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Abstract

In this work, the He and Ar triplet autoionizing states have been studied using a non-
monochromatic electron beam and a high-resolution electrostatic analyzer at low incident
electron energies and three ejection angles: 40°, 90°, and 130°. Low-energy electrons
have been used because they have a high probability of exciting triplet states regard-
less of whether they are discrete isolate states or are embedded in the ionization con-
tinuum. Additionally, the He ejected electron spectra have been measured at several
ejection angles between 20° and 130° and two incident energies, namely 60.5 eV and
101 eV. The anisotropic angular distributions indicate that orbital angular momentum
exchange between the ejected and scattered electrons occurred. The energies of the first
triplets 3s3p®4s(3S) and 3s3p®4p(°P) states of argon are found to be (24.985 + 0.020) eV and
(26.52 £ 0.02) eV, respectively.
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1. Introduction

He and Ar autoionization states excited by low-energy electron impact have not been
studied systemically in the past in comparison, for example, to the extensive studies in
the Auger energy region [1,2]. This is due to the very low signal-to-background ratio for
these states embedded in the continuum and the insufficient experimental resolution of the
available setups. However, the low-energy region is very interesting because triplet states
appear to be more intense compared to the corresponding ones observed at high impact
energies. These measurements need not only high resolution in the electron analyzer, but
also an experimental technique able to distinguish between ejected and scattered electrons
when the incident energy is close to the threshold energy of an excited state [3]. Ejected
electron spectra for rare gas atoms in the threshold region are reported in [4], and for helium
in [5-9] and argon in [10-14].

Spectra obtained at low impact energies are often affected by post-collision interaction
(PCI), which manifests as energy shift and asymmetric line shape in the peaks of certain
excited states within the auto-ionization region, particularly as the incident energy ap-
proaches the excitation threshold. This phenomenon has been qualitatively explained [6,7]
as the exchange energy and momentum between the two free electrons, the ejected and
scattered ones, produced in the vicinity of the threshold of a short-lived excited state in
the Coulomb field of the ion. High-precision calculations have been recently performed
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for near-threshold excitation of the (1s3s)>!S states of He, which are influenced by many
resonances [15].

Most experimental studies on the electron-induced excitation of autoionizing states on
rare gases were conducted nearly 50 years ago. Their results provide a valuable body of
information, which, however, is sparse in several papers; each of them often contains infor-
mation limited to a small region of incident and/or ejected energies. Moreover, different
experimental procedures have been adopted, some of them affected by the technological
limits of that time. We have undertaken a systematic investigation of the ejected electron
spectra of rare gases using the same setup and procedures.

The present work continues our previous measurements of ejected electron spectra of
He [16] and Ar [17] performed at higher electron incident energies. Here, we investigate the
low incident electron energies, using impact energies below the double ionization of both
He (79.004 eV) and Ar (43.39 eV). In the case of the study of the angular dependence in He,
a higher energy (101 eV) has been used to overlap with our previous measurements [17]. In
He, we have studied two autoionizingstates, the (2s?)'S and (252p)P, in the low incident
energy region from 58.5 eV to 70.6 eV. This energy region corresponds roughly to 2-10 eV
above the threshold of the (2s?)!S state at 57.8 eV. The objective of the Ar study is to
determine the energies of the triplet states and to investigate variations in the shape and
energy position of the 4s(>!S) states at small excess energy. Here, the excess energy is
defined as the difference between the incident energy and the excitation energy of the
state. In the low-energy region, all Ar autoionizingstates result from the excitation of the 3s
electron to the ns, np, and nd subshells below the 3s ionization threshold at 29.24 eV, which
corresponds to an ejected energy of 13.48 eV [18].

In the present study, we have remeasured the dependence of the (2s?)!S autoioniza-
tionstates as a function of excess energy above their excitation energy. While the present
measurements show substantial agreement with the spectra reported in [6], the observed
behavior of the energy shift is predicted by the law later derived in [7]. A key result of the
present study is the precise determination of the triplet autoionizing 4s5(3S) and 4p(3P) in Ar.

2. Experimental Procedures and Methods

Details about the experimental setup can be found in refs. [16,17]. In the present experi-
ment, a non-monochromatic electron beam operated in the energy region (27.7-101 & 0.4 eV)
collides with an effusive atomic beam let in the chamber via a platinum-iridium non-biased
needle (0.5 mm diameter) in the perpendicular direction to the scattering plane. The inter-
action region has a cylindrical shape (ID 50 mm) made by the two cylinders of thin p-metal
foils with a separation of 10 mm in the collision plane in order to avoid the collection of
scattered electrons from metal surfaces.

The ejected electrons after passing through a high-resolution hemispherical analyzer
with a mean radius of 125 mm are detected by seven channeltrons. The spectra in these
measurements are obtained in two modes of operation of the analyzer: the Constant
Analyzer Energy (CAE) and the Constant Retarding Ratio (CRR) mode. This is carried
out in order to compare their influence on the shape of the measured spectra at different
excess energies. In the CAE mode, the analyzer pass energy is constant, while the kinetic
energy is scanned by varying the retarding ratio of the lens stack. In this way, the energy
resolution is constant. In the CRR mode, the ratio (K) between the kinetic energy (Ey) and
the analyzer pass energy (Ep) during the scan is constant (K ~ E/Ep). CAE keeps the
pass energy constant in the analyzer (i.e., energy resolution), but varies the behavior of the
entrance lens. This may lead to a different solid angle accepted, i.e., either a large region
of the interaction region is transported to the hemispheres or scattered electrons can be
captured. CRR keeps the lens fixed and varies the pass energy. In this way, the solid angle
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accepted is always the same, and the contribution of scattered electrons is the same at all
energies. Of course, the resolution will change, but in the ejected energy investigated, this
change is not relevant.

The background pressure in the vacuum chamber was 6 x 10~8 mbar, while the work-
ing pressure with gas in was 2 x 10~® mbar. The accumulation time was 30 min for most of
the spectra with an energy step of 0.020 eV per channel. The best resolution, defined as the
full width at half maximum (FWHM) of the 3d(!D) peak of Ar, was (0.040 £ 0.020) eV. The
energy resolution of the He ejected electron spectra is determined by the combined effects
of the analyzer energy resolution and the Doppler broadening, which is approximately
0.037 eV at a temperature of 350 K and a mean kinetic energy of 30 eV. The overall energy
resolution was measured to be 0.060 eV FWHM). The transmission was not uniform, and
all spectra are presented with subtracted background without any further normalization of
the obtained spectra.

For calibration of the kinetic energy, the energy position of the He doubly excited
2s2p('P) state at 60.130 eV [19] has been used, while in Ar, the kinetic energies of the
3s3p®4p('P) and 3s3p®3d(!D) states at 10.76 eV and 11.72 eV, respectively, have been used.
The incident electron energy, Ee, scale was calibrated using the elastic channel with roughly
0.80 eV FWHM.

3. Results and Discussion
3.1. Helium
3.1.1. Energy Dependence of the 2s2(1S) and Zs2p(3P) States

Figures 1a,b—3a,b show a series of He auto-ionizing spectra obtained in the CAE and
CRR modes at ejection angles of 40°, 90°, 130°, respectively, and various incident energies.
The 'S peak shifts towards higher ejected energy when the incident energy reduces, while
the 3P peak does not show any change in energy position. The *P peak is definitely more
intense at the ejection angles of 40° and 130°, while at 90°, both peaks have approximately
the same intensity.

In Figure 1a,b changes in two spectra at incident energies 62.6 and 61.5 eV (i.e., at
4.8 and 3.7 eV) are visible. We observe an energy shift of the 2s?(!S) state due to PCI and
a variation of the line shape of the peak due to the 2s2p(°P) state as a consequence of
the interference between the ejected and scattered electrons. This behavior has also been
noticed in [20] but at smaller excess energies, i.e., 2.08 and 2.31 eV above the ionization
energy of the 25%(1S) state. At 60.5 eV (2.7 eV excess energy), the PCI shift is still visible,
while at 59.5 eV (1.7 eV excess energy), in Figure 1a, the signal of the 2s?(1S) state either
vanishes or overlaps with the tiny one of the 2s2p(*P) state. The spectra at 61.5 eV in the
CAE mode (Figure 1a) and 59.5 eV in the CRR mode (Figure 1b) display a similar shape to
the spectra at 60.2 eV obtained in constant energy-loss mode in [6].

Differences in the shapes and intensities of the peaks exist between the spectra mea-
sured at 90° and 40° ejection angles. The four spectra in Figure 2a obtained between 68.6
and 62.6 eV incident energies show a weak influence of the PCI effect, but a broadening of
the line shape due to the decay via a nearby negative ion resonance [1]. In the following
two spectra at 61.5 and 60.5 eV incident energy, the PCI effect is visible as a shift of the 1S
state. A minor influence of the interference effect, which may be present between 60.5 and
61.5eV (2.7 and 3.7 eV excess energies), is observed. As the incident energy decreases, the
feature due to the 'S state approaches that of the 3P state, and at the lowest energy, the
two structures overlap, hampering the definition of the change in the line shape due to the
interference effect. In the CRR mode (Figure 2b), the spectra are characterized by better
statistics than in the CAE mode. At 62.6 and 61.6 €V, the spectra show a small shift and
some broadening of the line shape, while at 60.5 and 59.5 eV, they show larger shifts and
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broadenings of the 'S state and large changes in the line shape due to interference effects in
the 3P state. A comparison of the spectrum at 60.5 eV in the CRR mode with the spectrum
in [6] at 95° shows a good agreement.

The spectrum at 68.6 eV obtained in the CAE mode (Figure 3a) has a different shape
in the region of the 3P state than the spectrum at 70.6 eV (Figure 3b) in the CRR mode,
although the energy difference is only 2 eV. The spectrum at 65.6 eV in CRR mode shows
the same shape as the spectrum at 66.6 eV in the CAE mode. The two spectra at 60.5 and
59.5 eV (Figure 3b) show a visible influence of the PCI and interference effects, indicating
that, as in the measurements at 40° ejection angles (Figure 1b), these effects persist in the
excess energy region 1.7 to 2.7 eV.

A comparison between the spectrum at 60.5 eV shown in Figure 3b and the spectrum
at 115° and 60.2 eV reported in [6] indicates that our results obtained in the CRR mode are
very similar in form to those obtained in the constant energy-loss mode.

Electron intensity (arb. nits)

60.5

59.5

Electron intensity arb. units)

60.5 Ry AA\ A

59.5

32.0

Ejected electron energy / (eV)

33.8
Ejected electron energy / (eV)

Figure 1. Ejected electron spectra of the first two He excited states measured at 40° ejection angle:
(a) in the CAE mode; (b) in the CRR mode. Each spectrum is presented with a linear background
subtracted and is obtained at constant incident electron energy (58.5-68.6) eV as indicated on the
left-hand side. The ejected energy region between 32.6 and 34.6 eV was scanned with an energy step
of 0.020 eV. Long dashed lines represent the energies of the (25%)'S (57.8 eV excitation energy) and
(252p)®P (58.3 eV excitation energy) states.
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Figure 2. Ejected electron spectra of the first two He excited states measured at 90° ejection angle:
(a) in the CAE mode; (b) in the CRR mode. Each spectrum is presented with a linear background
subtracted and is obtained at constant incident electron energy (59.5-68.6) eV as indicated on the
left-hand side. The ejected energy region between 32.6 and 34.6 eV was scanned with an energy step
of 0.020 eV. Long dashed lines represent the energies of the (2s9)1S (57.8 eV excitation energy) and
(252p)3P (58.3 eV excitation energy) states.

3.1.2. Angular Dependence of the 2s?(!S) and 2s2p(°P) States

Figure 4 shows the angular dependence of the (2s2)!S and (252p)3P states at
two constant incident energies of 60.5 eV and 101 eV obtained in the CRR mode. These
two series of spectra are chosen to show the influence of the PCI effect on the shape and
energy positions of the 2s?(!
(Figure 4b).

The series of spectra at 60.5 eV shows the influence of the PCI and changes in the
2(1

S) state at excess energies of 2.7 eV (Figure 4a) and 43.2 eV

line shape. In the spectrum at an ejection angle of 20°, the 2s(S) state is seen with low
intensity. In comparison with the spectrum at 22° in [6], one can notice large differences in
the shape of the spectra between the two measurements. The observed differences in the
spectra are attributed to the two distinct collection modes. In the present work, both ejected
and inelastically scattered electrons are measured, whereas in [6] the constant energy-loss
mode was employed, in which only ejected electrons were collected. The spectra at all other
angles look very similar in the present measurement and in [6]. Present spectra between
30° and 130° show the influence of the PCI effect together with variation of the line shape

of the 3P state, especially pronounced between 50° and 115°.
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The series of spectra at 101 eV (Figure 4b) shows completely different shapes of the
(25%)'S state at all ejection angles in comparison with spectra at 60.5 eV. The spectra show
typical Beutler—Fano line shapes depending on ejection angles. At 70° ejection angle, the
(252)!S state appears as a window resonance with an almost symmetric shape. Its width of
0.160 £ 0.020 eV is the same as that of the peak at130°.

These two series of spectra show an anisotropic angular distribution that indicates
that an orbital angular momentum exchange between the two electrons, the ejected and
inelastically scattered ones, occurs in both the energy region affected by PCI and outside
it [21]. The angular distributions of ejected electrons from the (2s2)1S state were measured
by van der Burgt et al. [22] in the energy region from 0 to 0.5 eV above the threshold. They
concluded that the direct excitation of this state starts 0.5 eV above the threshold. In the
present work, our results show that already at 1.7 & 0.4 eV excess energy in the CAE mode,
the direct excitation dominates the production of ejected electrons. A comparison between
spectra at 100 eV in [5] with present spectra at 30° and 130° in the CRR mode (Figure 4b)
shows good agreement in the shape of the spectra, with the present experimental data
showing better resolution.

He CAE - 130°
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Ee (eV)
® | 686 )
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32.0 32.6 33.2 33.8 34.4 32.0 32.6 33.2 33.8 34.4

Ejected electron energy / (eV)

Ejected electrorRenergy / (eV)

Figure 3. Ejected electron spectra of the first two He excited states measured at 130° ejection angle:
(a) in the CAE mode; (b) in the CRR mode. Each spectrum is presented with a linear background
subtracted and is obtained at constant incident electron energy (58.5-68.6) eV as indicated on the
left-hand side. The ejected energy region between 32.6 and 34.6 eV was scanned with an energy step
of 0.020 eV. Long dashed lines represent the energies of the (25?)'S (57.8 eV excitation energy) and
(252p)®P (58.3 eV excitation energy) states.
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Figure 4. Angular dependence of the 2s*(!S) and 2s2sp(°P) states in the CRR mode at constant
electron incident energies of: (a) 60.5 eV; (b) 101 eV. The spectra (a) correspond to the excess energy
of 2.7 €V above the threshold of the (1S) state at 57.8 eV, while the spectra (b) correspond to the excess
energy of 43.2 eV. The ejected energy region between 32.4 and 34.6 eV was scanned with energy steps
of 0.020 eV.

3.1.3. Intensity Ratio of the 2s2(1S) and 2s2p(3P) States

Figure 5 shows the intensity ratio between the (2s?)1S and (252p)3P states in the CAE
mode. Figure 5a shows the intensity ratio as a function of the incident energies (64.6, 66.6,
and 68.6 eV) at three ejection angles, 40°, 90°, and 130°, while Figure 5b shows the intensity
ratio as a function of ejection angles (40°, 90°, and 130°) at three incident energies, 64.6,
66.6, and 68.6 eV. These three energies have been chosen because the shapes of the peaks
are not influenced by the PCI effect. In Figure 5a, the ratio exhibits a linear dependence
on the incident energy, whereas in Figure 5b, the ratios of peaks at 90° indicate that the
(25%)'S state has a very low intensity compared with the (2s2p)3P state at small and large
ejection angles.

The smallest linewidth, measured as FWHM, of the (2s%)!S is (0.120 & 0.020) eV in the
CRR mode and (0.140 £ 0.020) eV in CAE mode. These values are in good agreement with
the value of 0.138 eV obtained in [6]. The smallest linewidth of the (2s2p)3P state is found
to be (0.060 £ 0.020) eV independent of the mode of operation or ejected angle.

3.1.4. The PCI Effect on the (252)!S State

Figure 6 shows the energy shift of the (2s?)!'S state due to the influence of the PCI
effect in the CAE and CRR modes, taken from Figure 2, where the (25?)!S state appears as a
peak. The energy shift, Ey, , as a function of excess energy, is represented by the equation
Egn. « AE B, where the coefficient { is the free parameter in the fit [23].
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Figure 5. The intensity ratio of the (2s%)!S and (252p)3P states obtained in the CAE mode as a function
of: (a) incident electron energy Ee (eV) at three ejection angles 40°, 90°, and 130°; (b) ejection angle at
three incident energies 64.6, 66.6, and 68.6 eV. Dashed lines between points serve to guide the eye.
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Figure 6. The log-log plot of the energy shift (eV) of the (25?)!S state due to the PCI effect measured
in both the CRR and CAE modes at ejection angle 90°. The best fit of the combined data (CAE and
CRR) results in an exponent of 3 = —1.2 +0.2.
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The best fit of present data gives an exponent of 3 = —1.2 & 0.2 in good agreement with
the measurements of Smith et al. [7] and Spence [9]. The coefficient 3 is the free parameter,
which, according to Smith et al. [7], should account for the energy of the inelastically
scattered electron, the lifetime of the autoionizing state, and likely other parameters such as
its polarizability. They suggested that the difference between this value and the 0.5 found
previously in ion collisions may be due to a shorter lifetime of the autoionizingstates due
to the presence of a scattered electron in the vicinity of the excited state.

3.2. Argon

Argon has a more complex electronic structure than He, resulting in a richer spectrum
of auto-ionizing states. Consequently, the study of argon may be regarded as an extension
of methodologies previously validated for helium. In the present work, we restrict our
investigation to electron impact energies below the Ar?* ionization threshold, to achieve
experimental conditions comparable to those of the helium case.

Figures 7-9 show the series of Ar autoionizingspectra in the ejected energy region
8.5-13.6 eV measured at 40°, 90°, and 130° ejection angles and electron incident energy
between 27 and 41 eV in both CAE and CRR operation modes of the analyzer. Figures
show a large number of discrete features superimposed on a background whose shape
depends on the incident electron energy and ejection angles. All features result from the
single excitation of the 3s electron to the ns, np (n > 4), and nd (n > 3) states. Their energies
and assignments, determined from the discussion in the following section, are presented in
Table 1. The energy values are derived from spectra at 40°, where the line shapes of the
peaks are mainly symmetric. The main characteristic of the spectra is the appearance of the
most intense features in the form of doublets with an energy separation of 0.18 eV, which
corresponds to the spin-orbit splitting of the ion core. The doublets are seen in other ejected
spectra with both high [11,14,24] and low resolution [25].

3.2.1. The 4s(3'S) States

The peaks observed at the lowest energies of the spectra in Figures 7-9 belong to the
4s(*1S) states and are labeled as 1-1’ and 2-2'. Here we have two excited states, namely
the 3S and 'S ones, and two final states Ar* (3p3 /21 /2_1), thus we observe four features.
The peaks 1 and 2 are well defined with FWHM of approximately 90 meV and energy
separation of 0.18 eV, while the third feature 1’ has an asymmetric shape (FWHM ~230 meV)
depending on incident energy and ejection angle. The feature 2 has low intensity. A similar
intensity distribution has been noticed earlier [14].

To find the energy positions of the 4s(>!S) states obtained in the present experiment at
low incident electron energies, we make an analysis of the spectrum at an incident energy
of 41.22 eV and three ejection angles shown in Figure 10. The spectra show two doublets,
(1-1") and (2-2'), indicated by long dashed lines. The peaks (1, 2) are well defined and not
sensitive to ejection angles, while the peaks (1', 2') are very sensitive to ejection angles,
probably due to the variation of the underlying spectrum of scattered electrons. The energy
separations between peaks (1, 2) and (1/, 2) are 0.17 and 0.16 eV, respectively, while the
ones between peaks (1, 1') and (2, 2) are 0.31 and 0.30 eV, respectively. Energies of the
first doublet are 24.99 eV (9.05 + 15.94) and 25.30 eV (9.36 + 15.94). Energies of the second
doublet are 24.98 eV (9.22 + 15.76) and 25.28 eV (9.52 + 15.76). The lower energy 24.985 eV
(mean value) is attributed to the 4s(®S) state, and the energy 25.29 eV (mean value) is
attributed to the 4s(1S) state. A comparison with other references reported in Table 1 shows
good agreement with all others for the triplet state. For the singlet state, good agreement is
found with [10,11,26,27], but some discrepancies with others [13,14,17,28].
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At high incident energy (505 eV) [17], the energies for the 3s3p64s(38) and 3s3p64s(18)
states were found to be 25.02 and 25.20 eV, supposing that the spin—orbit splitting is
0.180 eV. These values are in good agreement with other references cited in [17], and they
were accepted as energies for these states. Comparison between the present low incident
energy study and the high incident one [17] shows a difference of 35 meV for the 4s(3S) and
90 meV for the 4s(1S) state, probably due to the differences in energy resolution.

The spin-orbit splitting of the 4s(*!S) states obtained here is 0.305 eV. This value
is different from the ones given in [12] (0.2 eV) and [14] (slightly below 0.2 eV), but in
reasonably good agreement with the one of [26] (0.29 eV) and the tabulated value for the
Mg atom from [29] (0.286 eV).

Another phenomenon that affects the observation of the 4s(*'S) states when approach-
ing the excitation threshold is the PCI. This manifests in broadening and a shift of the peaks
in the energy region between 32.74 and 27.68 eV.

9 10 11 12 13 14
Ejected electron energy / (eV)

Figure 7. Cont.

https://doi.org/10.3390 /atoms14020009


https://doi.org/10.3390/atoms14020009

Atoms 2026, 14,9

11 of 20

Electron intensity (arb. units)

e e B B e s e e e B Bt B B B B B R
Ar
(k) 4s(*'s)
2 2'
L
|
Ee(eV) 1 It
!
[
o
4 AT e }} AAAAAAAA
[
[
L S
[
| A
AAAAAAA A
35.11 = } }
3309 AAAAAAAAAAAAAAAAAAAAAA } } R RSV
A\ /A/‘\J
[
[l
s s ,A’A/A‘A.‘\‘z‘/“/ Y
30.06 f ) x‘ AAAAAAAAAA
29 Q5 } } SR RN
Lo |
e b, ot
28.04 ’
Y T T Y A T T Y N T I A N T IR HON N AU NN B
9 10 11 12 13 14

Ejected electron energy / (eV)

Figure 7. Series of background-subtracted ejected electron spectra at 40° in the kinetic energy region
8.5-13.6 eV: (a) The spectra obtained in the CAE mode at the incident energy between 27.68 and
40.83 eV; (b) The spectra obtained in the CRR mode at the incident energy region between 28.04 and
41.17 eV. The energy step was 0.020 eV. Incident electron energies are shown at the left-hand side.
Long vertical dashed lines indicate the energies of the 4s(315), 41:)(3'1 P), and 3d(®1D) excited states.
Small Latin letters (a—-i") indicate the energies of the single excited np (n > 5) and nd (n > 4) states
listed in Table 1.
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Figure 8. Series of background-subtracted ejected electron spectra at 90° in the kinetic energy region
8.5-13.6 eV: (a) The spectra obtained in the CAE mode at the incident energy between 27.68 and
40.83 eV; (b) The spectra obtained in the CRR mode at the incident energy region between 28.04 and
41.17 eV. The energy step was 0.020 eV. Incident electron energies are shown at the left-hand side.
Long vertical dashed lines indicate the energies of the 4s(31s), 4p(3’1 P), and 3d(®'D) excited states.
Small Latin letters (a—i’) indicate the energies of the single excited np (n > 5) and nd (n > 4) states
listed in Table 1.
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3.2.2. The 4p(*>'P) States

These states clearly appear in all spectra as two not completely resolved peaks with a
FWHM of 80 meV, always at the same energy position and with the energy separation of
0.18 eV. At high incident energy of 505 eV [17], the 4p(>'P) states showed up as two dips at
kinetic energies 10.65 eV and 10.83 eV, which makes a difference of 70 meV from the kinetic
energies of two peaks shown in Figure 10 at 10.58 eV and 10.76 eV. It should be noted that
the second peak shows a Beutler-Fano resonant line shape. Taking into account that these
two peaks have energy separation as the two terms of the ion core, we suppose that they are
generated from the 4p(®P) state at an energy of 26.52 eV (10.58 + 15.94), (10.76 + 15.76). Since
the energy of the 4p(!P) state obtained at high incident energy [17] is 26.59 eV, it follows
that, within the ejected-electron detection method, the energies of the triplet and singlet 4p
states can be determined only through a combination of experiments conducted at both
high and low incident energies. Comparison with other references is shown in Table 1. For
the 4p(3P) state, very good agreement is found with [12-14]. For the 4p(1P) state, a very
good agreement is found with all references in the literature. In the energy-loss experiment
reported in [12], the 4p(°P) state was identified as an asymmetric peak at 26.56 eV with
a natural width of 40 meV, while the position of the 4p(P) state was taken from optical
measurement [18] at 26.606 eV. From the present and our previous [17] work, the spin-orbit
splitting of the 4p states is (0.07 & 0.02) eV (26.59-26.52). This value is far from 0.17 eV [10]
and 0.16 eV [11].

Ee (eV)

4083 ../

32.74

Ejected electron energy / (eV)

Figure 9. Cont.
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Figure 9. Series of background-subtracted ejected electron spectra at 130° in the kinetic energy region
8.5-13.6 eV: (a) The spectra obtained in the CAE mode at the incident energy between 27.68 and
40.83 eV; (b) The spectra obtained in the CRR mode at the incident energy region between 28.10 and
41.22 eV. The energy step was 0.020 eV. Incident electron energies are shown at the left-hand side.
Long vertical dashed lines indicate the energies of the 4s(31s), 4p(3’1 P), and 3d(®'D) excited states.
Small Latin letters (a—i) indicate the energies of the single excited np (n > 5) and nd (n > 4) states
listed in Table 1.

3.2.3. Doubly Excited 3523p4(3P, 1D, 1S)nIn’l’ States

The feature (ap) at 11.12 eV kinetic energy or 26.88 eV excess energy appears in the
spectra as a small peak with uncertain assignment. Its observation in a limited incident
energy region (26.8-36.5 eV) between the 4p and 3d states from Figures 7-9 is predicted
to be a manifestation of the doubly excited states with 3523p4(3P, D, 1S)nIn’l’ configura-
tions [30]. The assignment to the 3sz3p4(3P) 4s2(3P) doubly excited state has been proposed
by [28,30,31] for the structures at 26.82, 26.80, 26.85 eV, respectively. Thus, the assignment
to the 3s23p*(®P) 4s2(*P) doubly excited state is accepted for this feature.

3.2.4. The 3d(>!D) States

These states appear in all spectra as two peaks at kinetic energies 11.54 eV and 11.72 eV
with an energy separation of 0.18 eV. These kinetic energies are the same at high [17] and low
incident energies. Figures 7-9 show that this peak is observed in spectra with decreasing
incident energies until 30 eV. The FWHM of this peak is between 60 and 70 meV, the best
achieved resolution in the present work. In [17], the resolution achieved was 40 meV.
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Figure 10. The ejected electron spectra at incident energy 41.22 eV were obtained in the CRR operation
mode at ejected angles 40°, 90°, and 130°. All spectra are shown with the background subtracted.
The energy step is 0.020 eV. The dashed long lines show the kinetic energies of the 4s and 4p peaks.

The excitation energy of the 3d states is the mean value of 27.48 eV (11.54 + 15.94) and
11.72 + 15.76) attributed only to the 3d(®D) state at low incident energies and to the 3d('D)
state at high incident energy [17]. Previous measurements give an energy of the 3d(!D) state
at 27.48 eV [11,32],27.50 eV [13], and 27.51 eV [14,33] in good agreement with our value
obtained at high energy. This means that the spin-orbit splitting of this state is small, not
resolvable with the present experimental resolution. Similar conclusions have been reached
in the energy-loss experiment [13] where the authors give two possible explanations: either
the excitation probability for the 3D state is smaller than that of the 'D state or the splitting
is very small (<15 meV). It should be noted that the absence of the 5s state. This state is
expected to lie close to the 3d(!D) state and may be unresolved due to insufficient spectral
resolution or may exhibit a very low cross-section.

3.2.5. The 5p(3'1P) States

The pair of features (a, b) at 12.00 and 12.18 eV with energy separation of 0.18 eV
is identified as the 5p(°P) state. At high incident energy [17], the 5p states appeared as
two dips at kinetic energies 12.04 eV and 12.22 eV, which gives an equal energy difference
of 40 meV between the experiments at high and low incident energies. As with the case of
4p states, the excitation energy of the 5p state is 27.94 eV (12.00 + 15.94), (12.18 + 15.76),
and this value is attributed to the 5p(°P) state. The comparison of the energy of the 5p(°P)
state with the only previous measurement [11] (27.93 eV) shows excellent agreement. The
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excitation energy of the 5p(!P) cannot be obtained from the spectra at low incident energies,
and we accept its energy of 27.98 eV from the results at high incident energies [17]. This
is in good agreement with the other measurement, i.e., 27.98 eV [17], 27.99 eV [11,25,34],
and 28.00 eV [18,32,33,35]. The spin-orbit splitting of the 5p states is (40 £ 20) meV
(27.98-27.94) eV. This value, with its uncertainty, is in good agreement with the calculated
and experimental values of 58 and 60 meV [11], respectively. There are no other references
for comparison. This procedure shows that energies and spin-orbit splitting of the excited
states in ejected electron spectra can be obtained only by combining high and low incident
energy experiments.

3.2.6. The 4d(>'D) States

The pair of features (c, d) at 12.30 and 12.48 eV with energy separation of 0.18 eV is
identified as the 4d(°D) state with a mean energy of 28.24 eV (12.30 + 15.94, 12.48 + 15.76).
This energy is attributed to the 4d(°D) state based on its appearance at low incident energies.
The validity of this argument rests on the different energy dependences of the excitation
cross sections for triplet and singlet states near threshold. The cross sections for triplet
states exhibit an abrupt rise at threshold, followed by a rapid decrease with increasing
energy. In contrast, the cross sections for singlet states increase monotonically, reaching a
maximum at several times the excitation energy, and subsequently decrease according to
the Bethe-Born In(Ee)/Ee law. The existence of the 4d('D) state in the spectrum is uncertain;
it may lie very close in energy but with a very small intensity. The spin-orbit splitting of
these states is unknown, although it is expected to be smaller than that of the 3d states. On
the other side, the energy 28.24 eV is attributed to the 4d('D) state in [17]. This is correct,
but the energy of the 4d(®D) state must be very close to this value. The comparison with
other references in Table 1 shows good agreement between the energy of the 4d(!D) state
and the ones given by [11,13,32,33].

3.2.7. The 6p(*>'P) States

The features (d’, ) at 12.52 and 12.70 eV with an energy separation of 0.18 eV are
identified as the 333p66p(3fl P) states. The mean energy of 28.46 eV is attributed to the 6p(3P)
state based on its appearances at low incident energies. This observation suggests that the
6p(P) state lies very close to the triplet state, with a very small spin—orbit splitting that
is not resolvable with the present experimental resolution. Comparison with [17] shows
that the energy 28.46 eV can be attributed to the 6p('P) state. Table 1 shows the excellent
agreement between the energy of the 6p('P) state with [11,17] and very good agreement
with other works [18,25,32-34], except with [35].

3.2.8. The 5d(>'D) States

The pair of features (d”, f) at 12.64 and 12.82 eV with energy separation 0.18 eV does
not appear in all spectra. The feature (d”) appears as a shoulder in Figure 3b, while the
feature (f) is present in all spectra as a peak. The features are identified as the 3s3p®5d(>' D)
states. The mean energy of 28.58 eV is attributed to the 5d(°D) state due to its appearance
at low incident energy, while the 5d(! D) state should lie close to the triplet state, but the
spin—orbit splitting is unknown. Comparison with [17] shows that the energy of 28.58 eV
of the 5d(*D) state is correct. In the absence of numerical data for the 5d(°D) state, a
comparison with literature is possible only for the 5d(!D) state. An excellent agreement is
found with references [11,17], good agreement with references [4,33], and some discrepancy
with other works [25,32,35].
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3.2.9. Higher n States

Identification of all other small peaks from Figures 7-9 below the ionization potential
of the 3s state is uncertain due to the overlapping of a large number of states. However,
if we suppose that the states decay directly to the triplet term of the ion core, then their
energies shown in Table 1 represent triplet components of the corresponding states.

Finally, in the comparison of results between lower and higher incident energies [17],
one can notice the absence of the cusp-like feature in all figures at 13.48 (29.24) eV, the
ionization potential of the 3s subshell. The reason for this is the large number of excited
states approaching the ionization potential. The comparison between the CAE and CRR
modes shows that the CRR mode has a better resolution and lower contribution of the
scattered electrons, as witnessed by the shape of the spectra above the 4s(1S) state region.

Table 1. Kinetic energy, KE(eV), and excitation energies (eV) of Ar autoionizingstates obtained from ex-
citation of the 3s electron to 3s3p6 (ns, np, nd) states in the ejected energy region from 9 to 14 eV (24.76
t0 29.76 eV of excitation energies) at incident electron energies 27-41 eV and three ejection angles 40°,
90° and 130°. References: Brion and Olsen [4], Veillette and Marchand [10], Fryar and McConkey [11],
Wilden et al. [12], Mitchell et al. [13], Roy et al. [14], Jureta et al. [17], Madden et al. [18], Tweed
et al. [25], Bolduc et al. [26], Simpson et al. [27], NIST [29], Lefaivre et al. [30], Veillette et al. [31],
Marchand and Cardinal. [28], Bergmark et al. [33], McConkey and Preston [32], Peresse et al. [35],
Wu et al. [34].

This Work .
Label ® (I)<rE (eV) Reference Exc. En. (eV) Assignment
9.05 This work, Ee = 41 eV 24.985 6413
1-2 922 (10214172625 25.02,25.02, 25.03, 25.03, 25.03, 3s3p™4s(’S)
7120 25.02,24.96, 24.95
/-2 9.36 This work, Ee = 41 eV 25.29 6401
25.22,25.26, 25.27, 25.23, 25.20, 3s3p°4s(’S)
9.52 [4,10-14,17,26-28,33] 25.21, 25.20, 25.25,
25.25, 25.20, 25.22
10.58 This work, Ee =41 eV 26.52 6413
1076 101417281 2641, 26.46, 26.56, 26.55, 3s3p4p(D)
: o 26.59, 26.41, 26.35
26.58, 26.62, 26.61, 26.62, 26.59,
/ [10,11,13,14,17,18,25,26,28,32,33] 26.606, 26.60, 26.60, 3s3p®4p('P)
26.65, 26.62, 26.63
(ao): 11.12 [28,30,31] 26.82,26.80, 26.85 3573p"(°P) 4s°(°P)
11.54 This work 27.48 65173
11.72 [10,26,28] 27.42, 2743, 27 45 3s3p°3d(°D)
27.63,27.48,27.50, 27.51,
/ [10,11,13,14,17,25,26,28,32,33] 27.48,27.54,27.61, 3s3p®3d('D)
27.65,27.51,27.48
(a) 12.00 This work 27.94 623
() 12.18 [11] 27.93 3s3p°5p(°P)
27.99,27.98, 27.996, 27.99, e 1
/ [11,17,18,25,32-35] 27.997, 28.02, 28.00, 27.994 3s3p™5p('P)
12.
((51)) b Zg This work 28.24 3s3pf4d(°D)
; [4.11,13,17,25,32_35] 28.30, 28.24, 28.27, 28.24, 28.35, 33p644(1D)

28.27,28.29, 28.35, 28.33
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Table 1. Cont.
This Work .
Label ® (I)(rE eV) Reference Exc. En. (eV) Assignment
d’ 12.52
((e)) 1270 This work 28.46 3s3p®6p(°P)
28.49, 28.49, 28.509, 28.51, o 1
/ [11,17,18,25,32-35] 28.51,28.50, 28.55, 28.509 3s3p"6p(P)
d” 12.64
( (f)) - gz This work 28.58 3s3p®5d(°D)
28.64, 28.59, 28.58, 28.70, o 11
/ [4,11,17,25,32,33,35] 28,62, 28.70, 28.70 3s3p5d('D)
, This work 28.72 6931
(F) 12.96 [11,18,33] 28.71,28.75, 28.75 3s3p"7p(*P)
This work 28.77 641031
8) 13.01 [4,11], (calc.) 28.83, 28.79 3s3p°6d(*'D)
/ ThlS WOrk 2886 6 3,1
8) 13.10 [11,18,33], (calc.) 28.86, 28.89, 28.89 3s3p°8p(*'P)
This work 28.99 6m.1/3.1
(h) 13.23 [4,11], (calc.) 29.01, 28.99 3s3p°7d(*'D)
() 13.42 This work 29.18
13.46 [29,32], 1.P.(3s) 29.24,29.22 Ar* 3s3p®(®S1 2)

4. Conclusions

In this work, we have studied the auto-ionizing states in helium and argon at low
incident energy region. We mainly concentrate on triplet states, which are preferentially
excited at low energies and larger scattering angles. We exploit a high-resolution electron
spectrometer and two modes of operation, CAE and CRR, to obtain the spectra of the
ejected electrons. We studied spin-orbit splitting as well as the doublet structure of peaks
due to the existence of two close ion core states on which auto-ionizing states decay. We also
studied the PCI effect on the (252)!S state of helium, and we concluded that the behavior of
shift versus excess energy is in full agreement with the previous measurements [7,9].

Energies of the 4s(°S) and 4p(°P) states of argon are found to be 24.985 and 26.52 eV,
respectively. The spin-orbit splitting of 0.305 eV is found for the 4s states and 0.07 eV
for the 4p states. Further studies of higher series of auto-ionizing states would need the
improvement of signal-to—noise ratio and a mode of operation which distinguishes between
scattered and ejected electrons.

One of the principal conclusions drawn from the present study at low incident ener-
gies, together with our earlier investigations at higher incident energies, is that accurate
determination of auto-ionization-state energies requires measurements at both low- and
high-energy regimes. As noted above, this necessity arises from the different energy depen-
dences of the excitation cross sections for triplet and singlet states, and ultimately from the
presence of post-collision interaction (PCI) effects. A similar conclusion was also reported
previously in [7].
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