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Abstract: The lowest single and doubly excited autoionizing states of neon have been studied using a
non-monochromatic electron beam and a high-resolution electrostatic analyzer at incident electron
energies from 43.37 to 202 (±0.4) eV at three ejection angles, 40◦, 90◦ and 130◦. The 2s2p63s(3,1S)
and 2s2p63p(3,1P) as well as the 2p43s3p doubly excited states have been observed and their energy
determined. The influence of the PCI effect in the energy region of the 2s2p63s(3,1S) states has been
investigated. New features in the ejected electron spectra in the low kinetic energy region 3–20 eV at
202 eV incident energy have been observed and assigned.
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1. Introduction

Neon abundance in the cosmic scale of elements’ abundances is relatively high, since
it is created through stellar nucleosynthesis in massive stars [1]. Through the process
of neutron capture [2] or electron capture, the neon inside certain massive stars may
cause their collapse into a neutron star and produce a supernova [3]. Its presence in the
solar photosphere [4] and the magnesium to neon (Mg/Ne) and neon to oxygen (Ne/O)
abundance ratios in the Sun [5] also have profound implications on our understanding
of the solar structure and evolution [6]. Data studies on neon electronic states include
neutral neon atoms [7,8], and singly [9,10] and doubly [11] charged neon ions. Regarding
electron scattering data from neutral neon atoms there exists the large scale pseudostate
calculation [12] as well as the revisited generalized oscillator strengths of the valence shell
excitations from the ground state [13].

In the past, autoionizing states of neon have been studied mostly at high energies by
many authors using photons, electrons and ions as excitation source, c.f. Jureta et al. [14]
and references therein. Experimental studies with low-energy electrons are scarce. The
works by Comer and Read [15], Tahira et al. [16], Sharp et al. [17], Wilden et al. [18], Mitchell
et al. [19] and van den Brink et al. [20] using both ejected and scattered electrons [15] or
either ejected electrons [16–18] or scattered electrons [19,20] aimed to obtain the energies of
the triplet/singlet states and to study the influence of the post-collision interaction (PCI)
effect observed in the 3s states.

In the present work, we continue our investigation of the autoionizing states of rare
gases [14,21–24] at low incident electron energies and high resolution in the analyzer.
Here, the aim is to investigate the behavior of the Ne 3s and 3p singly excited states in
two different modes of spectrometer operation, analyzing the ejected spectra as a function
of incident energies limited to 64 eV, an energy between the Ne2+ 2p4(3P2, 1D2) ionization
potentials at 62.53 eV and 65.73 eV, respectively, and at three ejected angles (40◦, 90◦, 130◦).
The influence of the PCI effects on the shape and energy shift of the 2s2p63s(3,1S) states as a
function of excess energy above their thresholds is also investigated. In addition, due to
the high sensitivity and efficiency of the analyzer equipped with seven channeltrons, it was
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possible to detect and analyze several new features in the 3–13 eV kinetic energy region at
202 eV incident energy. These features are identified as the decay from the Ne+ 2s22p4nl and
2s12p5nl satellites to Ne2+(3P0,1,2, 1D2, 1S0). Also, it was possible to identify and precisely
measure the energy of the first doubly excited 2s22p43s2(3P) state and to identify a few
doubly excited states with mixed 3s3p configuration in the ejected electron spectra.

2. Experiment

The experimental setup has been described in detail in [21], so only a brief overview
will be given here. In the present experiment, a non-monochromatic beam of electrons
with energies from 43.37 eV to 202 eV (defined with an uncertainty of ±0.4 eV) collides
perpendicularly with an atomic beam emerging from a platinum–iridium non-biased needle
(I.D. 0.5 mm). The interaction region (I.D. 50 mm) is made by two cylinders of thin µ-metal
foils with a separation of 10 mm in the collision plane, in order to avoid the collection of
electrons scattered from metal surfaces.

The ejected electrons, after passing a high-resolution hemispherical analyzer with a
mean radius of 125 mm, are detected by seven channeltrons. The analyzer operates at pass
energy mode of 1 eV with a defined retarding ratio and a defined magnification determined
by the two-stage 11 elements lens system. All spectra in these measurements are obtained
in two operation modes of the spectrometer: the constant analyzer energy (CAE) and the
constant retarding ratio (CRR) mode. 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 of the kinetic energy Ek
to the pass energy Ep (K = Ek/Ep) during the scan is constant (K = Ek/Ep), i.e., the ejected
electrons are retarded by the lens stack by a constant proportion of their kinetic energy. The
CAE mode provides a constant transmission and, thus, it enables the comparison of the
intensity of the different peaks, while the CRR mode gives a better resolution.

The background and working pressure were 6 × 10−8 and 2 × 10−6 mbar, respectively.
With an electron current of 10−6 A, a typical accumulation time for most of the spectra, with
an energy step of 0.020 eV per channel, was about 30 min, depending of the ejection angle.
The best resolution of the measured peaks was 0.045 (±0.02) eV full width at half maximum
(FWHM). All spectra are presented with subtracted background using a linear function
without any further normalization of the obtained data. The reference for calibration of the
kinetic energy scale was the energy position of the Ne 2s22p53p(1P) state at 24.00 eV, while
the incident electron energy scale was calibrated using the elastic channel with an FWHM
of about 0.80 eV.

3. Results and Discussion

3.1. The 2s2p63s(3,1S) and 2s2p63p(3,1P) States

Great attention has been focused in the past on determining the energies of the
2s2p63s(3,1S) states since they appear as an asymmetric broad peak in both energy loss and
ejected spectra [15,17,19,20]. In [15,17], only the energy of the 2s2p63s(1S) state at 43.67 eV
was given. In [19,20], the energies of both the 2s2p63s(3,1S) states were determined to be
43.59 and 43.67 eV, respectively.

In the present work, we investigated the ejected electron spectra of the Ne 2s2p63s(3,1S)
and 2s2p63p(3,1P) states obtained at several electron incident energies from 60 down to
45 eV (Figures 1–4). All the spectra were calibrated versus the energy position of the
2s2p63p(1P) state [14]. The lifetime of this excited state, which corresponds to an energy
width of Г ≈ 13 meV [25], is so long that its energy position and shape in the spectrum do
not vary due to PCI effects when the incident energy approaches its excitation threshold.

In Figures 1–3, the first broad intense structure represents the 2s2p63s(3,1S) states
obtained in the CAE and CRR operation modes at ejection angles of 40◦, 90◦ and 130◦. The
width and shape of this feature vary with the incident energy and the ejection angle. For
example, the width increases from 170 meV to 380 meV in Figure 1a and from 180 meV
to 420 meV as the incident energy decreases in Figure 1a,b, respectively. A Beutler–Fano
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profile is also clearly seen in Figures 2 and 3 until 45 eV of incident energy. The 3s/3p
intensity ratio shows an energy and angle dependence, too. At 50 eV the ratios are 1.05
at 40◦ in the CAE operation mode, and 0.82 and 0.43 at 40◦ and 130◦, respectively, in the
CRR operation mode. Since the shape and energy positions of the 2s2p63s(3,1S) states are
very sensitive to experimental conditions, in Figure 4 we present the features due to the
2s2p63s(3,1S) and 2s2p63p(3,1P) states in the form of isolated structures obtained at the best
resolution. Figure 4 shows the spectrum measured at 50.44 eV over the kinetic energy
region 21.6–24.4 eV in the CRR operation mode at 40◦, and the two isolated features due to
the 2s2p63s(3,1S) and 2s2p63p(3,1P) states obtained with the best resolution of 45 meV with
a 10 meV energy step, in order to resolve the components of the 3s states.
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kinetic energy region 21.6 eV to 24.4 eV at 40° ejection angle. Electron incident energies (Ee) vary 
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Figure 1. Spectra of Ne autoionizing states obtained in the (a) CAE; (b) CRR operation modes in the
kinetic energy region 21.6 eV to 24.4 eV at 40◦ ejection angle. Electron incident energies (Ee) vary
from 45.39 eV to 60.54 (±0.4) eV in (a) and 45.39 eV to 64.61 eV in (b). The long dashed and short full
lines denote the energy positions of the PCI unshifted 2s2p63s(3,1S) and the 2s2p63p(3,1P) states. The
other short vertical lines labeled A–F indicate the 3s3p doubly excited states.
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Figure 2. Spectra of Ne autoionizing states obtained in the (a) CAE; (b) CRR operation modes in the
kinetic energy region 21.6 eV to 24.4 eV at 90◦ ejection angle. Electron incident energies (Ee) vary
from 45.39 eV to 60.54 (±0.4) eV in (a) and 45.39 eV to 64.61 eV in (b). The long dashed and short full
lines denote the energy positions of the PCI unshifted 2s2p63s(3,1S) and the 2s2p63p(3,1P) states. The
other short vertical lines labeled A–F indicate the 3s3p doubly excited states.

Both the triplet and singlet s and p states can decay to the two ion cores 2p5 Ne+ 2P3/2,1/2,
which are separated by about 100 meV and should have a relative intensity of 2 to 1. Thus, each
feature is composed of four peaks. In the 3p state, the separation between the peaks is larger
than their natural linewidth; thus, the different peaks can be separated by a high-resolution
experiment. We observe three peaks because the decay of the 3p 3P neutral state to the 2P3/2
ion one overlaps with the decay of the 3p 1P neutral state to the 2P1/2 ion one. The FWHM
of the peak at 23.90 eV is 45 meV, which, considering the natural width of 13 meV, gives an
experimental resolution of about 40 meV. Three peaks were also observed in [17,20], but not
in [19]. The energy of the 3p(1P) state at 45.54 eV is only defined in optical measurements [25]
and it has been used as a calibration energy in [15,17,19,20]. However, only the energy of
the 3p(3P) state has been determined at 45.45 eV and 45.46 eV from ejected electron and
energy loss experiments, respectively, in [17,19]. At higher incident energies [14,26], the
energies of these states have been determined to be 45.46 eV and 45.44 eV, respectively. The
absence of the third peak at higher incident energies should be noted [14]. Thanks to the high
resolution (Figure 4) that is similar to the one in [17], it is possible to make a comparison of the
two spectra. It is clear that the shapes of the 3p states and kinetic energies are almost identical.
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The first peak in [17] is at 23.79 eV kinetic energy, while in the present work it is at 23.80 eV.
The second and the third peaks are at 23.89 eV and 23.98 eV in [17] and 23.90 and 24.00 in the
present work. In [17], the energy of the 3p(3P) state was calculated as a mean value between
the first and the second peak (23.79 + 21.66) = 45.45 eV and (23.89 + 21.56) = 45.45 eV, where
21.66 eV and 21.56 eV are the energy of the Ne+ 2p5 (2P3/2,1/2) states, respectively. In the
present work, the energy of the 3p(3P) state is obtained to be 45.46 eV (23.80 + 21.66), (23.90 +
21.56), where 23.80 eV and 23.90 eV are the observed kinetic energies of the first and second
peak, respectively. The energy of the 3p(1P) state in the present work is 45.56 eV (23.90 + 21.66),
(24.00 + 21.56) to be compared with the 45.54 eV in [17]. The energies and assignments of the
autoionizing singly excited 2s states are presented in Table 1 where the energies are compared
with other data from the literature. A comparison with other references in Table 1 shows very
good agreement with [15,17,19,20]. The spin–orbit splitting from the present work is around
100 meV, close to the 93 meV proposed in [19].
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Figure 3. Spectra of Ne autoionizing states obtained in the (a) CAE; (b) CRR operation modes in the
kinetic energy region 21.6 eV to 24.4 eV at 130◦ ejection angle. Electron incident energies (Ee) vary
from 45.39 eV to 60.54 (±0.4) eV in (a) and 45.39 eV to 64.61 eV in (b). The long dashed and short full
lines denote the energy positions of the PCI unshifted 2s2p63s(3,1S) and the 2s2p63p(3,1P) states. The
other short vertical lines labeled A–F indicate the 3s3p doubly excited states completely resolved.
The spectra shown in (b) are obtained at the highest resolution (55 meV) in the CRR operation mode
above 48 eV where the influence of the PCI effect is expected to be negligible.
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Figure 4. The Ne autoionizing spectrum obtained at an incident energy of 50.44 eV, i.e., 6.74 eV above
the excitation energy of the 3s(3,1S) states. The bottom spectrum is the same as in Figure 1b with a
20 meV energy step. The two insets show the regions of the 3s(3,1S) and 3p(3,1P) states measured
with higher resolution and statistics and a 10 meV energy step. The resolution is 45 meV, measured as
FWHM of the 3p states. The short vertical lines labeled A–F indicate the 3s3p doubly excited states.

Table 1. Kinetic energy, KE(eV), and excitation energies, (eV) *, of the autoionizing states of neon ob-
tained from excitation of the 2s electron to the 2s2p6 (3s, 3p) singly excited states in the ejected energy
region from 22.04 eV to 24.0 eV. References: Jureta et al. [14], Comer and Read [15], Sharp et al. [17],
Mitchell et al. [19], van den Brink et al. [20], Codling et al. [25], Edwards and Rudd. [26].

This Work
Reference Exc. En. (eV) * Assignment

KE (eV)

22.04
This work, Ee = 50 eV 43.60 *

2s2p63s(3S)[14,19,20,26] (43.60 *, 43.59 *, 43.59 *, 43.41 *)

22.14
This work, Ee = 50 eV 43.70 *

2s2p63s(1S)[14,15,17,19,20] (43.70 *, 43.64 *, 43.67 *, 43.67 *, 43.67 *)

23.80 This work, Ee = 50 eV 45.46 *
2s2p63p(3P)23.90 [14,15,17,19,26] (45.46 *, 45.45 *, 45.45 *, 45.46 *, 45.44 *)

23.90 This work, Ee = 50 eV 45.56 *
2s2p63p(1P)24.00 [14,15,17,19,25] (45.56 *, 45.55 *, 45.54 *, 45.55 *, 45.546 *)

The observed FWHM of the 3s feature is 210 meV. Even with 40 meV experimental
energy resolution and the natural linewidths from the literature (80, 90 meV) [15,17,19]
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for the (3,1S) states, the different components of the 3s state could not be resolved. This is
mainly due to the influence of the PCI effect at low incident energies and the presence of
negative ion resonances which can populate these autoionizing states [18]. We accept the
energy of the 3s states from our previous work at a high incident energy [14] of 43.70 eV as
a mean energy from kinetic energies of 22.04 eV and 22.14 eV in decay to the doublet term
of the ion core (21.66, 21.56) eV. This value was attributed to the singlet 2s2p63s(1S) state,
which means that the tabulated value of 43.60 eV for the triplet state is correct, if we accept
the spin–orbit splitting of 100 meV.

Analyzing the spectrum at a low incident energy of 50.44 eV (Figure 4), the 3s states
are present again in the form of a broad unresolved peak with a maximum at 22.14 eV and
a shoulder on the lower energy side, at 22.04 eV, indicated by dashed lines, which gives
a mean energy of 43.70 eV. This energy should be attributed to the 2s2p63s(1S), although
its intensity should be lower than the intensity of the 3s(3S) state at low incident energies.
A comparison with other references in Table 1 shows a good agreement for both 3s states.
The spin–orbit splitting of 100 meV is in good agreement with value of 80 meV predicted
by [19].

It should be noted that in the energy loss measurements of [20], the authors have
proposed that the broadening of the 3s states is due to state–state and state–continuum
interference and the PCI effect. At a constant energy loss of 43.67 eV, i.e., the excitation
energy of the 3s(1S) state, they noticed a significant difference in the shape of the peak that
was explained by a state–state interference effect because energies of the scattered and
ejection electrons were equal. They also detected a minor effect due to the interference
between the singly excited 1S state and the doubly excited autoionizing states.

3.2. The Post-Collision Interaction (PCI)

The broadening and shift of the feature assigned to the 3s(1S) in Figures 1–3 is at-
tributed to the PCI effect. The PCI effect corresponds to an interaction in the continuum
between the scattered and ejected electrons. A slow receding scattered electron can modify
the Coulomb field, felt by the faster, autoionizing, ejected one. This results in a shift in
the energy position and change in the shape of the autoionizing peaks in the spectrum.
The PCI effect is also dependent on the lifetime of the autoionizing state that determines
the time of emission of the ejected electron. This effect is clearly visible up to about 5 eV
above the excitation threshold of the 3s(1S), and is angle-dependent. The energy shift, Esh.,
is a function of excess energy, ∆E, i.e., the energy difference between the incident electron
energy and the ionization energy of the 3s(1S) state, Esh. ∝ ∆E β, where the coefficient β is
the free parameter in the fit [24].

We have chosen the results obtained in the CAE operation mode to analyze how the
position of the peak changes with the excess energy from the threshold. The experimental
shifts for the three ejected angles are presented in the log–log plot of Figure 5 where they
are also compared with the angle-integrated results of [18]. Despite the measured shifts
at the three scattering angles overlapping within their uncertainties, the separate fits to
the three sets results in different β values: −1.9 ± 0.2 and −2.5 ± 0.2 at 40◦ and 90◦–130◦,
respectively. This is due to the dependence of the PCI on the relative angle between the
ejected and low-energy scattered electrons. The global fit to all data gives β = −2.4 ± 0.3.
This value is different from the one obtained in [18] where the parameter is β = −1.2. The
combined fit to the present data and the ones reported in [18] gives β = −1.68 ± 0.3.

In summary, from Figure 5 different exponents are determined for the present data
and those in [18,27], and both sets of data are represented by exponents different from the
value of −0.5 predicted by [28,29] in helium. Determination of energy shift versus excess
energy is quite sensitive to a precise determination of the excess energy and it depends on
the energy and angular resolution of the experiment. The experiment of Wilden et al. [18]
is characterized by a better energy resolution in the electron gun (80 meV), while in our
case a non-monochromatic electron gun was used. The data of Wilden et al. have been
taken at 40◦, and our data at 40◦, although characterized by absolute shifts different from
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the ones measured in [18], display a similar exponent. The reason to perform a fit for the
combined set of data is to try to see if a general trend can be individuated.
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We note that we studied the PCI influence on the broad, unresolved structure of the
3s(3,1S) state. The analysis is less precise and it cannot be directly compared with the one for
helium, where the PCI effect is studied on the 2s2(1S) state that appears as a single isolated
peak. Also, the last broad structure at 45.39 eV incident energy is taken into account as a
result of a strong PCI effect due to its energy position very close to the threshold. Its width
is unusually large and its position is close to the energy position of the broad structure seen
in [19] in an energy loss experiment at an energy around 44 eV with a width of 800 meV,
assigned as the 2p4(3P)3s3p. A comparison between the two structures shows a difference
in their widths (220–420) meV to 800 meV [19], while the energies are close (43.76–43.92) eV
to 44 eV [19]. This structure has been seen in [30,31], at about 43.95 eV and assigned to a
doubly excited state, and in [17], where the authors proposed its origin as the 2s2p63s(1S)
state displaced by 0.3 eV due to the PCI effect. In the present work, we accept this last
approach and assign this feature to the 3s(1S) state.

3.3. The First Doubly Excited 2s22p43s2(3P) State

The first doubly excited 3s2(3P) state in the Ne autoionizing spectra has been observed
previously, but its energy position has not been determined with high precision. The first
unpublished calculation by A. Weiss gave a value of 42.2 eV, and then Grissom et al. [30]
found the energy of this state to be 42.10 eV with the trapped-electron technique. Bolduc
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and Marmet [31], via the examination of the electron ionization curves, found an energy
of 42.22 eV. Both threshold techniques are affected by an unknown contribution of the
PCI effect. A systematic study using the constant energy-loss technique with high energy
resolution in both the incident electron beam and the analyzer, and a discussion on the
previous investigations has been performed by Wilden et al. [18]. These authors gave an
energy for the 3s2(3P) state of 41.87 eV and a width of about 0.1 eV.

In Figure 6, we present a new series of measurements in the 19.6–24.4 eV kinetic energy
region and incident electron energies from 43.37 eV to 93.87 eV, i.e., from 1.39 eV to 51.89 eV
above the excitation energy of the state, in order to cover a broad energy region for the PCI
effects concerned.
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For the calibration of the kinetic energy scale, the energy of the 3p(1P) state was
used. The figure clearly shows that the feature assigned to the 3s2(3P) state does not
display any shifts as the incident energy decreases, while this is not a case for the 3s(3,1S)
states. The energy of the feature is found to be 41.98 eV (20.42 + 21.56) with a width of
approximately 0.15 eV. The figure shows that the intensity of the feature rises as the incident
energy gets closer to its threshold. Some discrepancies are found in comparison with other
works, where the energy of this state was different from our value by −0.11, +0.12 and
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+0.24 eV [18,30,31], respectively. In [18], the displacement of the state in an energy region
near its threshold was noticed, but a definitive conclusion was not offered, suggesting a new
measurement with a high-intensity signal. Wilden et al. [18] considered that if the 3s2(3P)
state has its own structure, 3P0,1,2, then the decay can populate the Ne+ 2s22p5(2P3/2,1/2)
states which are 100 meV apart; thus, the differences may be due to different population of
the final states. Moreover, they performed a Rydberg analysis to justify the given energy.
Another explanation for these discrepancies is the influence of the negative ion resonance
reported in [32] at an energy of 42.09 eV. In the present measurements, where the ejected
spectra are measured at incident energies above 43 eV, these resonances cannot be observed.

3.4. The Doubly Excited 3s3p Region

In Figures 1–3, several features, labeled A, B, C, D, E and F, with relative intensities
depending of the ejection angle and incident energies, are visible between the 3s(1S) and
3p(1P) states. The six features are clearly observed at incident electron energies above 46 eV,
while below that energy the PCI-shifted and -broadened feature of the 3s(1S) state hampers
their observation. The characteristic of the features is their independence from the PCI
effect and energy separation. The features (A, B) at 22.84 eV and 22.94 eV and (D, E) at
23.32 eV and 23.44 eV have an energy separation of 100 meV, which corresponds to the
energy separation of two terms in the ion core, indicating that these features correspond to
the decay of two autoionizing states which have a mean energy of 44.50 eV and 44.99 eV,
respectively. These energies are in excellent agreement with the energy of the features (b)
at 44.48 eV and (c) at 44.97 eV in [17]. The assignments proposed in [17,33] and shown in
Table 2 are 2p4(3P)3s(2P)3p(3D0) and 2p4(3P)3s(2P)3p(1P0). The latter, in the grandparent
model, is also indicated as 2p4(3P)[3s3p(3P)](1P). The measured energies are also in excellent
agreement with the ones of [25,31].

Table 2. Kinetic energy, KE(eV), and excitation energies, (eV) *, of the autoionizing 3s3p doubly
excited states in the ejected energy region from 20.42 eV to 23.58 eV. References: Comer and Read [15],
Sharp et al. [17], Wilden et al. [18], Codling et al. [25], Grissom et al. [30], Bolduc et al. [31] and
Wills et al. [33].

This Work Reference Exc. En. (eV) * AssignmentLabel KE (eV)

20.42 This work, 41.98 * 2s22p4(3P)3s2(3P)[18,30,31] (41.87 *, 42.10 *, 42.04 *)

(A) 22.84 This work, 44.50 *
(B) 22.94 [17], (b) 44.48 * 2p4(3P)3s(4P)3p(3D0) or (3P0)[31], E 44.43 *

(C) 23.08 This work 44.64 *

(D) 23.32 This work, 44.99 *
(E) 23.44 [17,25], (c) (44.97 *, 44.98 *) 2p4(3P)3s(2P)3p(1P0)

[31,33], F (45.00 *, 44.981 *) 2p4(3P)[3s3p(3P)](1P)

(F) 23.58 This work, 45.14 * 2p4(1D)3s2(1D) or
[15,17], (d) 45.12 * 2p4(3P)3s(2P)3p(3P0)

The features (C, F) appear as independent features at energies of 23.08 and 23.58 eV,
respectively. The feature (C) has not been seen in [17]. In the present experiment, it is
observed only at certain incident energies in Figures 1 and 2 and ejection angles of 40◦ and
90◦ with low intensity. The corresponding excited state at an energy of 44.64 eV is not found
in the NIST database [34] and is left without assignment. The energy of the feature (F) at
45.14 eV is in excellent agreement with energy of the feature labeled (d) at 45.12 eV in [15,17],
with a proposed double assignment as 2p4(1D)3s2(1D) or 2p4(3P) 3s(2P)3p(3P0) as shown in
Table 2. A comparison between these measurements and our previous measurements at
high incident energies [14] shows an excellent agreement between feature (d) at 23.44 eV
in Figures 4 and 5 of [14] and the present feature (E). The energies and assignments of the
autoionizing 3s3p doubly excited states are presented in Table 2 where the energies are
compared with other data from the literature.
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3.5. The Ejected Electron Energy Region from 3 to 21 eV

The autoionizing spectra of neon obtained at a 90◦ ejection angle in the CAE operation
mode in the ejected energy region from 3 eV to 21 eV is shown in Figure 7. It is the first
time that the region of the ejected electron energy below 12 eV is accessed in an electron
impact experiment.
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Figure 7. Series of autoionizing electron spectra due to the decay of the 2s22p4nl and 2s12p5nl satellite
states in the kinetic energy region from 3 eV to 21 eV obtained at constant incident electron energies
of 202 eV, 101 eV and 81 eV at 90◦ in the CAE mode. The spectrum at 202 eV at the top of the figure
was accumulated with an energy step of 0.020 eV, while the three other spectra were accumulated
with an energy step of 0.050 eV in order to achieve better statistics in shorter time. A part of the
spectrum at the top of the figure, between 13 eV and 21 eV measured at 505 eV, has been analyzed
in [14]. The short full lines labeled from (a) to (u) at the top of the figure indicate the kinetic energies
of newly observed features.

The region of the spectrum above 13 eV kinetic energy shown at the top of Figure 7
at 505 eV incident energy was analyzed in [14]. The CRR operation mode used in that
experiment did not allow to access the region below 13 eV. In the figure, the difference in
the shape of the features in the two regions, broad unresolved features in the first part and
narrow in the second part, both obtained in the same experimental conditions, has to be
noted. The reason can be the larger number of the narrow lines in the first part not resolved
in the present experiment, or a different origin of these features. The assignments of the
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features above 12 eV kinetic energy in [14] were made according to their energies calculated
as the sum of corresponding kinetic energies and three ionization potentials of Ne2+(3P, 1D,
1S) at 62.53 eV, 65.74 eV and 69.43 eV, respectively, [35], and in comparison with Edwards
and Rudd [26] and Kikas et al. [36]. The assignment of the features below 12 eV kinetic
energy is made here in the same way, but the comparison is made only with [36]. It should
be noted that the ionization potentials of Ne2+(3P, 1D, 1S) used in [36] for the calculation
of the energies for satellites are 62.7 eV, 65.9 eV and 72.8 eV, respectively, which differs by
(0.17, 0.16, 3.37) eV from [35]. Table 2 shows the comparison of energies determined in
this work and [14,34,36,37]. The assignments of the features proposed by [36], where the
binding energies of the Ne+ 2s22p4nl, 2s02p6nl and 2s12p5nl excited satellite states have
been tabulated, is accepted. In Table 3, a very good agreement in energies for features (b, c,
d, g, h, k, n, q, r, s) and discrepancies for features (a, f) is observed. All other features are
left without assignments due to the absence of data from previous studies.

Table 3. Kinetic energies, (KE) (eV), taken from Figure 7 and excited energies, (eV) *, of the 2s22p4nl
and 2s12p5nl satellites calculated as a sum of ionization potentials of Ne2+(3P, 1D, 1S) (62.53, 65.74,
69.43) eV [35] and corresponding kinetic energies, respectively. References: Jureta et al. [14],
Kramida et al. [34], Kikas et al. [36] and Svensson et al. [37].

This Work
Reference Exc. En. (eV) * Assignment

Label KE (eV)

(a) 3.66 This work, 66.19 *
[36], Line 49 65.99 * 2p4(1S)4d(2D)

(b) 4.08 This work, 66.61 *
[36], Line 50 66.64 * 2p4(1S)5p(2P0)

(c) 4.32 This work, 66.85 *
[36], Line 51 66.78 * (Tail of previous)

(d) 4.68 This work, 67.21 *
[36], Line 52 67.26 * 2p4(1S)6s(2S)

(e) 4.84 This work 67.37 *

(f) 5.04 This work, 67.53 *
[36], Line 53 67.61 * 2p4(1S)6p(2P0)

(g) 5.58 This work, 68.11 *
[36], Line 55 68.16 * 2p4(1S)7d(2D)

(h) 5.78 This work, 68.31 *
[36], Line 56 68.36 * 2p4(1S)8s(2S)

(i) 6.10 This work 68.63 *

(j) 6.94 This work 69.47 *

(k) 7.70 This work, 70.23 *
[36], Line 59 70.27 *

(l) 8.30 This work 70.83 *

(m) 9.08 This work 71.61 *

(n) 9.32 This work, 75.06 *
[36], Line 60 74.99 * 2s12p5(3P)3s(2P)

[37] 75.11 *

(o) 9.58 This work 75.32 *

(p) 10.22 This work 75.96 *

(q) 11.13 This work, 76.87 *
[34] 76.85 * 2s2p5(1P1)
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Table 3. Cont.

This Work
Reference Exc. En. (eV) * Assignment

Label KE (eV)

(r) 13.24 This work, 78.98 *
[14], (B) 78.97 * 2s12p5(3P)3p(2S)

[36], Line 62 78.97 *
[37] 78.90 *

(s) 13.94 This work 83.37 *
[36], Line 65 83.42 * 2s12p5(3P)4p(2S)

[37] 83.34 *

(t) 14.25 This work 83.68 *

(u) 14.65 This work 84.08 *

In order to visualize the energy levels of autoionizing states, we refer to the existing
literature. The energy diagram has been provided by several authors: energy levels
in the range from 42 eV to 50 eV for neutral Ne and Ne-ions are shown in Figure 4
of [38] and Figure 7 of [39]; the energy level diagram of observed and calculated Ne
2s22p43s3l configurations for the 2s22p4(1S, 1D, 3P) and possible limits of Ne grandparent
configurations in Figure 6 of [31]; the energy diagram of 2p3 (4S, 2D, 2P)nl Ne2+ ion
configurations are shown in Figure 4 of [35]; the first- and second-step Auger decay paths
for the 1s2s(3,1S)3s3p with J = 1 inner-shell doubly excited states of Ne are shown in Figure 2
of [40].

4. Conclusions

The autoionizing spectra of neon at low incident electron energies from 43.37 eV to
202 eV and three ejection angles (40◦, 90◦ and 130◦) have been studied by using a non-
monochromatic electron beam and a high-resolution electrostatic analyzer. The influence of
the PCI to the shape of the 2s2p63s(3,1S) states was clearly observed, but the overlap of the
3,1S states in one broad peak hampered a precise determination of the behavior of the PCI
effects (shift and width of the peak) with excess energy. In addition, the energy position of
the first doubly excited 2s22p43s2(3P) state at 41.98 ± 0.02 eV, as well as the ones of the six
features in the kinetic energy region between the 3s(3,1S) and 3p(3,1P) states produced by
the 3s3p doubly excited states, were determined. Also, in the low kinetic energy region of
3–13 eV at 202 eV incident energy, several new features identified as the decay of the Ne+

2s22p4nl and 2s12p5nl satellite states are observed.
The focus of the present study is the spectroscopy of the autoionizing states of neutral

neon atoms using low-energy electrons and three ejected angles. The obtained results
open a perspective for new experiments in which the change in the shape of line profiles
could be examined varying the ejected angles in small steps. Then, performing an analysis
similar to the one performed in [41], one would be able to closely examine the role of direct
ionization and autoionization. Both processes contribute to the electron profile resulting
in Fano lineshapes. Then, the post-collision interaction of the projectile and the ejected
electron will add up. It would be possible to record ejected electron spectra in steps of 5◦

or 10◦ to follow the changes in the profile. These kinds of interference lineshapes can be
treated with Shore parametrization similarly to that performed in [21] for He atoms. An
experimental upgrade of the electron spectrometer by replacing the existing electron gun
with a monochromatic one could improve the data analyses.
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