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Abstract: An extensive study of photoionization from neon excited states was performed. The
R-matrix approach was applied to calculate a photoionization cross-section from the metastable
2p5(2PJ f )3s[K]0,2 and dipole-allowed 2p5(2PJ f )3s[K]1 states. The resonance structures and Cooper
minimum accessible in photoionization from the excited states by the photons with energy below
30 eV were analyzed. The parameters of the lowest autoionizing states (AISs) of even parity were
extracted by fitting of the photoionization cross-section. For the dipole-allowed states, calculations
are presented for unpolarized, linearly and circularly polarized radiation.

Keywords: photoionization; neon; excited states; spectroscopy; Cooper minimum; electrons correla-
tions; R-matrix; autoionizing state; metastable state

1. Introduction

The investigations of photoprocesses from excited states being particularly interesting
for studies in non-linear optics, plasma physics and the interpretation of astrophysical data
from planet and stellar atmospheres [1] are suppressed by the fact that their relaxation may
occur faster than photoionization. Up to recently, there were two frameworks overcoming
this obstacle: measuring photoionization of metastable states and pump-probe experiments.
Both schemes are restricted in terms of states they may be applied to. The first one because
only the lowest atomic states are metastable, and the second one because at least one of
the pump-probe fields should be intense, and therefore is supposed to be in the optic
region. The extensive review of both the experimental and theoretical research devoted to
ionization from excited states is presented in [2]. With the advent of Free Electron Laser
facilities (FEL), the available set of states has extended enormously. Due to such sources of
high-intensity radiation, the photoionization of excited states can be studied in two-photon
resonance ionization.

It was M.Ya. Amusia [3] who pointed out that, opposite to common expectations
that with the increase of a shell quantum number photoionization cross-sections would
tend to become hydrogen-like, ionization from an excited state may manifest even more
characteristic features: “The deviations of many-electron atoms from hydrogen-like ones
are still essential even for comparatively high values of the ionised level’s quantum number
n for any frequencies in the vicinity of the threshold and far away from it”.

In particular, Cooper minimum [4,5] may appear even in the l → l − 1 channel [6] in
photoionization cross-sections from excited states, in contrast to the photoionization from
ground states [7,8]. The Cooper minimum is one of the most famous among characteristic
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features, which can be explained in terms of single-electron amplitudes, but its position,
form and depth are very sensitive to electron–electron correlations.

Electron–electron correlations are known to be of a great importance for the explana-
tion of characteristic features in photoionization [9–14]. They provide a very severe and
challenging test for theoretical models. Nowadays, the characteristic features of noble gases
have attracted a lot of attention in connection with time-delay studies [15–18].

Another important characteristic feature of a continuum is autoionizing states [19,20].
In the noble gases, odd-parity AISs with J = 1 can be photoexcited from the ground state
and have been investigated in great detail [21–24]. AISs with J 6= 1, including the AISs of
even parity, are populated in multiphoton processes, probably involving discrete excited
states [25–27]. A multistep or multiphoton excitation allows reaching a state of any parity
and angular momentum, but Cooper minima in this process has another nature [28,29].
From this point of view, the photoionization of prepared or pumped states provides
different pieces of information about atomic continuum.

In noble gases, even the lowest discrete states (∼10 eV) may be excited only by VUV
radiation. The setup based on the joined action of synchrotron radiation and optic (IR)
laser (pump-probe scheme) has been widely used for investigations of the photoionization
of excited states to the near-threshold region, including the Rydberg AIS [30–33]. The
ionization of the metastable states of noble gases populated by glow discharge method
(optogalvanic spectroscopy) or by electron or ion impact [34] also has been a subject of nu-
merous investigations [35–42]. To describe characteristic features in the photoionization of
noble gases from excited states (Cooper minima and Rydberg AIS), different methods were
applied: quantum defect theory [43], R-matrix [44], configuration interaction Pauli–Fock
with a core polarization method [31,41,45] and MCHF [46].

While the Rydberg AIS of the np5(2P1/2)ml configuration can be reached via VUV +
IR two-photon transition, even-parity AIS with the hole-particle or doubly excited config-
urations can be reached only via two-photon (resonantly enhanced) ionization by VUV
radiation [47–50]. Before FEL development, these AISs were investigated basically by
electron- or ion-impact method [51–53].

Since intense photon pulses were obtained with the advent of FELs, and resonance
few-photon ionization of atoms and ions of noble gases was observed [54–57], the problem
of obtaining accurate two-photon cross-sections and cross-sections from the excited states
in the XUV region has arisen.

Here, we present an extensive study of neon photoionization from excited states. The
lowest excited states are metastable 2s22p5(2PJ f )3s[K]0,2 (here and after core 1s2 is omitted
for brevity) and the states which can be reached from the ground by dipole excitation
(dipole-allowed) 2s22p5(2PJ f )3s[K]1. We use the intermediate jK-coupling scheme, where
a core angular momentum J f is coupled with an electron orbital momentum l to quantum
number K, and then intermediate momentum K and electron spin 1/2 are coupled to total
angular momentum J of a system. The cross-sections are obtained by the B-spline R-matrix
approach in realization by O.I. Zatsarinny [58,59]. This approach provided a high quality
of oscillator strength for neon ground state excitations [60] and excellent agreement for the
ionization of potassium excited states [61].

The paper is organized as follows: in Section 2, we present the results obtained within
different models for metastable 2s22p5(2PJ f )3s[K]0,2 states and compare the models with
each other and with available experimental data; in Section 3, we present the results
obtained in a few models chosen based on Section 2 and calculated for different field
polarizations for dipole-allowed 2s22p5(2PJ f )3s[K]1 states; and in Section 4, we discuss the
parameters of autoionizing structures.

2. PhotoIonization of Metastable 2s22p5(2P1/2)3s[1/2]0 and 2s22p5(2P3/2)3s[3/2]2 States

The B-spline R-matrix (BSR) approach [58] allows the orbitals of initial and target
states, as well as different target states, to be non-orthogonal. With this advantage, wave
functions of the initial (excited atomic) and target (ionic) states can be obtained in series of
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independent MCHF calculations [62]. The approach allows to account for the dependence
of the individual one-electron orbitals on states of interest and accurately describe them,
keeping configuration expansions compact. The R-matrix approach automatically accounts
for electron correlations in the continuum, leading to essential channel interactions.

In a pure jK-coupling scheme, the allowed ionization channels are:

2s22p5(2P1/2)3s[1/2]0 + γ → 2s22p5(2P1/2) + εp J = 1 ; (1)

2s22p5(2P3/2)3s[3/2]2 + γ → 2s22p5(2P3/2) + εp J = 1 , 2 , 3 ; (2)

but due to channel interactions, the weaker channels, including ε f -wave, emerge:

2s22p5(2P1/2)3s[1/2]0 + γ → 2s22p5(2P3/2) + εp/ε f J = 1 ; (3)

2s22p5(2P3/2)3s[3/2]2 + γ → 2s22p5(2P1/2) + εp/ε f J = 1 , 2 , 3 . (4)

We explore three models with the subsequent Breit–Pauli diagonalization
procedure [63] to take into account spin–orbit interaction: the model based on using
real orthogonal orbitals (addressed asR-model), the model with the use of non-orthogonal
virtual orbitals (V-model) and the approach combining both real and virtual orbitals (C-
model). For all of them, different numbers of target ionic states (see Table 1) are considered
in the B-spline, bound-state close-coupling calculations. The number of accounted target
states was varied: two (2s22p5 (2P3/2,1/2)) — to include direct photoionization only; six (+
2s2p6 (2S1/2) and 2s22p43s (4P5/2,3/2,1/2)) — to allow generation of the lowest AISs, either
hole-particle or doubly excited; ten (+ 2s22p43s (2P3/2,1/2) and 2s22p43s (2D5/2,3/2)); and
thirteen (+ 2s22p43p (4P5/2,3/2,1/2)) — to shift the AIS energies closer to their experimental
positions [53,64].

Table 1. Target states (named by the leading term in LSJ approximation), the leading terms in
configuration mixing (in percent) and energies according to NIST database [65]. Core 1s2 is omitted
for brevity.

Target Energy R-Model V -Model C-Model

2s22p5 (2P3/2) 21.5645 99.92 2s22p5+0.03 2s22p43p+ 92.80 2s22p5+3.16 2s22p43p̄+ 98.24 2s22p5+0.56 2s22p34p̄2+
2s22p5 (2P1/2) 21.6613 0.02 2s22p33p2+0.01 2s22p44p 2.70 2s2p53s̄+0.36 0.37 2s22p33p̄2 0.54 2s22p33d̄2+0.35 2s2p53d̄

2s2p6 (2S1/2) 48.4750 95.39 2s2p6+4.03 2s22p43s+ 93.58 2s2p6+2.26 2s22p43d̄+ 94.70 2s2p6+2.33 2s22p43d̄+
0.23 2sp53p+0.21 2s22p44s 0.77 2s2p43d̄2+0.67 2s22p43s 0.79 2s2p43d̄2+0.75 2s2p44p̄2

2s22p43s (4P5/2) 48.7333 95.13 2s22p43s+3.76 2s22p44s
0.79 2s22p33s3p+0.10 2s2p53p 97.28 2s22p43s+1.24 2s2p43s2+

0.58 2s2p43s3d̄+0.35 2s22p23s3p̄2
91.68 2s22p43s+4.98 2s22p44s̄
0.66 2s22p33s4p̄+0.62 2s2p43s3d̄

2s22p43s (4P3/2) 48.7975

2s22p43s (4P1/2) 48.8345 91.80 2s22p43s+3.63 2s22p44s
3.48 2s2p6+0.76 2s22p33s3p

2s22p43s (2P3/2) 49.3478 95.40 2s22p43s+3.41 2s22p44s+ 97.70 2s22p43s+0.72 2s2p43s2+ 94.02 2s22p43s+2.50 2s22p44s̄+
2s22p43s (2P1/2) 49.4237 1.38 2s22p33s4p+0.84 2s22p33s3p 0.59 2s2p43s3d̄+0.35 2s22p23s3p̄2 1.38 2s22p33s4p̄+0.74 2s22p33s3p

2s22p43p (4P5/2) 52.0885 94.37 2s22p43p+4.70 2s22p44p+
0.55 2s22p33p2+0.14 2s22p33p4p

90.78 2s22p43p+6.67 2s22p33p4p̄+
1.77 2s2p43p3s̄+0.48 2s2p43p3d̄

96.73 2s22p43p+1.67 2s22p33p4p̄+
0.58 2s22p43p3d̄+0.49 2s22p33p22s22p43p (4P3/2) 52.1161

2s22p43p (4P1/2) 52.1388

2s22p43s (2D5/2) 52.1135 95.30 2s22p43s+3.71 2s22p44s+ 97.38 2s22p43s+1.01 2s2p43s2+ 92.77 2s22p43s+4.03 2s22p44s̄+
2s22p43s (2D3/2) 52.1139 0.73 2s22p33s3p+0.16 2s22p33s4p 0.62 2s2p43s3d̄+0.38 2s22p23s3d̄2 1.16 2s22p33s4p̄+0.66 2s2p43s3d̄

For the interpolation procedure, we use B-splines of the 8th order. The R-matrix radius
is chosen to be 80 a.u. Moreover, we fix grid parameters: h = 0.0125 a.u. (step size at the
origin, from 0 to 1) and hmax = 0.5 a.u. (maximum step size of the grid). These parameters
were chosen in such a way that for all of the models the resulting accuracy is enough to
correctly reproduce the radial part of the wave functions.

The models have the same set of configuration state functions (CSFs), including the ones
with excited core to account the core–valence correlations. The initial 2s22p5(2PJ f )3s [K]0,1,2
states’ CSFs include all possible single and double replacements of 2s, 2p and 3s orbitals
with n = 3, 4 ; l = s, p, d, f -orbitals; and target states’ CSFs include single and double
replacements of 2s, 2p and 3s orbitals to each of the orbitals n = 3, 4 ; l = s, p, d, f solely.
For example, in the 2s2p6 (2S1/2) decomposition, there are 2s2p43p2 and 2s2p44p2 configu-
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rations, but there is no 2s2p43p4p. In the calculation, we use the energies of target states
adjusted to the experimental values [65].

In theR-model, the initial and target states are obtained using the same real orbitals:
the first set of 1s, 2s and 2p orbitals is optimized on the 2s22p5 configuration and frozen
for forthcoming calculations, then each of the real 3s–4 f orbitals is optimized on the corre-
sponding configuration with the highest weights in the CSFs set of 2s22p5(2P3/2)3s[3/2]1
state, i.e., 3s , 4s , 3d and 4d orbitals are optimized on 2s22p5nl configuration and 3p , 4p and
4 f orbitals on 2s22p43snl. The main contributions to both metastable 2s22p5(2PJ f )3s[K]0,2
states came from

2s22p53s(99.81%) , 2s22p54s(0.07%) , 2s22p43s3p(0.05%) , 2s22p33s3p2(0.03%) , 2s22p53d(0.02%)

configurations. The main contributions to the target states are presented in Table 1.
In the V-model, the CSFs of the initial and target states are optimized independently.

Thereof, the orbitals of the leading configuration (1s , 2s and 2p ) are real; orbitals 3d− 4 f
are correlation pseudo-orbitals, and 3s and 3p orbitals may be real or virtual depending on
the state of interest. All orbitals were allowed to vary together. The main contributions to
both 2s22p5(2PJ f )3s[K]0,2 states came from

2s22p53s(93.09%) , 2s22p43s3p(2.86%) , 2s2p53s4s(2.45%) , 2s22p33s3p2(0.42%) , 2s2p33s3d(0.37%)

configurations. The main contributions to the target states are presented in Table 1. The
difference between theoretical and experimental target energies in this model is less than
0.1 eV.

In the C-model, we keep all of the orbitals presented in target states leading configura-
tions (1s− 3p) as they are obtained in theR-model; therefore, they are real and orthogonal.
The other (3d− 4 f ) pseudo-orbitals are optimized separately for different targets and non-
orthogonal. The initial states are the same as in the R-model. The main contributions to
the target states are presented in Table 1.

In Figures 1 and 2, cross-sections of photoionization from 2s22p5(P1/2)3s[1/2]0 and
2s22p5(P3/2)3s[3/2]2 metastable states are presented for these three models, with different
numbers of target states in length and velocity gauges. The upper row (a,b,c) in Figure 1
and bottom row (d,e,f) in Figure 2 present results for photoionization which is forbidden
within the pure jK-coupling scheme, the bottom row in Figure 1 and upper row in Figure 2
for allowed. In the featureless region (from 3 to 20 eV), cross-sections for allowed ionization
are higher than for forbidden one.

The cross-section of allowed photoionization manifests the Cooper minimum near
the threshold; the one of the forbidden photoionization does not. The energy of Cooper
minimum is basically determined by the nodes of 3s-orbital. That is the reason why cross-
sections inR- and C-models based on the same 3s-orbitals are alike at low energies. The
Cooper minimum is more pronounced in the V-model because the wave function of the
initial state is more compact when virtual orbitals are included. The more target states
are included, the farther Cooper minimum is pushed below the ionization threshold. A
further analysis has shown that for larger CSF sets of target states, the Cooper minimum
is pushed less. With the exception of the model with the fewest (two) number of target
states, Cooper minima are deeper and situated at a little higher energy for calculations in
the length gauge.
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Figure 1. Photoionization cross-section of 2s22p5(P1/2)3s[1/2]0 state of neon to 2s22p5 (2P3/2) (upper
row) and 2s22p5 (2P1/2) (bottom row). Calculations are performed within R- (a,d), V- (b,e) and
C-model (c,f). Solid lines are for calculations in the length gauge and dashed lines in the velocity
gauge; different colors mark the number of accounted target states: two (black), six (blue) and ten
(red). Experimental data points are taken from [38] and labeled by orange.
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Figure 2. Photoionization cross-section of 2s22p5(2P3/2)3s[3/2]2 state of neon to 2s22p5 (2P3/2)

(upper row) and 2s22p5 (2P1/2) (bottom row). Calculations are performed withinR- (a,d), V- (b,e)
and C-model (c,f). Solid lines are for calculations in the length gauge and dashed for the velocity
gauge; different colors mark the number of accounted targets: two (black), six (blue) and ten (red).
Experimental data points are taken from [38] and labeled by orange.

The resonance structure at ∼22 eV is hole-particle 2s2p63s (3S1) AIS generated on
the 2s2p6 (2S) target; inclusion of the other targets may shift the position of the structure.
Their influence depends on how close a target energy is to the 2S-target. Note that only
states with total momentum J = 1 can be excited from the 2s22p5(2P1/2)3s[1/2]0 metastable
state. The position of the AIS weakly depends on the model and is in accordance with that
reported in [53], except for theR-model, where the enabling of 2s22p43s (2D5/2,3/2) target
states leads to a dramatic jump in the resonance energy position (Figures 1a and 2a, red
curves). In the V- and C-models, these 2D targets slightly (by 0.3 eV) move the resonance
position down towards the experimental value. In theR-model, it is impossible to match
the energy position of 2s2p6 (2S1/2) and 2s22p43s (2D5/2,3/2) target states, and interference
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between them is more essential than it is supposed to be in reality. The parameters of the
resonance are discussed in Section 4.

As was pointed out in [60], introducing virtual orbitals is necessary to obtain good
agreement between length and velocity gauges, and in the considered case, overall agree-
ment is better for the V-model, especially for the forbidden photoionization. We checked
that the addition of 5l̄(l̄ = s̄, p̄, d̄, f̄ ) orbitals to the expansion of 2s22p5(2PJ f )3s[K]0,2 states
in R- and C-models makes the cross-sections look similar to the ones obtained within
the V-model (not shown) and pulls the Cooper minimum above the threshold. Neverthe-
less, it is important to notice that while the V-model provides much faster convergence
than the R- and C-models, the last two reproduce near-threshold behavior of angular
anisotropy parameter β for the forbidden photoionization much better. Among the models
with virtual orbitals, the ones including only 2s2p5nl̄2-type (with n = 3, 4; l = s, p, d, f )
pair-excitations additionally to 2s22p5ns̄ + 2s22p5nd̄ (n = 3, 4) single-excitations provide an
angular anisotropy parameter similar to the one in [38] and hit the experimental values. The
models allowing contributions of single excitations to 3p, 4p, 4 f fail because configuration
2s22p43s3p̄ obtains the highest weight after 2s22p53s. However, in the cross-sections, the
difference between the use of the two sets of orbitals described above is hardly seen.

The issue is very similar to that recorded for electron scattering involving 2p53s states:
while there are models reproducing angle-integrated data [66], additional actions are
needed to reproduce differential parameters [67].

3. Photoionization of Dipole-Allowed 2s22p5(2PJ f )3s[K]1 States

In this section, we present calculations of photoionization cross-sections from dipole-
allowed 2s22p5(2PJ f )3s[K]1 states, which can be effectively excited by an electromagnetic
field. To the best of our knowledge, there are very few updated data for them in the
literature [47,50,68]. This data may be useful for the interpretation of experiments involving
two-photon (probably two-color) processes at FELs [54–56]. One of the advantages of
modern FELs and synchrotron facilities is that the generated radiation is polarized. Bearing
in mind this possibility, we present here calculations for three cases: both exciting and
ionizing fields are unpolarized, linearly polarized in the same direction and circularly po-
larized with equal helicities. Accounting for the dipole selection rules, the cross-section for
unpolarized radiation is σ(u) = s0(|DJ=0|2 + |DJ=1|2 + |DJ=2|2)/3, for linearly polarized
σ(l) = s0(|DJ=0|2/3+ 2|DJ=2|2/15) and for circularly polarized σ(c) = s0|DJ=2|2/5 [46,69],
where s0 = 4πω/3c and DJ is the reduced dipole matrix transition amplitude. The cross-
sections by unpolarized and polarized radiation do not share spectroscopic features because
different channels are involved.

In Figures 3 and 4, we present results for photoionization of 2s22p5(2P3/2)3s[3/2]1
and 2s22p5(2P1/2)3s[1/2]1 states, correspondingly calculated within the V- and C-models
accounting for six and ten target states. The upper row (a,b,c) in Figure 3 and bottom row
(d,e,f) in Figure 4 present allowed photoionization.

2s22p5(2P1/2)3s[1/2]1 + γ → 2s22p5(2P1/2) + εl J = 0 , 1 , 2 ; (5)

2s22p5(2P3/2)3s[3/2]1 + γ → 2s22p5(2P3/2) + εl J = 0 , 1 , 2 ; (6)

The bottom row (d,e,f) in Figure 3 and upper row (a,b,c) in Figure 4 present forbidden
photoionization:

2s22p5(2P1/2)3s[1/2]1 + γ → 2s22p5(2P3/2) + εl/ε f J = 0 , 1 , 2 ; (7)

2s22p5(2P3/2)3s[3/2]1 + γ → 2s22p5(2P1/2) + εl/ε f J = 0 , 1 , 2 . (8)
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velocity gauge) models with six (cyan and blue) and ten (orange and red) target states for ionization
of 2s22p5(2P3/2)3s[3/2]1 state to 2s22p5 (2P3/2) (upper row) and 2s22p5 (2P1/2) (bottom row) ionic
states for unpolarized (a,d), linearly polarized (b,e) and circularly polarized (c,f) fields.
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Figure 4. Cross-section calculated within the V- (dash-dotted lines correspond to length gauge,
dotted lines to velocity gauge) and C- (solid lines correspond to length gauge, dashed lines to
velocity gauge) models with six (cyan and blue) and ten (orange and red) target states for ionization
of 2s22p5(2P1/2)3s[1/2]1 state to 2s22p5 (2P3/2) (upper row) and 2s22p5 (2P1/2) (bottom row) ionic
states for unpolarized (a,d), linearly polarized (b,e) and circularly polarized (c,f) fields. Within the
V-model, orange and cyan lines in panels (d,e,f) practically coincide.

Notice that in the smooth region, “allowed” and “forbidden” photoionization does not
differ that much as for the metastable states, because these states are not pure, neither in the
jK-scheme, nor in the LS one: in the C-model 2s22p5(2P1/2)3s[1/2]1 = 0.89 2s22p53s 1P−
0.45 2s22p53s 3P + . . . and in the V-model 2s22p5(2P1/2)3s[1/2]1 = 0.89 2s22p53s 1P −
0.38 2s22p53s 3P + . . . , which differs from the pure jK-scheme where the coefficients are
2s22p5(2P1/2)3s[1/2]1 = 0.82 2s22p53s 1P− 0.58 2s22p53s 3P.

For the allowed photoionization, the manifestation of the Cooper minimum strongly
depends on polarization; in the case of circular polarization where only channels with J = 2
can contribute, it is placed very close to the threshold (Figures 3c and 4f). In the case of
linear polarization, additional allowed channels with J = 0 shift the Cooper minimum to
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higher energy (Figures 3b and 4e). Finally, the channels with J = 1 allowed for unpolarized
radiation smear it out (Figures 3a and 4d).

For the forbidden photoionization (Figures 3d–f and 4a–c), general tendencies are
quite different from the ones observed for the metastable states (Figures 1a–c and 2d–f).
While there is no Cooper minimum in the photoionization of the metastable states and
the cross-section drops down from the threshold, in the photoionization of the dipole-
allowed states, the cross-section may increase from threshold (Figure 3d–f), indicating
that the Cooper minimum has fallen under the threshold or appears above the threshold
(Figure 4a–c). In the last case, the Cooper minimum is more pronounced for circularly
polarized fields.

Calculations in the velocity gauge are again more sensitive to a model than in the length
gauge and more sensitive when it comes to photoionization from 2s22p5(2P1/2)3s[1/2]1
than from 2s22p5(2P3/2)3s[3/2]1.

In comparison with the photoionization from the metastable states, the channels
with J = 0 bring up two more autoionizing states: hole-particle 2s2p63s [1S0] AIS and
doubly excited 2s22p43s2 [3P0] AIS visible in case of linearly polarized and unpolarized
light (Figures 3 and 4a,b,d,e). For unpolarized fields (Figures 3 and 4a,d), channels with
J = 1 manifest resonance 2s2p63s [3S1], which dominates over the energy region. The
parameters of the AISs are discussed in the next section.

4. The Resonance Structures

There are three lowest resonance structures of even parity: hole-particle resonances
2s2p63s (1,3S0,1) generated on 2s2p6 (2S1/2) target and doubly excited resonance
2s22p43s2 (3P0) generated on 2s22p43s (4P1/2) target. Within the jK-coupling scheme, the
R-matrix [58] does not generate the AIS of configuration 2p43s2 with J = 1 , 2 on any of the
target states 2p43s(4P3/2,5/2,2 D3/2,5/2).

In Figure 5, there is the region with AISs excited from the metastable and dipole-
allowed states by unpolarized fields plotted in a more detailed way for the models with
six and ten targets. The AISs’ positions are different due to interchannel interaction.
The inclusion of 2s22p4(3P)3s [2DJ ] lowers the position of the hole-particle resonances
2s2p63s [1,3S0,1] and, following the addition of higher targets, does not change them sig-
nificantly. The inclusion of 2s22p4(3P)3s [2PJ ] lowers the position of the doubly excited
2s22p4(3P)3s2 [3P0] resonance and places it in experimental position [64] in C-model. The
further inclusion of 2s22p4(3P)3p [4PJ ] targets (not shown) does not improve the position of
the doubly excited state: in the C-model, it is pulled 0.3 eV below the experiment, while in
the V-model, it is by 0.6 eV above. It is found that the lowest AISs of even parity in neon are
excited very effectively from the excited states and dominate over direct photoionization in
the corresponding energy region.

The R-matrix approach does not produce values of energy E, width Γ and Fano
profile index q [19], but one can fit a resonance structure and extract these values (see
Table 2). All of the resonances are excited very efficiently, whereby transitions 2s→ 2p and
2p → 3s, as a result, the AISs are practically symmetric with huge q-indexes. The large
value of q makes the extraction procedure problematic, and in Table 2, we replace |q| > 100
by ∞ with the corresponding sign. The particle-hole AISs’ width ratio is close to the ratio
of their statistical weights. The Fano index may take different values and signs depending
on the state it is excited from, the target state and the polarization of radiation. The latter
occurs because different contributions of the channels with different angular momentum J
to the cross-sections result in different backgrounds and heights of resonance.

As for the doubly excited AIS 2p43s2[3PJ ] within the jK-coupling scheme, there is only
2p43s2[3P0] with Γ ≈ 0.003 eV. Within the LSJ-coupling scheme, all of the triplet states
2p43s2[3PJ ] are generated with Γ ≈ 0.001 eV separated approximately by 0.15 eV. We
checked that the hole-particle resonances are weakly affected by a coupling scheme and
that they are just a little broadening (Γ = 0.122 and 0.079 eV). To the best of our knowledge,
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there is no experiment able to resolve the fine structure of this AIS and the choice between
the jK- and LSJ-coupling schemes for them is insurmountable so far.

10�2

10�1

100

101

102
U�V

*`
Qb

ba
2+

iBQ
M-

J
#

2s22p5(2P1/2)3s[1/2]0

e i�`;X- R
e i�`;X- V

Ry i�`;X- R
Ry i�`;X- V

20 21 22 23
10�2

10�1

100

101

102
U2V

U#V

2s22p5(2P3/2)3s[3/2]2

20 21 22 23

U7V

U+V

2s22p5(2P3/2)3s[3/2]1

20 21 22 23

U;V

1H2+i`QM 2M2`;v- 2o

U/V

2s22p5(2P1/2)3s[1/2]1

20 21 22 23

U?V

20.52

Figure 5. Cross-section calculated in the length gauge within the V- (dash-dotted lines) and
C- (solid lines) models with six (cyan and blue) and ten (orange and red) thresholds for ion-
ization of 2s22p5(2P1/2)3s[1/2]0 (a,e), 2s22p5(2P3/2)3s[3/2]2 (b,f) and 2s22p5(2P3/2)3s[3/2]1 (c,g),
2s22p5(2P1/2)3s[1/2]1 (d,h) states to 2s22p5 (2P3/2) (upper row) and to 2s22p5 (2P1/2) (bottom
row) ionic states for unpolarized fields. The arrows mark positions of very narrow resonances
2p43s2[2PJ=1,2] where they would appear within the LSJ-coupling scheme.

Table 2. AISs parameters in a model within ten target states: energy position E (eV), width Γ (eV)
and Fano profile index q at excitation of different initial states for different polarization.

Parameter

AIS
2s2p63s [3S1] 2s2p63s [1S0]

E C-model 22.03 22.13
Γ 0.119 0.028
qun (2P3/2)3s[3/2]1 → 2p5 (2P3/2) −70 ∞
qun (2P3/2)3s[3/2]1 → 2p5 (2P1/2) −50 −75
qun (2P1/2)3s[1/2]1 → 2p5 (2P3/2) ∞ ∞
qun (2P1/2)3s[1/2]1 → 2p5 (2P1/2) −15 ∞
qlin (2P3/2)3s[3/2]1 → 2p5 (2P3/2) - ∞
qlin (2P3/2)3s[3/2]1 → 2p5 (2P1/2) - −80
qlin (2P1/2)3s[1/2]1 → 2p5 (2P3/2) - −∞
qlin (2P1/2)3s[1/2]1 → 2p5 (2P1/2) - ∞

E V-model 22.07 22.05
Γ 0.116 0.002
qun (2P3/2)3s[3/2]1 → 2p5 (2P3/2) −75 −∞
qun (2P3/2)3s[3/2]1 → 2p5 (2P1/2) −50 ∞
qun (2P1/2)3s[1/2]1 → 2p5 (2P3/2) 65 ∞
qun (2P1/2)3s[1/2]1 → 2p5 (2P1/2) −15 ∞
qlin (2P3/2)3s[3/2]1 → 2p5 (2P3/2) - −∞
qlin (2P3/2)3s[3/2]1 → 2p5 (2P1/2) - ∞
qlin (2P1/2)3s[1/2]1 → 2p5 (2P3/2) - −∞
qlin (2P1/2)3s[1/2]1 → 2p5 (2P1/2) - −∞
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5. Conclusions

The photoionization cross-section of the lowest excited states of neon are presented.
The R-matrix approach is applied with a variety of different parameters, and the comparison
of the usability of real and virtual orbitals is carried out. Results are presented for the
metastable states (total angular momentum J = 0 , 2) ionized by unpolarized light and for
the dipole-allowed states (J = 1) ionized by the light with the same polarization as those
causing their excitation: unpolarized, linearly and circularly polarized. The spectroscopic
features such as Cooper minimum, particle-hole and doubly excited autoionizing states are
found to appear differently depending on polarization.

It was shown that the model based on virtual orbitals provides much better conver-
gence in terms of length and velocity gauge, as well as in terms of target states involved. It
predicts a deeper Cooper minimum placed at higher energy. On the other hand, V-model
has a tendency to become overcorrelated (unrealistically compact wave functions), which
imposes the problem of a correct positioning of the narrow AISs. Based on real orbitals,
the C-model turns out to be more stable and better reproduces the AIS structures. The
hole-particle AISs are found to be much broader than the doubly excited ones.

This work may serve as building blocks for the investigation of multi-photon, probably
two-color ionization by VUV radiation.
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