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Abstract: The formation and decay of double-core-hole (DCH) states of the neon ion irradiated by an
intense electromagnetic x-ray field are studied theoretically. In the present research DCH formation is
the result of sequential absorption of two photons with the creation of an intermediate ion. Detailed
calculations of the partial decays and probabilities of shake-ups at the atomic and ionic ionization
stages are presented. The angular distribution of photoelectrons corresponding to various residual
ionic states are calculated. Specifically, we predict the lack of any photoelectrons corresponding to the
residual ionic state 1512522p”mp”/ 25+1D in the direction of the electric field polarization. Dynamical
competition between single-core-hole state decay and excitation is analyzed and pulse parameters
corresponding to various dynamical regimes are found.

Keywords: photoionization; double-core-hole; R-matrix; multiple ionization; ions; free-electron laser;
neon; photoelectron spectroscopy; rate equations

1. Introduction

Investigations of formation and decay double-core-hole states (DCH) are of great
importance for both fundamental physics and applications such as radioactive damage of
biological samples for coherent diffraction imaging [1-3]. They are crucial for molecular
spectroscopy because of the large chemical shifts in DCH states. These states may even-
tually be generated in nuclear reactions [4], and for some time they have been studied in
the single-photon ionization by synchrotron radiation with shake-up process to discrete
states [5-7] (also addressed as hypersatellites), or shake-up to continuum (direct multiple
ionization) [8,9]. Indirect methods of studying DCH states, such as photoabsorption [10,11],
x-ray emission [12], and a coincidence scheme [13], have also been developed.

With the advent of Free-Electron Lasers (FELs), these states became available in the
nonlinear sequential ionization regime when there is a time delay Jt between the formation
of single and double core-hole states, and there is a dynamical competition (depending on
pulse intensity and duration) between the Auger decay of single-core-hole states (SCH)
and excitation to double-core-hole states [14-16]. Competition of direct and sequential two-
photon multiple ionization mechanism was a subject of numerous investigations [17-19].
In the present research we expect that sequential mechanism is dominant due to resonant
enhancement, that confirms by experimental observation in [16].

From a theoretical point of view, the description of states with K-vacancy(ies) is
very challenging. The ionic states involved contain at least two open shells. Accurate
calculations of the states should account for the re-arrangement of the electronic shells after
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inner-shell ionization or excitation, and for electron correlations especially in valence shells.
There are many calculations for the SCH 1s~np configuration [20-24] and a thorough
review and updated calculations for the Ne atom, together with an interpretation of the
findings presented in [25]. On the other hand, much less researches have been reported for
the DCH 15 2n p configuration [7,26,27].

In the present manuscript, an extended theoretical discussion of the DCH states is
presented. Since investigations of such exotic systems are already planned, our results
should be interesting for future experiments at XFELs.

The possible pathways of multiple ionization of neon by a strong intense x-ray pulse
are presented in Figure 1. All the processes are initiated by ionization of the inner atomic
shell 1s, and the emitted electron has the energy w — IP;. (a) If the photon energy is below
the Ne™ 1s-shell ionization threshold, either Auger decay to a Ne?* state occurs or resonant
excitation of 1s to an np state. The latter process becomes dominant with increasing pulse
intensity. The excited states may decay to a variety of Ne?" states via processes including:
Auger, two-to-one shake-up, conjugate shake-up, etc. (b) If the photon energy is above
the Ne* 1s-shell ionization threshold, the Auger decay of 15'2s22p®2S competes with
ionization to Ne?* with subsequent decay to Ne>*.
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Figure 1. Multiple ionization of Ne for photon energies below (a) or above (b) the Ne™ 1s-shell
ionization threshold of 991.65 eV. The ionization potential of the atomic 1s-shell, IP; = 870.23eV,
was taken from [28].

2. Models and the Photoabsorption Spectrum

We performed photoionization calculations in the framework of the nonrelativistic
LS-coupling approximation by means of the B-spline R-matrix (BSR) approach [29]. Each
individual electron wave-function in the initial and final states was obtained in the multi-
configuration Hartree-Fock approximation [30]. The photoabsorption cross section of
Ne*t 1s'2s22p° for photon energies covering the region of autoionizing series 1s~2np
(n = 3,4,...,00) in two models (P and SP, see below for details) is shown in Figure 2.
In both models, the initial state of Net 1512522;06 is a pure 28 state, while the sets of final
doubly-charged Ne?* states differ in the following ways:

(i) in the first model we include only Participator configurations (P-model):
15125225, 1592522p° with all possible total orbital and spin angular momenta;
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(ii) in the second model we add to the P-model Spectator configurations (SP-model)
with an np-electron (n = 3-8) and also configurations with 3s and 3d electrons, which
results in the following set:

1s'2s%2p°, 1512512p%, 1s°2522p°,
[1512522;94, 1512592p%, 1s92522p%, 15125125, 1502512;76] 3s5/3d,

[1512522;94, 1512592, 15925225, 1512512p°, 1502512;76} np (n=3-8).
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Figure 2. Photoabsorption spectrum in the simple () and extended (S7P) models, shown by the blue
and red lines, respectively. The insets show the detailed spectrum in the P-model.

It is clearly seen from Figure 2 that the inclusion of spectator decay states is crucial for
the shape of the resonance structures. When only participator decay states are included
in the calculation (P-model), we see a series of narrow and spiky peaks converging to
the 1s-shell double ionization threshold of neon. In contrast, when we additionally in-
clude spectator configurations (SP-model), each resonance from the series becomes much
wider. The narrowness of each peak can be described by its width I" and, according to the
Uncertainty Principle, one can estimate the lifetime 7 of a particular resonance as T~ /T.
Consequently, there is a strong indication that neglecting the np-spectator decay chan-
nels leads to a crucial overestimate of the DCH 1s~2np-resonance lifetime. A comparison
between the 1s~?np-resonance widths and corresponding lifetimes obtained in the two
models is presented in Table 1.

Looking at Table 2, one can see that in the more accurate SP-model less than 3% of
the decays are caused by participator or shake-down processes; 69.7% are spectator decays
affecting the valence 2p-shell only, with dominant final states corresponding to larger
statistical weights (line 10—3D and line 12—3F); spectator decays affecting the 2s-shell
with creation of both single and double 2s-hole states contribute about 16.5%; and finally
11.67% go with shake-up processes 3p — np (n > 4).

Table 3 in general confirms the above statements, with the only exception that for
the 1s~24p state shake-down with 4p — 3p consists of essential 8.7%. The tendencies are
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not surprising, because the overlaps between the 4p and 3p orbitals are larger than for 3p
and 2p.

Table 1. Widths and lifetimes for the 1s~2np (n = 3-6) states obtained in the two models.

Configuration Model P Model SP Model P Model SP
Width, meV Lifetime, fs
1s723p 5.6 740 117.5 0.88
1s~24p 2.3 650 286.1 1.02
1s25p 1.1 - 598.4 -
1s~26p 0.57 - 1154.8 -

Table 2. 1s~23p autoionizing branching ratios (BR, in %) for the Ne* states obtained in the two

models.
Target Configuration Term BR (Model P) BR (Model SP)
1s92522p%3p
1 1s12s22p° 3p 62.0 1.12
2 1s'2s%2p° p 38.0 0.60
3 1s'2s12p° 3S - 0.68
4 1s'2s12p0 1s - 0.29
5 1s'2s22p*[2S]3p p - 1.85
6 1s'2522p*[2S]3p 3p - 6.77
7 1s12s22p*[2P]3p p - 1.40
8 1s'2s22p*[>P]3p 3p - 2.81
9 1s'2s22p*[2D]3p 'D - 4.93
10 1s'2s22p*[>D]3p 3D - 15.22
11 1s'2s22p*[>D]3p IF - 7.23
12 1s'2s22p*[>D]3p 3F - 21.61
13 1s'2s22p*[*P]3p 3D - 0.003
14 1s'2s22p*[*P]3p 3p - 0.62
15 1s'2s22p*2D]3p 3p - 4.70
16 1s12s22p*2D]3p p - 2.15
17 1s'2s22p*[2P]3p 3D - 0.19
18 1s'2s22p*2P]3p D - 0.18
19 1s'2s1[1S]2p°[?P]3p 3s - 0.62
20 1s'2s1[1S]2p°[?P]3p 3D - 3.60
21 1s'2s1[1S]2p°[?P]3p D - 1.23
22 1s'2s1[1S]2p°[?P]3p p - 0.74
23 1s'2s1[1S]2p°[?P]3p 1s - 0.32
24 1s'2s1[1S]2p°[?P]3p 3p - 221
25 151251 [3S]2p°[?P]3p 3D - 2.06
26 1s'2s1 [3S]2p°[2P]3p 3p - 1.06
27 1s'2s1 [3S]2p°[2P]3p p - 0.44
28 1s'2s1 [3S]2p°[*P]3p 5D - 5x1074
29 1s'2s1 [3S]2p°[*P]3p 3p - 3x1074
30 1s'2s1 [3S]2p°[*P]3p 3s - 0.02
31 151251 [3S]2p°[2P]3p 1s - 0.14
32 151251 [3S]2p°[2P]3p D - 0.70
33 1s12592p%3p 3p - 2.45
34 1512592p%3p lp - 0.84

Sum 100.0 88.33
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Table 3. 1s‘24p autoionizing branching ratios (BR, in %) for the Ne™ states obtained in the two

models.
Target Configuration Term BR (Model P) BR (Model SP)
1592522p%4p
1 1s12522p° 3p 96.5 1.70
2 1s'2s%2p° p 3.5 0.55
3 1s'2s12p® 33 - 2.05
4 1s'2s12p® 1s - 0.38
5 1s12s%2p*[2S]4p 1p - 1.59
6 1s'2s22p*[2S]4p 3p - 4.64
7 1s12s22p*[2P]4p 1p - 0.04
8 1s12522p*[2P)4p 3p - 0.65
9 1s'2s22p*[2D)4p D - 3.46
10 1s12s22p*[2D)4p 3D - 10.00
11 1s'2s22p*2D)4p 'F - 4.64
12 1s12s22p*[2D)4p 3F - 13.42
13 1s'2s22p* [*P)4p 3D - 2x 1074
14 1s12522p* [*P)4p 3p - 0.04
15 1s'2s22p*[2D)4p 3p - 2.94
16 1s'2522p*[2D)4p 1p - 1.65
17 1s'2522p*[2P)4p 3D - 0.003
18 1s12522p* [2P)4p D - 0.014
19 1s12s1[1S]2p5 [>P)4p 3s - 0.72
20 151251 [1S]2p5 [2P)4p 3D - 3.77
21 1s12s1[1S]2p5 [>P)4p 1D - 1.30
22 1s'2s1[1S]2p° [2P)4p 1p - 0.79
23 1s12s1[1S]2p5 [>P)4p 1s - 0.34
24 1s'2s1[1S]2p5 [>P)4p 3p - 2.32
25 151251 [3S]2p5 [2P)4p ’D - 2.21
26 151251 [3S]2p° [>P)4p 3p - 1.36
27 151251 [3S]2p5 [2P)4p 1p - 0.48
28 151251 [3S]2p5[*P)4p 3D - 31x107%
29 151251 [3S]2p5 [*P)4p 3p - 14 x 1074
30 151251 [3S]2p5 [*P)4p 3s - 0.01
31 151251 [3S]2p5 [2P)4p 1s - 0.14
32 151251 [S]2p5 [>P)4p 1D - 0.77
33 1s12592p%4p 3p - 2.62
34 1s12592p%4p 1p - 0.91
Sum 100.0 65.51

Strictly speaking, there are other mechanisms due to which the same final states (see
the scheme in Figure 1 and discussions below) could be produced in neon and its ions.
These mechanisms are connected to ionization of the neutral atom, or of the ion SCH
state 1s~!, accompanied by a shake-up process to the np-state. In order to evaluate how
important such mechanisms are, we calculated the probabilities for shake-up processes in
atomic (see Table 4) and ionic (see Table 5) ionization. Our approach for such calculations
is based on the SP-model, i.e., the initial atomic (or ionic SCH) state is a pure state while
the final single ionic (or double ionic) states are mixed with each other. The difference
compared to SP-model described above is in the omission of states with 3s/3d-electrons
and in only considering np-electron states with n < 5. [We label this approach as the S PpO.
model.] From Tables 4 and 5 it is clearly seen that (i) the probability of the considered
mechanisms is strongly suppressed in the calculation within the S P©)-model and the
dominating mechanism is direct ionization of the inner shell; and (ii) the more efficient
shake-up goes to the S (for the atom) and 'S (for the ion) term of the residual ion. The
latter means that the core remains unaffected by electron correlation.
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Table 4. Probabilities (in %) for shake-up processes in atomic ionization for the extensive model at

photon energy fiw = 1080 eV.

Target Configuration Term Probability (Model SP (0))
1 15125220 2s 93.60
2 1s12522p5 3 P]3p ’D 0.07
3 1s12s22p°[3P]3p 2p 0.03
4 1s12522p5 [3P]3p 2s 0.90
5 1s12522p° 1 P]3p D 0.08
6 1s12s22p°[1 P]3p 2p 0.017
7 1s12s22p°[1 P]3p 2s 1.40

Sum (3p) 2.50
8 1s12s?2p°[3PJ4p D 0.02
9 1s12522p° 3 PJ4p 2p 0.012
10 1s12522p° 3 PJ4p 2s 1.22
11 1s12522p° 1 PJ4p ’D 0.021
12 1s12522p° 1 PJ4p 2p 0.006
13 1s12522p° 1 PJ4p 23 1.16

Sum (4p) 2.44
14 1s12s22p°[3P)5p ’D 0.01
15 1s12522p° 3 P]5p 2p 0.005
16 1s12522p° 3 P]5p 23 0.97
17 1s12522p3 1 P]5p D 0.009
18 1s12522p° 1 P]5p 2p 0.003
19 1s12522p5 1 P]5p 25 0.45

Sum (5p) 1.45

Table 5. Same as Table 4 for ionization of the 1s'25?2p®25 Ne* ion.

Target Configuration Term Probability (Model S P)
1 1592522p° 1s 92.20
2 1s92522p°3p 3D 0.87
3 1s02522p°3p 3p 0.35
4 1s92522p°3p 3s 0.25
5 1s92522p°3p D 0.13
6 1s92522p°3p 1p 0.04
7 1s92522p°3p 1s 2.60

Sum (3p) 4.24
8 1s92s22p°4p 3D 0.33
9 1s92s22p°4p 3p 0.15
10 1s92s22p°4p 3s 0.08
11 1s92s22p°4p D 0.08
12 1s92s22p°4p 1p 0.025
13 1s92s22p%4p 1s 0.98

Sum (4p) 1.65
15 1s92522p°5p 5D 0.17
18 1592522p°5p 3p 0.08
14 1592522p°5p 33 0.03
16 1s92522p°5p D 0.05
17 1592522p°5p 1p 0.03
19 1s92522p°5p s 1.58

Sum (5p) 1.94
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3. Photoelectron Spectrum and Angular Distribution

We now simulate photoelectron spectra (PES) under the assumption of an “ideal”
setup, where the photon bandwidth and electron detector resolution are about 100 meV
each to perfectly resolve all the DCH resonances. In order to simplify the analysis, we
represent all the PES for the photon energy ranging from 975 eV to 995 eV (in steps of 0.1 eV)
by the false color 2D-map in the photoelectron energy region 865 eV to 890 eV in Figure 3.
In that figure, one can clearly identify groups of lines corresponding to particular 1s~2np-
resonances. The diagonal features on the 2D-map correspond to particular prevailing
final states. When the photon energy is tuned to the n = 3 resonance (981.1 eV), the
1s723p — 1s~12p~23p (spectator) and the 1s~23p — 15~ '12p~24p (shake-up) channels are
dominant. At the same time there is a weak (but nonzero) contribution at the electron
energy of ~ 886 eV from the 1s723p — 1s712p~! process, in which the 3p electron is a
participator. Tuning the photon energy to the higher n = 4 resonance (986.8 eV), we see
the same tendency, i.e., the 1s~24p — 15~ 12p~24p (spectator) and 1s~24p — 1s~12p~25p
(shake-up) channels dominate with prevailing spectator decay, and there are also small
lines from the 1s~24p — 1s~12p~23p (shake-down) decay channel in the vicinity of electron
energy ~886-887 eV. Going further to n > 5 the trend described above persists with only
slightly increasing influence of the shake-down processes.

5 g2 58
4 9 9 itveshold BRSOt u
| Vol

890F ' z — '(b.)

— i Al

3 885

> N

5 880 S

s | P =

S 875/

w 870 N

i r
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975 980 985 990 995

Photon energy (eV)

Figure 3. (a) Simulated resonance map for a narrow pulse-width (0.1 eV) and high-resolution
detector (0.1 eV). (b) Calculated photoelectron spectrum (red line) at a photon energy of 981.1 eV
corresponding to the calculated 1s~23p resonance excitation energy. This line corresponds to a section
in (a) at the given excitation photon energy.

Figure 4 exhibits simulated spectra for three angles of observation: parallel 8 = 0°,
magic § = arccos[1/+/3] = 54.7° and orthogonal # = 90° to the polarization vector of
the field. Because the 1s'2522p° [2S] state of Ne*t cannot be polarized, the photoelectron
angular distribution (PAD) is solely defined by the second Legendre polynomial P;(cos6),
ie.,

W(6) = Wp(1 + BP2(cos¥)). 1)

When the signal at 0° is higher than for the magic angle, the angular anisotropy
parameter is positive. This situation is realized for the lines G and H, corresponding to
13F terms of the residual ion, while for the lines E and F, corresponding to *D terms,
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the situation is opposite. The lines A, B, C, D corresponding to P terms are practically
isotropic. Because we consider ionization of the 1s!2s?2p°®2S state, the final system of
“jon+electron” has an angular momentum of 1 (i.e., it forms a P state) and the s-wave is only
allowed for residual ions with the 2° 71 P term. Therefore, the PAD for the lines E, F, G, H
is determined by the d-wave, besides the g-wave provides a surprisingly large contribution
for G and H. Neglecting the latter, the anisotropy parameter $ assumes the analytical values
of 3 = —1for Eand Fand B = 1/7 for G and H, respectively. The presence of the s-wave in
the PAD for lines A, B, C, D naturally makes them more isotropic. Note that § = —1 for the
251D term of the residual ion results in the complete elimination of the corresponding
lines in the spectrum observed parallel to field polarization (see the red line in Figure 4).
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Figure 4. Photoelectron spectrum for various angles: along laser polarization vector ( = 0°),
magic angle (§ = arccos[1/ V3] = 54.7°) and orthogonal to the polarization (6 = 90°). Left column
(a,c)—results for high-resolution detector (0.1 eV); Right column (b,d)—currently realistic detector
(2.1 eV, [16]). For the PES on (a,b) the incident photon energy is tuned to the 15*23p-resonance; for
the PES on (c,d)—to the 1s~24p-resonance.

However, convolving the spectrum with a currently more realistic experimental reso-
lution (like resolution in the experiment [16]) diminishes the angular anisotropy, because
the strongest lines have different angular dependencies. For ionization with 4p (and higher)
spectators, an angular dependence does not appear even for the “ideal” detector.

4. Population of Atomic and Ionic States in Multiple Ionization

The calculations of the widths and branching ratios presented here allow us to analyze
the time-dependent population of different Ne and Ne™ states and, therefore, the relative
intensity of the photoelectron lines corresponding to different processes. The way how
the system evolves depends on the photon flux density (i.e., the number of photons per
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surface per time) and the pulse duration. We assumed a temporal Gaussian distribution of
the incident flux, i.e.,
j(t) = jo exp(—4In2#2/7%), )

where 7 is the full width at half maximum of the pulse. The photon flux is related to the
fluence F, i.e., to the integral number of photons per 1 AZ in the entire pulse, according to

. 2yIn2F F[ph/A?]
fo=—Vzr = 0.0063634 — "7 ®)

To analyse the system evolution we applied the method of solving the rate equations
as described in [31]. Figure 5 displays the populations of the different states calculated at a
high photon fluence F = 1000 ph/A? and varying pulse durations of T =15 fs, 30 fs and
60 fs, respectively; the photon energy is in resonance with the 1s — 3p transition in Ne™.
Because the overall number of photons is the same, increasing the pulse duration means
decreasing the flux. For this reason, the population of the ground state tends towards
the same value (black lines in panels (a,b,c) of Figure 5). For the singly-charged ion with
inner-shell vacancy 1s'2s22p® (red lines), there is competition between Auger decay to
different Ne?*t states (red dashed lines) and excitation to Ne®15%25?2p%3p (blue lines).
Because of the short lifetimes of both Ne™ resonances (1s~! and 1s~23p), no population in
these states should remain at the end of the pulse. Figure 5a shows the case with a duration
such that the probabilities for the intermediate ion to decay or to be excited are equal; for
longer pulses (Figure 5b) the intermediate ion has enough time to decay and the products
of the decay of SCH 15'2s22p® are significant; for shorter pulse (Figure 5c) the excitation
mechanism is more effective and the products of the decay of DCH 15%2522p®3p resonance
dominate.

t=301fs =60 fs t=151s
10° &

10"
Z E

10% ¢

/Y AR I Ll Ll

50 -25 0 25 50 50 .25 0 25 50 50 25 0 25 50
t, fs t, fs t, fs

10° L

Figure 5. Population of different species in neon multiple ionization by a pulse with w corresponding
to 1s — 3p Net excitation: the black line marks the ground state; red—Ne™ (152522p°®); blue—
Ne* (1s92522p%3p); the dashed lines represent the summed population of Ne?* states originating
from SCH Ne™ (15'25?2p°) (red) and DCH Ne (1s°2522p°3p) (blue) resonances. The fluence F =
1000 ph/ AZ and the panels are for different pulse durations: (a) T = 30 fs; (b) T = 60 fs, (c) T = 15 fs.

In order to summarize and clarify the general tendencies, we sketch in Figure 6 a
variety of competitive channels that are possible in neon irradiated by an intense XUV
field. This summary is based on Tables 1-5. The threshold and excitation energies, and the
relative probabilities (when possible) are marked.
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Ne Ne* Ne?2*

I, ©>1015 eV
SU (~8%), w>1050% [ 1s92s22p°np
1592522pfnp = SD, ©>947 eV
— 09c29n6
A c— 1s"2s5°2p
2 2 l, ©>992 eV
N N
3 5
= Spectator
<t 8
7 N = > 1512522p*np
o
AN - 1512s22p°
SU (~6%), ©>905 eV Participator (2-5%)
1s12s22p°np
|, ©>870 eV
> 1512522p6 —/
Decay with shake-ups
1522522p6 k Decay _

Figure 6. Scheme of possible processes in neon irradiated by an intense XUV field: "I’ marks ioniza-
tion, ‘'SU” ionization with shake-ups, 'SD’ ionization with shake-down, 'RE’ resonance excitation.
Furthermore, ‘spectator” and ’participator” indicate the type of Auger decay.

5. Conclusions

Extensive calculations of energy levels, widths, and branching ratios of double-core-
hole states of Ne™ were presented. The role of spectator and participator channels were
analyzed, and it was shown that the most important among those are spectator-type
channels affecting only the valence 2p-shell. Second in importance are spectator-type
channels affecting the valence 2s-shell (single and double 2s-holes together). Processes
involving np-electrons as participators (including shake-ups and shake-downs) contribute
less than 15% altogether.

We also investigated the role of shake-up satellites in direct atomic and ionic ionization
from the inner 1s-shell. These were found to be not essential in forming double-core-hole
states.

Finally, we calculated photoelectron angular distributions after inner-shell ionization
of Ne™ and found that the angular anisotropy parameter for the 1512322p”mp”, S AR))
states is exactly —1. Consequently, these photolines would not be observed along the
direction of the electric polarization vector. However, under the experimental conditions in
modern facilities the angular anisotropy is entirely smeared out.
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