electron energies 505 and 2018 eV and ejection
angles 40◦, 90◦, and 130◦. In comparison with the neon
ejected spectra [22] the number of feature is less and they
are present with lower intensities. The excited states which
produce these ejected electrons belong to the energy region
of the Ar+ satellite states measured in photoionization ex-
periment ([19] and references there in). Identification of
these states was made according to their ejected energies
and their absence in the spectra taken below 50 eV of inci-
dent electron energy. All states are produced by excitation
of Ar+ 3s3p5nl states embedded in the Ar2+(3P, 1D, 1S)
continua. The features present in the spectrum are due to
the decay to these ion states, preferentially to (1D) state
at 45.11 eV. Decays to other two states (3P) and (1S) have
not been identified.

The ejected energy of the first feature (A) at 6.22 eV is
in good agreement with previous works [12,13,25]. The fea-
ture has been observed for the first time by Rudd et al. [13]
and Ogurtsov et al. [12] in collision by fast ions, while in
low electron energy collision the feature was observed by
Hicks et al. [25]. The assignment of this feature until now
is not clearly defined. For Rudd et al. [13] the origin of this
feature was unknown, but they noticed a higher intensity
of the feature in the collision with fast H+ ions than with
Ar+ ions. Ogurtsov et al. [12] assigned this feature to an
autoionizing state of the form 3s3p54s4p with excitation
cross section of the order of 10−19 cm2. In the photoion-
ization experiment by Kikas et al. [19] the feature is as-
signed as a satellite state of the form 3s13p5(3P)3d be-
cause it is strongly enhanced in the decay spectrum of the
2p53d states with FWHM of 0.157 eV. Hicks et al. [25]
did not assign the feature, but proposed energy position
of 53 eV, suggesting that it corresponds to an Ar+ state
which decays through electron ejection to an Ar2+ state
at about 47 eV. In the present experiment the feature is
well defined with a FWHM of about 0.070 eV showing the
same lineshape at the three ejection angles indicating that
it belongs to an Auger state. The excellent agreement in
energy position with line 73 from Kikas et al. [19] has been
the argument to accept the assignment proposed by these
authors. The same argument has been applied to accept
the assignment for the feature (D) at 52.81 eV (7.70 eV of
ejection energy). Again, a good agreement in energy po-
sition was found with the satellite line 75 at 52.84 eV in
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Fig. 1. Two series of ejected electron spectra of argon obtained
at three ejection angles of 40◦, 90◦ and 130◦ and constant in-
cident electron energies of (a) 505 eV and (b) 2018 eV. The
energy region of ejected electrons is from 6 to 9 eV with en-
ergy width of 0.020 eV per channel. The spectra are shown with
subtracted background and without normalization of measured
data. The calibration energy for ejected energy scale was en-
ergy position of the 3s3p63d(1D) state at 11.72 eV (27.48 eV).

photoionization experiments [19,26]. The FWHM of the
feature (D) is about 0.060 eV and the form of the feature
does not show any angular dependence. The intensity ra-
tio between features (A) and (D) at 505 eV in Figures 1a
is 1.97 for 40◦, 2.48 for 90◦ and 2.19 for 130◦. The fea-
ture (F) at 53.73 eV (8.62 eV of ejection energy) is in excel-
lent agreement with energy position of the satellite line 77
at 53.74 eV in [19,26]. All other features from Figures 1a
and 1b are present with lower intensities and some of them
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Table 1. Ejected (in parenthesis) and excitation electron energies (eV) of the features (A to F) observed in the first ejection
energy region 6–9 eV.

This work Ref. [19] Ref. [26] Ref. [25] Ref. [13] Ref. [12] Assignment
Label Line

(A) (6.22) 73 (6.24) (6.00) (6.21)
51.33 51.36 51.4 3s13p5(3P)3d

(B) (6.78)
51.89

(C) (6.98)
52.09

(D) (7.70) 75
52.81 52.84 52.9 3s13p5(1P)4p(2S)

(E) (7.96)
53.07 53.05

(F) (8.62) 77
53.73 53.74 53.8 3s13p5(3P)4d + (1P)3d

completely disappear at 2018 eV. They are left without
assignments in Table 1 because there are neither enough
details for their interpretation nor other measurements for
comparison. It is however reasonable that they should be-
long to the same type of excitation as the other intense
features (A, D and F). Only for the feature B at 6.78 eV
we could speculate that the final state is the 3s23p4(1S0),
at 4.124 eV above the second ionization limit. This would
lead to an excitation energy of 54.30 eV in accordance with
line 78 in reference [19]. Unfortunately the configuration
of this state has not been assigned in reference [19].

3.2 The second ejected energy region from 9 to 14 eV

The ejected energy region from 9 to 14 eV (24.76
to 29.76 eV of excitation energies) is characterized by
a wealth of features as shown in Figures 2a–2c. These
ejected electrons come from the 3s3p6nl excited states
decaying to Ar+3p5. All autoionizing states result from
the excitation of 3s electron to the ns, np and nd sub-
shells. This energy region was studied systematically by
electron impact only by few authors [5,6,10,11]. Brion and
Olsen [10,11] calculated the energy positions of the states,
but the experimental spectra were obtained with rather
poor resolution. The resolution presented in [5] was much
better but not enough to separate the singlet and triplet
states, while in [6] the resolution was enough to resolve the
singlet-triplet splitting but with very poor signal to noise
ratio. In the photoabsorption work [14] only optically al-
lowed states are detected as resonances in the 3p photoion-
ization cross section. In the experiment by ions [12] this
energy part had not been studied in details, although later
the same group of authors [2] presented spectra with the
resolution good enough to demonstrate the singlet-triplet
separation, again without detailed analysis. Moreover, the
two published spectra display different shapes.

In Figures 2a and 2b we present this part of the ejected
electron spectrum obtained with the best signal to noise
ratio but with resolution of 0.060 to 0.080 eV, while in
Figure 2c the spectra have been measured with the best

ever reached resolution of 0.040 and 0.045 eV. Taking into
account the large number of observed states we present
our results in three separate subsections and Tables 2–4.

3.2.1 Excitation of 3s electron to the 3s3p6ns(3,1S) states

Figures 2a and 2b show the ejected electron spectra
obtained at constant incident electron energies at 505
and 2018 eV and at three ejected angles of 40◦,
90◦ and 130◦, while Figure 2c shows spectra obtained
at 505 eV and two ejection angles of 90◦ and 130◦. Table 2
lists all energies for measured 3s3p6ns features and shows
the comparison with other references.

The 3s3p6ns(3,1S) states correspond to features with
low intensities labeled by numbers (0) to (6) in order
to distinguish them from the 3s3p6nd(3,1D) states. Their
identification in Table 2 is made according to their ejected
energies and the comparison with previous literature.
They belong to optically forbidden states and they can
be seen with higher intensities at low incident electron en-
ergies. In the past the identification of the 4s(3S) state
has been challenging. In the energy-loss experiment [9]
close to the threshold (0.26–10 eV) the 4s(3S) state was
identified at 25.03 eV with an energy width of 0.080 eV.
This energy position is in very good agreement with other
two previous works [7,8]. Unfortunately, there are no data
on this feature from high incident electron energies. Due
to the high resolution in our experiment we were able
to identify two features (0) and (1) in the spectra in
Figures 2a–2c and assign them as the first members of
the ns series. The feature (0) in the form of the shoul-
der of a broad peak has the energy of 25.02 eV which
is in excellent agreement with [7–9] but appears only in
the spectra at 40◦ and 90◦ ejection angles. The feature is
identified as the 4s(3S) state. The next asymmetric fea-
ture in the spectrum is peaked at the energy of 25.20 eV,
in reasonable agreement with other previous measure-
ments reported in Table 2 [3,5,10]. It has been identified
as the 4s(1S) state due to energy separation of 0.180 eV
from the 4s(3S) state and very good agreement in energy
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Fig. 2. (a) Ejected electron spectra of argon obtained at constant incident electron energy of 505 eV at three ejection angles 40◦,
90◦ and 130◦ respectively. Each spectrum was composed from several spectra in order to get reasonable signal to background
ratio. The energy region of ejected electrons is from 9 to 14 eV (24.76 to 29.76 eV of excitation energy) with energy width
of 0.020 eV per channel. The spectra are shown with subtracted background and without normalization of measured data. The
calibration energy for ejected energy scale was energy position of the 3s3p63d(1D) state at 11.72 eV (27.48 eV). Short connected
vertical lines above the spectra show energy positions of the features, while short vertical lines at the bottom of Figure show
energy positions of minima classified as resonances. The small numbers from 0 to 6 show excitation to ns(3,1S) states. (b) The
same as in Figure 2a but for the constant incident electron energy of 2018 eV. (c) Two high resolution ejected electron energy
spectra of argon obtained at constant incident electron energy of 505 eV and two ejected angles of 90◦ and 130◦ respectively.
The FWHM was 0.040 eV for the spectrum at 130◦ and 0.045 eV for the spectrum at 90◦. The spectra are presented with
subtracted background without normalization of data with energy width of 0.010 eV per channel.
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position with previous works. The question is why these
states show the angular dependence, with the maximum
at 40◦ transformed into the minimum at 130◦ as seen in
Figures 2a–2c and 3a and 3d. This phenomenon is seen for
the first time in this experiment at 505 eV and Figure 3d
shows more clearly the change of the lineshape. The asym-
metric minimum labeled as (a′) (see Tab. 4) has a FWHM
of about 0.22 eV indicating that it is probably due to two
overlapping features.

The feature (2) is identified as the 3s3p65s(1S) state
according to the energy position which is in excellent
agreement with [1,3,4] in Table 2. This feature shows a
similar angular behavior as the feature (1) i.e. a trans-
formation from the small peak at 40◦ to the narrow
dip at 130◦. The remaining features (3–6) are shown in
Figure 2c can be seen only at spectra of high resolution.
The feature (3) is only seen in this experiment at 90◦.
The feature (4) has an energy position which is in good
agreement with a previous experiment [4] but not with cal-
culations [6,10]. The last two features (5) and (6) have not
been seen in other experiments. It is interesting to note
the very good agreement in energy position of feature (6)
with the calculated one [6,10].

Finally, the last visible change in the cross section
is the cusp like form in Figures 2a–2c and 4a and 4b
at 29.22 eV, which corresponds to the ionization of 3s elec-
tron, the M1 edge. This ejected energy part of the spec-
trum is zoomed and shown in Figures 4a and 4b with good
signal to noise ratio. Both figures show the end of 3s elec-
tron excitations similarly to helium [23,28] but at vari-
ance with neon [22]. According to the ejected energy cal-
ibration the energy position taken at the middle of the
step function was found at 29.22 eV which is in a good
agreement with the calculated value of 29.24 eV (13.48 +
15.76 eV). This form is typical for higher incident electron
energy but not for low incident energy below 40 eV and
it was observed for the first time in this experiment. Both
figures prove that the cusp does not show any angular
dependence.

3.2.2 Excitation of 3s electron to the 3s3p6nd(3,1D) states

The excitation of 3s electron to the 3s3p6nd(3,1D) states
appears in the ejected energy region from 9 to 14 eV shown
in Figures 2a–2c with a series of well-defined peaks with
an energy separation of 0.180 eV, the spin orbit splitting
of the Ar+ 3p5 states. The figures show six and three fea-
tures in the form of peaks of the (1D) and (3D) series
respectively with their energies collected in Table 3, to-
gether with some references for comparison.

The most intense feature in the spectrum corresponds
to the excitation of the 3s3p63d(1D) state (27.48 eV)
which produce the peak at the ejection energy of 11.72 eV
with FWHM of 0.040 eV in Figure 2c and of 0.060 eV
in Figures 2a and 2b. This energy position is in excellent
agreement with [6,29], but not with other references as
can be seen from Table 3. The superior resolution of the
present work removes the doubt that this feature could
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Fig. 3. (a) Several ejected electron energy spectra of argon in the ejection energy region from 6 to 12 eV obtained at constant
incident electron energy at 505 eV and ejection angles from 90◦ to 130◦ with energy width of 0.020 eV per channel. The spectra
are shown with subtracted background and without normalization of measured data. The calibration energy for ejected energy
scale was energy position of the 3s3p63d(1D) state at 11.72 eV (27.48 eV). (b) The same as in (a) but for ejection angles
from 50◦ to 80◦. (c) The same as in (a) but for ejection angles from 10◦ to 40◦. (d) Part of ejected electron energy spectra of
argon obtained at 505 eV and two ejection angles 40◦ (top) and 130◦ (bottom) in the ejected energy region of the 3s3p64s(3S)
labeled as (0) and the 3s3p64s(1S) labeled as (1) at 40◦ and marked as (a′) at 130◦.
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Fig. 4. Part of ejected electron energy spectra of argon obtained at (a) 505 eV and (b) 2018 eV and three ejection angles 40◦,
90◦ and 130◦ in ejection energy region close to the ionization potential of 3s electron 3s3p6(2S1/2) at 29.22 eV known as M1

edge. Every spectrum is composed from several spectra in order to get satisfactory signal to noise ratio. Energy width was
0.020 eV per channel.

be assigned to the 3s3p65s(1S) at 27.58 eV. The separa-
tion from 5s(1S) state is visible even at 40◦ where the
last feature is present with a shoulder (Figs. 2a and 2b).
The feature at ejection energy of 11.54 eV (excitation en-
ergy of 27.30 eV) with lower intensity than the 3d(1D)
one and separated by 0.180 eV can be assigned to the
3s3p63d(3D) state. For this state there are no previous
references for comparison. The situation is similar for two
other triplet states, the 4d(3D) and 5d(3D) ones at 28.06
and 28.41 eV, respectively. All other (n = 6, 7, 8) features
from this series are identified according to their energies as
(1D) states. Their energies are in excellent agreement with
calculation [6]. The last recognized feature from this se-
ries corresponds to the n = 8 member at 28.98 eV, 0.24 eV
below ionization potential of the 3s state (29.22 eV). The
features of the nd series do show no angular dependence
as far as the lineshape is concerned, but only a change in
relative intensity.

3.2.3 Excitation of 3s electron to the 3s3p6np (3,1P) states

The excitation of 3s electron to the np states corresponds
to optically allowed transitions and it has been studied
extensively in photoabsorption experiments [14,15] In elec-

tron impact experiment at low energies close to the thresh-
old, the excitation of 3s electrons to the np states ap-
pears in form of peaks, while at higher incident electron
energies these excitations are represented by dips in the
spectra. Already at 100 eV of incident energy [27] the
minima have been observed and classified as resonances.
They proposed the existence of two series of resonances
according to the two ionic triplet and singlet channels. In
experiment by ions [2] the minima have been found and
classified as np states. The minima were also observed in
electron energy-loss experiment at 2.5 keV incident en-
ergy [4] where absolute optical oscillator strengths were
determined. This change in the lineshape of the excited
states that depends on incident electron energy was the
main reason for discrepancies found in energy positions of
the 3p states in different experiments, indicating the con-
tribution of another mechanism. This is the resonant exci-
tation already observed in the experiment with neon [30],
where the enhanced intensity is due to the formation of
negative ion.

In the present experiment the excitation of 3s elec-
tron to np states is shown by three series of double dips
with energy separation of 0.180 eV that corresponds to
the ion triplet-singlet spin-orbit. The series are shown in
Figures 2a–2c with all energies quoted in Table 4.
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The first pair of dips labeled as (b) and (b′) are
identified as resonant excitation of 3s electron to the
3s3p64p(3,1P) at energies 26.41 eV and 26.59 eV respec-
tively. This doublet resonant lineshape has not been seen
earlier in autoionization region of argon at higher incident
electron energies, but it supports the idea presented in [27]
of existence of two series of resonances in ejected electron
spectra which depends on two Ar+ 3p5 ionic states. Energy
positions of these two states are in excellent agreement
with the results in [8]. These resonances play very impor-
tant role in determining the exact energy positions of the
excited 4p(3,1P) states. The exact energy position of the
4p(1P) state can be taken from photoabsorption measure-
ment [14] and from other low energy electron experiments
either very close to the threshold or at least 10 eV above
the threshold in order to avoid PCI effects. In our ear-
lier experiment with low electron energy at 41.2 eV [31]
it was shown that the energy position of the 4p(3,1P) are
26.34 eV and 26.52 eV, respectively. These values are dif-
ferent from energies of resonances for 0.070 eV indicat-
ing that resonant contribution is dominant process in 3s
to 3p excitation. It is interesting to note the existence of
a large discrepancy in energy position of the 4p(3P) state
in the present work (26.34 eV) and the one given in [9]
(26.56 eV). In order to confirm the existence of resonances
we show angular analysis of these two resonances in ejec-
tion angular range from 10◦ to 130◦ in Figures 3a–3c. Both
structures show angular dependence, they have symmetric
shape at ejection angles from 20◦ to 60◦ and asymmetric
shape from 70◦ to 130◦ indicating their resonant character.

The next pair of dips labeled as (c) and (c′) are identi-
fied as the 3s3p65p(3,1P) excited states. They are present
with lower intensity but with the same energy separation
of 0.180 eV like in previous case. The energy position of
the 5p(3P) state at 27.80 eV can be compared with [6]
only at 27.93 eV. Unfortunately there are no other refer-
ences for comparison that would resolve this discrepancy
in energy positions. The energy position of the 5p(3P)
state from our previous measurement [31] is 27.76 eV
with energy difference of 0.040 eV from the dip (c) at
27.80 eV. The next dip (c′) at 27.98 eV is identified as
the 3s3p65p(1P) state. This state was measured in other
works [3–5,14,27,29] and Table 4 shows excellent agree-
ment in energy positions between present and other mea-
surements. The energy position for the 5p(1P) state from
our measurement at low energy [31] is 27.93 eV with en-
ergy difference of 0.050 eV from the dip (c′) at 27.98 eV.

Finally, the dips labeled (d) and (d′) are identified as
the 3s3p66p(3,1P) at energies 28.31 eV and 28.49 eV, re-
spectively. They are present with low intensities with a
shape resulting from the overlap with states close to each
other. In comparison with other references from Table 4
one can see that the 6p(3P) state was observed only in
the present experiment. The calculation made by Fryar
and McConkey [6] shows big discrepancy in energy posi-
tion (28.46 eV) for this state. The 6p(1P) state was ob-
served in other experiments as shown in Table 4 and a
good agreement in energy position between all measure-
ments is obtained.

3.3 The third ejection energy region from 14 to 26 eV

This ejection energy region has been studied very rare
in literature by electron impact due to difficulties con-
nected to the high background with very low signal of a
few percent only. Hicks et al. [25] presented the ejection
energy region from 13.5–20 eV without further analysis.
They proposed that the structures in this region belong to
the double excited 3s23p4nln′l′ states which decay to the
ground state of Ar+. In ion-argon collisions [12] the ejected
energy region of 13–16 eV was shown without analysis.
The assignments of these double excited states in autoion-
ization spectra of argon are coming from photoabsorption
experiment [14], but for optically allowed transitions only.
More recently details about this region have been obtained
from experiments using monochromatic synchrotron radi-
ation and photoelectron spectroscopy where the satellite
states have been studied [17,19, and references there in].
Here we present high resolution autoionizing spectra in ar-
gon in ejected energy region of 14–26 eV obtained at con-
stant incident electron energies of 202, 505 and 2018 eV
at three ejection angles 40◦, 90◦ and 130◦. A large num-
ber of structures has been observed. They are presented
in Figures 5a–5c with energies quoted in Tables 5–7. In
order to get the best signal to noise ratio each spectrum
was collected several times under the same experimen-
tal conditions. In the final form they are presented with
a background subtracted without any normalization of
data.

Table 5 shows energy positions of the first 20 features
from Figures 5a and 5b and their comparison with two
references. The features have been assigned only when the
energy is equal or very close to the energies from the listed
references. A large number of features stays unassigned
and call for other measurements or theoretical calcula-
tions. From this work it is clear that all states in excita-
tion energy region of 30–34 eV from Table 5 belong to the
excited states below the second ionization potential Ar2+
(43–48 eV) and they have to be assigned as optically for-
bidden states.

In Table 6 the energy positions of another series of fea-
tures labeled (21) to (40) with excitation energies from 34
to 41 eV are collected. Comparison was made with 6 ref-
erences from synchrotron radiation experiments. A good
agreement in the energy positions for some features of this
work and reference [19] exists, thus the assignments pro-
posed by these authors has been accepted. Still, seven
features are left without assignment looking for another
measurements and theoretical calculations.

Table 7 lists fifteen features which appears as minima
in the spectra shown in Figures 5a and 5b and are la-
beled from (a) to (o). The features have a shape of double
dip with energy separation: 0.19 eV (a-b); 0.15 eV (c-d);
0.17 eV (e-f); 0.28 eV (h-i); 0.19 eV (j-k); 0.16 eV (l-m);
0.18 eV (n-o). The energy separations are very close to
the energy spin-orbit splitting of the ion (0.18 eV) indi-
cating that they belong to two series of excited states with
strong resonant character, like in the case of single excita-
tion of 3s electron to the np states (Figs. 2a–2c). This time
the comparison is made with [17] only and an excellent
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Fig. 5. (a) Ejected electron spectra of argon obtained at constant incident electron energy of 505 eV and three ejection
angles 40◦, 90◦ and 130◦ respectively. Every spectrum was composed from several spectra in order to get reasonable signal
to noise ratio. The spectra are presented with subtracted background without normalization of data in ejected energy region
from 14 to 26.5 eV. Short vertical lines above spectra show energy positions of features labeled from (1) to (40) presented
in Tables 5–7 together with results from other references, while short vertical lines at the bottom of the spectra show energy
positions of minima labeled from (a) to (o). The energy width was 0.020 eV per channel. (b) The same as in (a) but for the
constant incident electron energy of 2018 eV. (c) Comparison between ejected electron spectra obtained at 505 and 202 eV
at fixed ejection angle of 90◦ in order to show absence of the excitation of 2p electrons at 250 eV. The rest is the same as
in (a).

agreement in the energy positions between some features
has been found. Still seven features are left without as-
signments. From this work one can conclude that features
have resonant character and their excitation energies lie
below the second ionization potential of Ar2+. It is inter-
esting to note that there is no correlation between these
features and resonances obtained from [36] in metastable
excitation functions in doubly excited states region in Ar.

In order to avoid contribution from inner 2p shell exci-
tation which start at around 250 eV to excitation spectra
in Figures 5a–5c we present comparison of two spectra

measured at constant incident electron energies 505 eV
and 202 eV in Figure 5c. There is no visible difference be-
tween the two spectra; therefore we can exclude an inner
shell contribution to the measured spectrum.

4 Conclusions

High resolution ejected electron spectroscopy has been
used to study a wide ejected energy range 6–26 eV in
autoionization region of Ar at constant incident electron
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Table 5. Ejected (in parenthesis) and excitation energies in (eV) from the third autoionization energy region of argon obtained
at incident electron energies of 505 and 2018 eV and three ejection angles 40◦, 90◦ and 130◦. Comparison with other references.

This work Ref. [14] Ref. [17] Ref. [20] Assignment
Label

(1): (14.43)
30.19 30.23 (1D)4s(2D3/2)4p

(2): (14.60) g
30.36 30.39 (1D)4s3d(1D)

(3): (14.75)
30.51

(4): (14.88) h
30.64 30.65 30.69 (3P)3d(2D3/2)4p

(5): (15.05)
30.81

(6): (15.22)
30.98

(7): (15.38)
31.14

(8): (15.60) J
31.36 31.35 31.34 (3P)3d(2P1/2)5p

(9): (15.83)
31.59

(10): (16.00) k
31.76 31.74 (3P)3d2

(11): (16.11) l
31.87 31.88 (3P)3d2

(12): (16.44) (3P)3d(4D)
32.20 32.18 (3P)3d(4D3/2)

(13): (16.64)
32.40 (3P)4s(4P5/2)

(14): (16.82) n
32.58 32.54 (1D)3d4p

(15):(17.03) o
32.79 32.78 32.76 (1D)4s(2D5/2)8p

(16): (17.20) (3P)4s(2P)
32.96 32.92 32.95 (1D)4s(2S1/2)10p

(17): (17.38)
33.14

(18): (17.56)
33.32

(19): (17.78)
33.54 33.46 (3P)3d(4F)

(20): (18.33)
34.09 33.99 (3P)3d(4P)

energies 505 and 2018 eV and ejection angles 40◦, 90◦
and 130◦. The excitation of 3s electrons to ns series occur
with low intensities. The excitation to nd(3,1D) states is
dominant process comparing to the excitation to ns(3,1S)
states. However the excitation to np(3,1P) states is present
in the form of double minima with energy separation
of 0.180 eV, which correspond to the ion singlet-triplet
splitting. It is found that the intensity of the 3s3p64s(3S)
state shows angular dependence decreasing from the max-
imum at 40◦ to the minimum at 130◦. Ionization poten-
tial of the 3s state is observed as a cusp like feature at
the energy of 29.22 eV that does not show an angular de-

pendence. Excitation of 3s electrons to the np states is
present in the form of double minima with energy separa-
tion of 0.180 eV. Their forms indicate the resonant char-
acter which was confirmed by angular behaviour from 10◦
to 130◦.

A large number of features has been observed and
their energies are presented in several tables and com-
pared with other references. Good agreement was found
in comparison with some references from electron, ion and
photoabsorption measurements, but some features are left
without assignment and they need new measurements and
theoretical calculations. A detailed angular dependence
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Table 6. Continuation of Table 5 under the same conditions.

This work Ref. [19] Ref. [32] Refs. [33,34] Ref. [17] Ref. [26] Ref. [35] Assignment

Label Line Line Line

(21): (18.56) 4

34.32 34.36 34.38 (3P)3d(2F5/2)

(22): (18.76) 6 1 (3P)3d(2P)

34.52 34.50 34.47 34.49 34.5 (3P)3d(2D5/2)

(23): (19.32)

35.08

(24): (20.04)

35.80

(25): (20.58) 12 3′ (1S)4s(2S)

36.52 36.52 36.55 36.50 36.52 (1S)4s(2S1/2)

(26): (20.80)

36.56 36.50 (1S)4s(2S)

(27): (21.04)

36.98

(28): (21.23) 15 3 (1D)4p(2P)

37.17 37.20 37.19 37.16 37.15 (1D)4p(2P◦
1/2)

(1D)3d(2D)

(29): (21.41) 16

37.35 37.40 37.40 37.38 (1D)3d(2P3/2)

(30): (21.61)

37.37 37.41 (1D)3d(2P)

(31): (21.78)

37.54

(32): (21.98)

37.92

(33): (22.28) 18 (1S)3d(2D)

38.04 38.05 38.07 38.03 38.06 (1S)3d(2D5/2)

(34): (22.68) 4 (1D)3d(2S)

38.44 38.53 (1D)3d(2S)

(35): (23.06) 21 (3P)4d(4F)

38.82 38.85 38.86 38.84 38.90 (3P)4d(4P1/2)

(36): (23.34)

39.10

(37): (23.52)

39.28

(38): (24.12) 27

40.00 40.06 40.05 40.04 40.07 (1D)5s(2D)

(39): (24.67) 28 (1D)4d(3D)

40.43 40.40 40.42 40.38 40.49 (1D)4d(2P, 2G)

(40): (25.46) 33 5 (3P)5d(2P)

41.22 41.23 41.22 41.21 41.18 41.15 (1D)4d(2S1/2)

at 505 eV incident electron energy is presented where the
ejected electron spectra have been recorded each 10◦ in
the range from 10◦ to 130◦. Especially the angular depen-
dence of the 3s3p64s(3,1S) and the 3s3p64p(3,1P) states
has been investigated as well as the angular behaviour of
cusp at 13.46 eV.

In comparison with previous measurements this in-
vestigation presents the first complete analysis for all
single excitation of 3s electrons and double excitation
of 3p electrons. It was found that 3s electron excitation to
np states was present in form of the features with resonant
character.
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Table 7. Continuation of the Table 5 under the same conditions.

This work Ref. [17] Assignment
Label

(a): (17.85)
33.61 33.61

(b): (18.04)
33.80 33.80

(c): (18.48)
34.24 34.26

(d): (18.63)
34.39

(e): (19.03)
34.79

(f): (19.20)
34.96 35.00 (3P)4p(4P)

(g):(19.46)
35.22

(h): (20.1 5)
35.91 35.95

(i): (20.43)
36.19

(j): (20.93)
36.69

(k): (21.12)
36.88 36.90 (1D)4p(2F)

(l):(22.18)
37.94

(m): (22.34)
38.10 38.06 (1S)3d(2D)

(n):(23.86)
39.62 39.65 (1S)4p(2P)

(o): (24.04)
39.80
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