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Abstract

We report on an experimental and theoretical study of double K -shell photoionization of Ne over

the 2.3-8.5 keV x-ray energy range. The ratio of double-to-single K -shell photoionization cross

sections was determined experimentally by measuring the relative rates of the KK − KL2,3L2,3

(2D) Auger hypersatellite and the K − L2,3L2,3 (1D) diagram Auger transitions. By scaling the

hypersatellite/diagram Auger-electron ratios to KK/K cross-section ratios, comparison was made

with theoretical cross-section ratios of He-like Ne8+ determined by the R-matrix with pseudostates

(RMPS) method. The experimental Ne and theoretical Ne8+ cross section ratios show similar

variations with energy, but the experimental ratios systematically exceed the calculated ratios

and also show a lower threshold energy for double K-shell photoionization onset compared to

the computed Ne8+ threshold. The discrepancy is attributed to effects of L-shell electrons not

included in the He-like Ne8+ calculations. Quantified scaling with nuclear charge Z along the

He-like isoelectronic sequence indicates that the measured 10-electron Z = 10 double K-shell

photoionization cross section behaves like the computed He-like Z = 8.9 cross section, suggesting

an effective nuclear screening parameter of sL = 1.1 by the additional eight outer L-shell electrons.

Experimental results for the energy variations of Auger electron transitions from other multi-

electron hole states are also discussed.

PACS numbers:

∗Present address: Center for Free-Electron Laser Science and Department of Physics, Universität Hamburg,

Luruper Chaussee 149, 22761 Hamburg, Germany
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I. INTRODUCTION

Studies of double photoionization by a single photon are of singular importance in atomic

physics for two reasons. First, since the photon only interacts with a single atomic elec-

tron [1], the second electron can only be emitted owing to correlation among the atomic

electrons. Thus, double ionization provides information on many-body interactions in

atoms. Second, the final state of the double-photoionization process is comprised of three

charged particles, the residual ion and the two photoelectrons, and this three-body contin-

uum Coulomb problem is one of the most important problems in both classical and quantum

physics [2]. The He atom with only two electrons is the ideal system to study this double-

ionization process. Double photoionization of He by a single photon and the variation with

photon energy of the ratio of the double- and single-photoionization cross sections have been

well studied experimentally [3–6] and by a number theoretical treatments [7–18]. The studies

of He have motivated general theoretical investigations of KK/K, the ratio of double-to-

single K -shell photoionization cross sections of He-like ions, Z-scaling of the cross sections,

and parameterization of the shape of KK/K as a function of photon energy [17–22]. Study-

ing two-electron atoms or ions is simple in the sense that there are no outer-shell electrons

to perturb the results. However, the KK/K ratios in such systems are typically obtained

using photoion spectroscopy, so that the measured single-ionization cross section includes

the photoionization-plus-excitation channels in addition to the main line where the ion is

left in the 1s state. By using photoelectron spectroscopy to measure satellite-to-1s ratios,

it was found that the inclusion of these satellite processes increases the intensity of the

single-ionization cross section for He by the order of 10% of the main line [23]. Furthermore,

higher-Z He-like ions are challenging to study experimentally, because this requires both

making the ions with sufficient densities and having an intense, high-energy photon beam

available. In addition, the ions created could be in long-lived metastable 1s2s states that

would make the results difficult to interpret. One way around these difficulties is to look

at KK/K ratios in neutral atoms. This introduces the perturbation of the outer electrons

on the KK/K cross sections and ratios [24–26]. However, the existence of the outer-shell

electrons engenders x-ray and Auger transitions following the photoionization process, and

high-resolution spectroscopy can separate the various processes. Thus, measurements of

KK/K for heavier neutral atoms have been determined from ratios of hypersatellites (from
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double-K vacancies) and diagram (from single-K vacancies) line intensities in x-ray emission

[24, 27–29] and Auger electron spectra [30–34]. Auger electron lines that are described as

“diagram,” “satellite,” and “hypersatellite” transitions are discussed in Refs. [35, 36].

Analysis of the high-resolution Auger electron spectrum of Ne has revealed rich structure

from K−2, K−2V , K−1L−1V, and other many-electron vacancy states produced in pho-

toionization by 2.3 keV x rays [33, 34]. The notation K−2 refers to the Ne2+ configuration

1s02s22p6 with an empty K-shell, K−2V refers to a Ne+ configuration 1s02s22p6nl with an

empty K-shell and one electron promoted to a valence orbital nl (n≥3), and K−1L−1V

refers to a Ne+ configuration with one K-shell electron and one L-shell electron removed

and one electron promoted to a valence orbital nl (n≥3). We adopt this notation from Refs.

[33, 34] where it is used to identify multi-electron hole states and their Auger-electron decay

transitions.

To measure the variation with photon energy of the KK/K ratio of Ne, we have recorded

high-resolution Auger electron spectra over the 2.3-8.5 keV x-ray energy range. The Auger

electron spectra are similar to the electron spectrum recorded at 2.3 keV and the transitions

identified in Refs. [33, 34]. The KK/K ratio is determined from the intensity ratio of

the hypersatellite transition 1s−2 → 1s−12p−2 (2D) to the diagram transition 1s−1 → 2p−2

(1D) after scaling the Auger branching ratios to the double and single photoionization cross

sections. The measured KK/K ratios are compared with calculations on He-like Ne8+ using

the R-matrix with pseudostates (RMPS) method [37]. This RMPS method was employed

because it has been successfully applied to calculations of two-electron photoexcitation and

double photoionization of He and endohedral He@C60 [37–39]. Here we apply the RMPS

method to double K-shell photoionization of He-like Ne8+ to compare with the present

measurements on neutral Ne and with RMPS calculations for He and He-like Be2+.

We also measured the variation with photon energy of the ratio of the satellite Auger

transitions 1s−12p−13p→ 2p−2 to the diagram transition 1s−1 → 2p−2 (1D). In addition, the

double core-hole transitions 1s−23p→ 1s−12p−2(2D)3p and 1s−23s→ 1s−12p−2(2D)3s which

are observed in the Auger spectrum [33, 34] induced by 2.3 keV x-rays are not observed

above background in the 6-8.5 keV x-ray energy range since the cross sections for producing

them are too small in that region. In summary, the observed intensities of Auger lines from

different inner-shell vacancy states and their ratios clearly demonstrate significant variations

with x-ray energy.
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Using the multiconfiguration Dirac-Fock (MCDF) method, Chen calculated Auger transi-

tion rates and fluorescence yields for double-K -hole states of Ne and selected higher-Z atoms

[40]. More recent calculations of double core hole states and Auger decay transitions of Ne

are reported in Refs. [41–44]. In one of the first experiments using ultraintense femtosecond

x-ray free-electron lasers, double K -shell ionization of Ne was produced by sequential ab-

sorption of two photons from the same pulse prior to Auger decay of the first core hole [45].

We note that the KK/K measurements and calculations reported in the present paper are

for the case of single photon absorption in the weak-field regime where the production of

KK and other multi-electron hole states is effected only via electron correlation.

Section II of this paper describes the experimental instrumentation and methods, Sec-

tion III describes the theoretical and calculational methods, and Section IV discusses the

measured and calculated results. Conclusions and suggestions for future research are given

in Section V.

II. EXPERIMENT

Two sets of measurements of the Ne Auger spectrum were recorded using Scienta EW4000

hemispherical electron analyzers. Measurements over the 2.3-6.5 keV x-ray range were made

using a Si(111) monochromator with bandwidths <1 eV on the GALAXIES beamline at the

SOLEIL synchrotron facility [46]. Measurements at higher x-ray energies, 6-8.5 keV, were

made using a Si(111) monochromator with bandwidths 1.1-1.6 eV on beamline 7-ID at the

Advanced Photon Source (APS) [47]. Figure 1 shows an overview of the Auger spectrum

obtained by summing the six measurements made at 6.0, 6.5, 7.0, 7.5, 8.0, and 8.5 keV at the

APS. The spectrum in Fig. 1 is dominated by the diagram transitions 1s−1→ 2p−2 (1S0) and

(1D2) [48]. Expanding the scale by ×1000 reveals the hypersatellites and other satellites in

the 810-890 eV range that are identified in Refs. [33, 34]. The Auger electron measurements

made at SOLEIL and APS used the same spectrometer parameters, 200 eV pass energy

with a 0.5 mm entrance slit over 800-890 eV with 0.05 eV steps, as was used for the 2.3 keV

measurements reported in Refs. [33, 34]. To check for variations of the detection efficiencies

of the electron spectrometers, measurements over the 800-890 eV kinetic energy range were

made using Ar 1s photoelectrons at SOLEIL and Kr 1s photoelectrons at APS. Significant

variations of the detection efficiencies were not found, so no corrections were made to the Ne
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data. We note that the Ne+ 1s12s22p6 and Ne2+ 1s02s22p6 states produced by single- and

double-K-shell photoionization, respectively, are both spherically symmetric, i.e. unaligned.

The diagram and hypersatellite Auger transitions are therefore ejected isotropically and their

intensity ratios are unaffected by angular distribution effects [49]. More generally, however,

K−2V and K−1L−1V initial states could be aligned and their Auger transitions could eject

electrons with nonzero anisotropy parameters β [49]. The entrance lenses of the electron

analyzers were parallel to the x-ray polarization, i.e., at a polar angle of 0◦, at both the

SOLEIL and APS beamlines. Nonzero β parameters would therefore affect the intensities

of detected electrons. We rely on the detailed analysis of Refs. [33, 34] for assignments of

the initial and final states of the Auger transitions studied in the present paper.
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FIG. 1: (Color online) Auger-electron spectrum of Ne obtained by summing measurements made

at six photon energies between 6 and 8.5 keV. The diagram Auger lines K −L2,3L2,3
1S0 and 1D2

are indicated at 800.6 eV and 804.3 eV, respectively [48]. The energy region between 810 - 890

eV is scaled by ×1000 to show the structure from KK hypersatellites and other Auger transitions

from multi-electron hole states [33, 34]. The blue curve under the structure expanded by ×1000 is

a fit to the Lorentzian tail of the 1D2 peak.

Figure 1 shows a curve below the satellite structure from fitting the Lorentzian tail of
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the (1D2) diagram peak. Lorentzian tails were subtracted from all of the Auger spectra to

obtain satellite spectra such as plotted in Fig. 2. Figure 2 compares the satellite spectrum

summed over the 6-8.5 keV measurements plotted in Fig. 1 with a new 2.3 keV spectrum

recorded at the GALAXIES beamline. The satellite spectra in Fig. 2 are in good overall

agreement with the 2.3 keV spectrum analyzed in Refs. [33, 34]. Three peaks in Fig. 2(a)

are labeled A: 1s−12p−13p → 2p−2, B: 1s−2 → 1s−12p−2 (2D), and C: 1s−23p → 1s−12p−2

(2D)3p and 1s−23s → 1s−12p−2 (2D)3s. Peak A consists of two closely spaced transitions,

namely the dominating transition 1s−12p−1(H)3p → 2p−2 (1D) at 841.7 eV and the less

intense transition 1s−12p−1(L)3p → 2p−2 (1S) at 841.4 eV [34]. The initial states of peak A

are 2p → 3p shakeup states of single K -shell photoionization [50] with different coupling of

the 1s and the 2p holes, namely to a singlet (H) and a triplet (L) [34]. For simplicity in the

following discussion we label the two overlapping transitions 1s−12p−13p → 2p−2. Peak B

at 870.4 eV is the strongest hypersatellite [34]. Peak C consists of two transitions at 880.6

eV and 881.7 eV with initial states in which a 1s electron is ejected and a second 1s electron

is shaken up to a 3p or 3s orbital [33]. Comparison with the 6-8.5 keV spectrum in Fig. 2(b)

shows that the relative heights of peaks A and B have changed and peak C is not observed.

Peak fitting procedures were used to determine the relative intensities of the 1s−1 → 2p−2

(1D) diagram line, the 1s−12p−13p → 2p−2 Auger satellites, and the 1s−2 → 1s−12p−2 (2D)

hypersatellite. As discussed in Ref. [33], a novel postcollision interaction effect produces an

asymmetric line shape of the hypersatellite, so an asymmetric fitting function was used to

determine its peak areas.

III. THEORY

For the present double photoionization calculations, the well-developed R-matrix

method [51], as implemented in the popular “Belfast” version of Fortran codes [52–54],

is applied. These codes have been used extensively over decades to treat numerous elements

and ionization stages of the periodic table, to benchmark experiment and produce atomic

collision data for astrophysics and fusion applications. The normal R-matrix approach is to

consider the close-coupling equations [55] arising from a free or valence electron coupled to

an ionic target state, allowing the treatment of single-ionization processes.

Even in early atomic R-matrix calculations [56], however, it was realized that an expanded
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FIG. 2: (Color online) Ne satellite and hypersatellite Auger spectra measured at (a) 2.3 keV x-

ray energy and (b) the sum of six spectra over 6 - 8.5 keV. The peaks labeled in panel (a) are

identified in Ref. [34] as A: 1s−12p−13p → 2p−2, B: 1s−2 → 1s−12p−2 (2D), and C: 1s−23p →

1s−12p−2(2D)3p and 1s−23s → 1s−12p−2(2D)3s.

basis of atomic orbitals consisting of the usual physical orbitals, augmented by additional

pseudoorbitals, could be used to model more accurately the electron-ionic target interac-

tions. Appropriately optimized pseudoorbitals can be used to simulate a second continuum

electron, giving an approximate representation of a two-electron final-state wavefunction.

No reliable quantitative calculations were then possible, however, because of computational

limitations.

In the 1990s there was a huge resurgence in the study of double photoionization of helium,

both experimentally and via several independent theoretical methods (see, for instance, a

comprehensive review at the time [57]). One of the theoretical methods to get renewed at-
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tention was the so-called R-matrix with Pseudostates (RMPS) method, originally attempted

thirty years earlier [56]. A successful application for treating double photoionization was

first carried out by Meyer and Greene using the eigenchannel R-matrix codes [10]. Later

applications using the Belfast R-matrix version were then achieved by Bartschat and cowork-

ers [58–60] and independently by Gorczyca and Badnell [37], giving reasonable double pho-

toionization results in line with the eigenchannel R-matrix results [10] and experimental

measurements [6]. The Belfast RMPS method [37] is used in the present studies.

RMPS calculations have been applied first and foremost to the double photoionization

of helium [37–39], where convergence studies have been carried out, and the importance

of an appropriate orbital basis representation has been revealed. A pseudostate Laguerre

basis [37] used in this work is a discrete representation of the second continuum electron, and

unphysical pseudoresonance oscillations occur as a result of this finite basis. Nevertheless,

the unphysical artifacts can be minimized by using a larger “box” for the pseudoorbitals to

increase the pseudostate density in energy, but then many more such orbitals are required

to allow representation at higher energies. The optimum approach is to settle on the largest

orbital basis that is computationally feasible for the available computational ability, and

then optimize the “box” size that contains the pseudoorbitals, which can be facilitated

easily by changing the default λ-parameter of the e−λr factor in the Laguerre basis. These

considerations come into play when discussing the computed cross sections in the following

results section.

The RMPS method has also been used to treat other quasi-two-electron cases [39, 61–64]

by treating only two outer-shell active electrons outside a frozen inner-shell core. For that

case, the average effect of the inner-shell electrons is considered for the ionization of the

outer two electrons, but no electron promotions from those inner-shell electrons is included.

For the present case of 10-electron neon, considering the two inner-shell 1s electrons as

active instead, we make the approximation that the double photoionization occurs entirely

within the inner K-shell and is so well separated from the outer L-shell 2s and 2p electrons

that we can completely ignore the L-shell electrons altogether. That is, the double K-

shell photoionization of 10-electron neutral Ne is here modeled theoretically as the double

photoionization of 2-electron (pure He-like) Ne8+, disregarding all 8 outer L-shell electrons

altogether. Single and double photoionization cross sections, discussed in the following

section, were generated using essentially an identical approach as for the earlier He RMPS
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calculations [37–39] except that the nuclear charge is changed from Z = 2 to Z = 10.

At this point, it is worthwhile to discuss the expected validity of the theoretical ap-

proximation, which is to assume that the K-shell photoionization can be simulated using

a two-electron, ten-proton helium-like Ne8+ model. Our first approach was to consider an

R-matrix approach including all ten electrons as active. However, the deeply-bound nature

of the 1s22s22p6 neutral neon initial state, relative to the final, doubly-ionized 1s02s22p6

final ionic state of Ne2+, led to numerical difficulties that have not been solved yet and are

part of a continuing investigation into this and other double-K-shell ionization studies. A

third approach, intermediate to the present Ne8+ model and a fuller 10-electron treatment

and also a part of that same ongoing investigation, is to treat the eight 2s and 2p L-shell

electrons as forming a spherically-symmetric charged Gaussian sphere of charge q = −8e,

giving an effective, independent-particle approximation (IPA) electric field

E(~r) =
e2

4πε0

1

r2

(
+10−

∫ r

0

4πr2 dr
[
2R2

2s(r) + 6R2
2p(r)

])
,

where Rnl(r) are the radial wavefunctions for the 2s and 2p electrons. This screened IPA

potential electric field gives rise to a corresponding modified electric potential that can be

included in the R-matrix inner-region Hamiltonian. Nevertheless, it needs to be stressed

that the present two-electron dynamic model is expected from the outset to be a fairly good

approximation to the 10-electron neon case due to the significant spatial distributions of the

two K-shell electrons and the eight L-shell electrons; the double K-shell ionization largely

takes place near a ten-proton nucleus long before the two photoelectrons emerge from the

K-shell, through the L-shell, to r →∞.

IV. RESULTS AND DISCUSSION

A. Experimental Results

From peak fitting, the relative areas of the Auger satellite and hypersatellite peaks labeled

A and B in Fig. 2 with respect to the 1D diagram line in Fig. 1 are plotted vs. x-ray energy

in Fig. 3. Note that the Auger rates of the hypersatellite are about 3 times larger than for

the Auger satellite, although the peak intensities in Fig. 2 are rather similar. This is mainly

due to a significantly different lifetime broadening [33]. Both ratios show a gradual rise with

energy and broad maxima. The hypersatellite/diagram ratio shows a larger variation with
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FIG. 3: (Color online) Ratios of Auger transition rates over the 2.3-8.5 keV x-ray energy range.

The ratio of the hypersatellite transition 1s−2 → 1s−12p−2 (2D) to the diagram transition 1s−1 →

2p−2 (1D) is plotted as blue squares. The ratio of the satellite transitions 1s−12p−13p → 2p−2 to

the diagram transition 1s−1 → 2p−2 (1D) is plotted as red circles. The error bars are determined

from uncertainties in the peak fits.

energy and a different shape than the Auger-satellite/diagram ratio. Also, as noted earlier,

peak C in Fig. 2 from the 1s−23p and 1s−23s shakeup hole states is not observed in the 6-8.5

keV range. While peak C is clearly observed at 2.3 keV, both here and in the measurements

of Refs. [33, 34], its intensity decreases with increasing x-ray energy until it is indiscernible

from background at approximately 5 keV. It is thus clear that the photoionization cross

sections for these shakeup hole states decrease more rapidly with energy than the hole

states shown in Fig. 3, thereby showing that different electron correlations, with different

energy dependences, are involved in the photoionization processes that produce the various

initial hole states.

To convert the hypersatellite/diagram ratios to KK/K cross-section ratios, the branching

ratios from 1s−2 and 1s−1 hole states to the respective final states are needed. We follow

the procedure used in Ref. [32] with the exception of using the measured branching ratio,

0.549(16), of the 1s−2 → 1s−12p−2 (2D) hypersatellite transition from Table II of Ref. [34].
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As in Ref. [32], we estimate the single-Auger yields for 1s−2 and 1s−1 hole states to be

0.9267(21) and 0.90(5), respectively. We also use 0.6086(15) from Ref. [48] as the single-

Auger branching ratio for the 1s−1 → 2p−2(1D) diagram transition. This results in a scale

factor of 1.1414 to convert Auger hypersatellite/diagram intensity ratios to KK/K cross-

section ratios. The measured and calculated KK/K ratios are plotted in Fig. 4, but we defer

discussion of the results to Section IV C after the calculations are discussed in more detail.

The uncertainties on the KK/K measurements in Fig. 4 are the combined uncertainties

from the hypersatellite peak fits and the uncertainty in the scale factor.
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FIG. 4: (Color online) Double-to-single K -shell photoionization cross-section ratios measured over

2300-8500 eV (blue squares) compared with theoretical ratios (red curve) from R-matrix with

pseudostates (RMPS) calculations of He-like Ne8+. The RMPS curve has been shifted to lower

energy by 695 eV to correct for the difference in the double K-shell ionization energies of 10-electron

Ne (1863 eV [31]) and of Ne8+ (2558 eV [65]).

B. Theoretical Results

The orbital basis included 114 orbitals spanning from 1s, 2s, and 2p physical orbitals

to 3s, 3p, ..., 30d, 30f pseudoorbitals, i.e., up through nmax = 30 and lmax = 3. Given this

fairly large orbital and configuration basis size, it is quite important to choose appropriate
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FIG. 5: (Color online) Double-to-single K -shell photoionization cross-section ratios computed from

R-matrix with pseudostates (RMPS) calculations of He, showing an expanded photoelectron energy

range of applicability as the R-matrix box size, RA (in a.u.), is varied via the parameter λ of the

e−λr factor in the Laguerre basis. The higher-energy range of applicability as λ is increased, and

the box size is decreased, for a given basis size of 114 physical orbitals and pseudoorbitals (right),

is countered by an increase in unphysical pseudostate oscillations near threshold (left).

pseudoorbitals, with moderation through the λ-parameter used to constrict the radial range

of the Laguerre orbitals. As seen in Fig. 5 for double photoionization of He, when the λ-

parameter is varied from 1 to 3, there is a corresponding shrinking of the R-matrix radius

(the “box” size), allowing a dense enough representation to higher energy at the expense

of yielding a less-dense mesh near threshold. For λ = 1, a containing atomic box of radius

RA = 76 a.u. gives a cross section that is essentially smooth near threshold, but the

representation breaks down at a photon energy of 200 eV — less than the full energy range of

the neutral Ne experiment. By setting λ = 3 instead, the box size is reduced to RA = 25 a.u.

and reliable double photoionization cross sections are calculated up to about 1400 eV, at

the expense of increasing somewhat the unphysical oscillations near threshold.

To understand this behavior most easily, consider the energy levels and energy density of a

one-dimensional infinite square well of width L (a simplified model of an atomic interaction):
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E =
h2

8m

n2

L2

and

ρ(E) = dn/dE =
L

h

√
2m/E =

4m

h2
L2

n
,

where h is Planck’s constant. From the energy density expression, it is easily seen that, for

any principal quantum number n that counts the number of nodes of the various orbitals,

the energy density is greater for larger box sizes L. On the other hand, the energy expression

evaluated at the highest orbital n = nmax = 30 is reduced as L is increased, meaning the

expansion is only valid up to a smaller maximum energy. As seen in Fig. 5, shrinking the

box from 76 a.u. to 25 a.u. decreases the energy density near threshold, and increases the

pseudoorbital oscillations in between the sparser energy levels, but it also allows an expanded

energy range of applicability, from 200 eV to 1400 eV. Regarding other convergence factors,

an earlier study of oxygen double photoionization [39] looked first at He and demonstrated

that unphysical oscillations can also be reduced by increasing the number of pseudoorbitals

and continuum functions for a given box size RA = 75 a.u., showing that large oscillations

for nmax = 12 were reduced to essentially a smooth cross section for nmax = 30.

As a final note, the extension to higher energy via an increase of the screening parameter

λ has been demonstrated in Fig. 5 for He, versus the present case of Ne8+, because the

available experimental data for He [5, 66] extends to higher scaled photon energies than for

Ne8+ (see the further energy scaling discussion below), and so it was necessary to extend to

λ = 3 in order to extend the applicability of the RMPS method to span the range of the

He experimental energy data. The present Ne8+ experimental results, on the other hand,

extend instead up to a photon energy for which it was possible to obtain reliable RMPS

results for λ = 2, which is used from here on. Since the energies have a Z2 scaling factor, the

energy range applicability between neutral He and Ne8+ cannot be compared directly, but

the same general behavior of extending to higher energies via increased λ applies to Ne8+

as well as for He.

C. Comparison of Experimental and Theoretical Results

Having established a reliable set of orbitals for He, the exact same orbitals, optimized

instead on a two-electron, 10-proton He-like system, and the exact same configurations
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are used for the Ne8+ double photoionization calculations. Cross sections are shown in

Fig. 6 for single K-shell photoionization, photoionization-excitation to n = 2 and n = 3,

and double photoionization, which is determined by summing the partial photoionization-

excitation cross sections to all pseudostates with energies above the double ionization thresh-

old of 2558 eV [65]. The double photoionization cross section of Ne8+ computed using the

Intermediate-Energy R-matrix method (IERM) [18], which has been smoothed via a seventh-

order polynomial fit, is seen to agree with the present RMPS results. Also shown are the

compiled data from Hartree-Slater calculations [67] for the background (resonance-free) 1s

photoionization that align quite well with the present R-matrix cross section away from

resonance. Note that the direct 1s photoionization cross section is two orders of magnitude

greater than the photoionization-excitation cross sections, so that the double-to-single ratio

computed here — the double photoionization cross section divided by the direct 1s cross

section — would not be changed much by also including the other channel contributions in

the denominator.

The measured and calculated double-to-single cross section ratios are plotted in Fig. 4

after shifting the RMPS curve by -695 eV to correct for the difference in the double K-shell

ionization energies of 10-electron Ne (1863 eV [31]) and of Ne8+ (2558 eV [65]). The shapes

of the energy variations are similar, but the measured ratios exceed the calculations. A

possible explanation for this discrepancy is the additional shielding provided by the eight

L-shell electrons that are not included in the RMPS calculations for He-like Ne8+. Similar

differences between measured KK/K ratios of neutral atoms and calculations on He-like

ions of Mg, Al, and Si were reported by Hoszowska et al. [24]. To explore the effects of

outer shell electrons, Kheifets et al. [25] derived a K-shell double photoionization scaling

curve for neutral atoms and Yerokhin et al. [26] calculated double K-shell photoionization

cross sections of neutral medium-Z atoms. The KK/K results for Ne plotted in Fig. 4 offer

another example for investigation of the effects of outer-shell electrons.

In order to obtain a more meaningful comparison between the experimental KK/K ratio

for 10-electron neutral Ne with the computed two-electron Ne8+ ratio, it is useful to first

investigate the behavior of the ratio along the He-like isoelectronic sequence. Consider first

the onset energy for double K-shell photoionization of a He-like atom. It is well known [68]

that a variational calculation for the total binding energy of two electrons to a nucleus of

charge +Z, using a two-electron trial wavefunction of the form e−(Z−s)r1e−(Z−s)r2 , yields
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FIG. 6: (Color online) Single and double K -shell RMPS photoionization cross-sections for He-like

Ne8+, showing characteristic pseudoresonance oscillations in the weaker double photoionization

cross section, which is computed by summing the partial photoionization-ionization cross sec-

tions to all final target channels with energies lying above the Ne8+ double ionization channel of

2558 eV [65]. The double photoionization cross section is shown using both the length and velocity

forms of the dipole operator, indicating a high degree of reliabilty in the computed accuracy, within

the finite and discrete pseudostate representation of the second ionizing electron. Also shown are

IERM double photoionization cross sections [18] and Hartree-Slater 1s photoionization cross sec-

tions [67].

an optimized value of the 1s − 1s screening parameter s = 5
16

= 0.3125, giving a fairly

good Z-scaling approximation of a factor of (Z − s)2 for the double ionization threshold.

(An improved screening parameter s = 0.291 was found to fit the data best for the scaled

ionization threshold). The cross section ratio scaling, on the other hand, involves the ratio

of two ionizations to one ionization. Now the double ionization process can only occur

via correlation, i.e., the electron-electron interaction term in the many-body Schroedinger

equation. Thus, if the Schroedinger equation is recast with ri → Zri and E → E/Z2,
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the equation is invariant except for the electron-electron term which acquires a factor of

1/Z. This means that the correlation and the matrix element causing the double ionization

scales as 1/Z compared to the single ionization so that the cross section ratio itself scales

as 1/Z2 [19]. Indeed, the scaled ratios vs. scaled photon energies plotted in Fig. 7 for

He, Be2+, and Ne8+ show remarkably close agreement, becoming nearly identical for larger

Z as seen by comparing the curves for Be2+ and Ne8+. The obvious scaling seen here

suggests a simple way to view the comparison between the actual neutral neon double K-

shell photoionization and the Ne8+ RMPS approximation; the actual 10-electron neon case

is surely screened to some extent by the additional 8 L-shell electrons. If we choose the

secondary screening parameter due to the 8 L-shell electrons as sL = 1.1, then scaling the

energies by 1/(Z − sL − s)2 = 1/(8.9 − s)2 and the ratios by (Z − sL)2 = (8.9)2 aligns the

scaled threshold energies extremely well but brings the scaled ratio to a value closer to He

than Ne8+. This suggests that the scaling parameter relationships for the energies and ratios

themselves behave somewhat differently for neutral Ne, most likely due to the additional 8

L-shell electrons introducing more complicated effects.

In a general sense, the problem of the contribution of outer electrons to inner-shell pho-

toionization has been studied some decades ago. This earlier work showed that single ioniza-

tion cross sections of inner shells were hardly affected by the removal of outer shell electrons;

see, e.g., [69] and references therein. The understanding of this phenomenology was based

upon Gauss’s Law and the fact that 〈r〉 for outer subshells is very much larger than for inner

subshells. From a numerical point of view, the screening described above is extremely small.

For the double ionization, similar considerations should apply.

V. CONCLUSION

The ratio of double to single K-shell ionization of the Ne atom has been measured over a

broad range of x-ray energies using high-resolution Auger electron spectroscopy to pinpoint

the vacancies produced by the incident x-ray. In addition, calculations were performed using

the R-matrix with pseudostates methodology on Ne8+ in which the pseudostates mocked up

the second electron in the double-ionization process. Despite being performed on Ne8+, the

calculations were in rather good agreement with the experimental results on neutral Ne in

both magnitude and energy dependence. This implies that the 8 L-shell electrons of the Ne
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FIG. 7: (Color online) Scaled double-to-single K -shell photoionization cross-section ratios for He

and He-like Be2+ and Ne8+, compared to earlier He experiments (Z = 2, double cross section [6]

divided by single 1s Hartree-Slater results [67]) and present Ne experimental ratios (Z = 8.9).

The effective 1s − 1s mutual K-shell screening parameter of s = 0.291 was used rather than the

variational calculated result of s = 0.3125 [68].

atom have relatively little to do with the KK/K ratio in Ne and, by extension, in other

heavier atoms. Of course, it would be extremely useful to extend the calculations to the

10-electron system to understand in detail the roll of the L-shell electrons.

Based on the present results and previous experimental and theoretical results, it was

found that, to an excellent approximation, the KK/K ratio scales as 1/Z2. This scaling was

explained theoretically based on the relative magnitude of the electron-electron correlation

term in the Hamiltonian vs. the electron-nuclear potential. Given this scaling, it would be

most helpful to look at the situation for higher-Z atoms to corroborate the understanding of

this scaling. It would also be of interest to go to heavier systems to examine the possibility

of relativistic interactions altering the systematics.

In addition to the double ionization KK channels observed experimentally, satellite chan-
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nels, e.g., 1s−12p−13p (shakeup) and 1s−23p (shakeoff + shakeup) were observed along with

their energy dependence; it was found that the various satellite channels exhibited rather

different energy dependences. Since satellite photoionization channels are only possible be-

cause of the electron-electron interaction, i.e., due to correlation, it is evident that the effects

of the correlation can be very different in the various satellite transitions. A more detailed

study of these satellite photoionization channels associated with K-shell ionization in Ne and

other atoms should yield a wealth of information of many-body interactions in photoionizing

transitions.
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[33] G. Goldsztejn, T. Marchenko, R. Püttner, L. Journel, R. Guillemin, S. Carniato, P. Selles,

O. Travnikova, D. Céolin, A. F. Lago, et al., Phys. Rev. Lett. 117, 133001 (2016).
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