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Abstract

The 1s — np Rydberg transitions below the 1s ionization thresholds of Kr and Xe are obscured in
x-ray absorption spectra due to core-hole lifetime broadening. However, the np spectator electrons
associated with those resonances can affect the core-hole decay spectra. We report on ion charge-
state distributions of Kr and Xe measured in coincidence with KLp3 (Kai12), KMo3 (KB13)
and KNo3 (Kf2) x-ray fluorescence as the incident x-ray energy is scanned through pre-edge
resonances and ionization thresholds. The coincidence measurements select vacancy cascades that
begin with a radiative transition that transfers 1s holes to the 2p, 3p, and 4p shells followed by
emission of Auger electrons. We observe shifts of ion yields from higher to lower charge states
that we attribute to np spectator electrons. For the special case of Kr'* that is produced in
coincidence with K (s x rays, the ion yield decreases in the pre-edge region. This is attributed
to production of neutral, metastable Kr 4p~'np states that reduce the Kr'* yield. Model fits
to the x-ray absorption spectra are presented to show the lifetime broadened pre-edge resonances
and ionization thresholds. High-level relativistic coupled-cluster calculations that treat relativistic,
electron correlation, and wavefunction relaxation effects on the same footing obtain agreement with
the experimental 1s ionization energies of Kr and Xe to <2 eV. The Xe K-edge x-ray absorption
spectrum and ion charge-state distributions of XeFy were also recorded. Excitation of the 7oy,
lowest unoccupied molecular orbital (LUMO) in XeFs is observed in the pre-edge region. Our ab
initio calculations find that the 6p, Rydberg state is strongly perturbed by the presence of the 7o,
LUMO. A fit to the measured LUMO, 6p, 6py, 6p. Rydberg states, and ionization threshold is
guided by the relativistic coupled-cluster calculations. The F ligands modify the valence electron
charge distribution and result in a ~2.3-eV chemical shift of the Xe 1s ionization energy relative
to atomic Xe. Xe 1s™! core-hole decay in XeF5 results in ionization of the F ligands and energetic
fragmentation into atomic ions. Ion charge-state spectra of XeFs were recorded in coincidence with
x-ray fluorescence for excitation on the LUMO resonance and above the Xe 1s ionization threshold.
For the ion time of flight spectra recorded on the LUMO resonance, the F¢T (q=1-4) peaks are
split into two peaks along the linear polarization direction of the incident x-ray beam. This effect
is attributed to spatial alignment of XeFy molecules by resonant x-ray absorption, and the peak
splittings are used to measure the F ion fragmentation energies following Ko 2, K313, and K33 x-
ray fluorescence. We observe variations of the F ion charge state yields and fragmentation energies

for the three fluorescence pathways that leave the molecule in different outer-shell hole states.
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I. INTRODUCTION

It is well established that photoionization and core-hole decay of inner-shell electrons
near threshold exhibit phenomena that require a theoretical description in which the pho-
toionization and core-hole decay are treated as a single quantum process referred to as reso-
nant Raman scattering [1-5]. In radiationless decay, post-collision interaction (PCI) among
the photoelectron, Auger electron, and nascent atomic ion results in energy exchanges be-
tween the two continuum electrons and even recapture of slow photoelectrons into Rydberg
states [6-8]. Radiative decay in the near threshold region is referred to as resonant inelastic
x-ray scattering (RIXS) and couples the resonant core-excited and final states [9-11]. High-
resolution RIXS can be used to obtain electronic and structural information on transition
metal complexes [12] and on excitations in complex materials [13].

Observing resonance and threshold effects at the K-edges of heavier atoms is hampered

by lifetime broadening of the 1s71

core holes that obscures pre-edge resonance structure.
As the core-hole width increases, the 1s — np Rydberg transitions become less visible as
shown in the x-ray absorption spectra of Ne, Ar, Kr, and Xe [14-17] for which the K-hole
level widths (in eV) are 0.27, 0.656, 2.714, and 11.49, respectively [14, 18]. One way to
observe pre-edge resonances despite lifetime broadening is to combine high-resolution x-ray
absorption and x-ray emission spectroscopies to record RIXS scans [2, 12, 19]. Coincidence
measurements among the ejected electrons, photons, and ions help to unravel complex core-
hole decay pathways, as demonstrated in a recent study of Ar K-shell photoionization [20].
In the present work, our goal is to observe effects of pre-edge K-shell resonances on core-
hole decay measurements in Kr, Xe, and XeF;. We use a high-resolution x-ray beamline
to tune the incident photon energy across the pre-edge and threshold regions and x-ray/ion
coincidence spectroscopy to select decay pathways that begin with a radiative transition
followed by series of Auger transitions that produce ion charge states. In Kr and Xe, we
explore the effects on charge state distributions of spectator electrons associated with 1s —
np transitions. In XeF's, decay of Xe 1s hole states leads to ionization of the F ligands, charge
spreads across the molecule, and it dissociates into three atomic ions. Figure 1 illustrates
the processes involved, i.e., x-ray absorption, x-ray emission, Auger decays, charge transfer,
and ion fragmentation. The present work extends earlier x-ray/ion coincidence studies

of Kr [21, 22] and another of Xe and XeF, that focused on charge production, charge



distribution, and the effects of interatomic Coulombic decay [23]. The present results were
recorded with an improved apparatus and focus on pre-edge resonances in the atoms and
molecule. The measurements are supported by high-level ab initio relativistic calculations
of inner-shell excitation and ionization energies and transition strengths.

The physics of core-hole decays has practical significance to understanding mechanisms
of x-ray damage in molecules and materials. Also, the therapeutic effects of energetic photo-
electrons and Auger electrons from x-ray ionization of heavy atoms injected into tumors are
being investigated in medical radiotherapy applications [24, 25]. In recent years, a new chap-
ter has opened in studies of inner-shell photoionization with the use of intense, femtosecond
x-ray pulses that interact nonlinearly with atoms and molecules by sequential absorption of
multiple photons in competition with core-hole decays [26-29]. Recent theoretical work on
calculating ionization dynamics in the ultraintense x-ray regime have focused attention on
resonance and relativistic interactions [30, 31]. The experiments discussed here use single
x-ray photoionization of heavy atoms with an emphasis on pre-edge resonances and near-
threshold ionization. Obtaining accurate electronic structures and transition strengths to
calculate x-ray absorption spectra of molecules remains a formidable challenge [32]. Here
we employ equation-of-motion coupled cluster (EOM-CC) methods [33-37] within the core-
valence separation (CVS) scheme [38, 39]. The CVS-EOM-CC methods have recently been
shown to yield highly accurate results for 1s ionization energies of the second-row elements
[40]. Using the CVS-EOM-CC methods together with relativistic Hamiltonians [41], we have
calculated the Kr 1s ionization energy in Kr and the Xe 1s ionization energies in Xe and
XeF,. We have also calculated the excitation energies and oscillator strengths of the 1s —
70, lowest unoccupied molecular orbital (LUMO) and 1s — 6p,, 6p,, 6p, Rydberg states in
XeFs.

Section IT of this paper describes the x-ray absorption and x-ray/ion coincidence in-
struments and methods. Section III presents the theoretical considerations, computational
methods, and results. The measurements and comparisons with theory are discussed in

Section IV and conclusions are given in section V.
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FIG. 1: Hlustration of inner-shell photoionization and core-hole decay processes in XeFo molecules.
X-ray absorption ejects a 1s electron from the Xe atom. The present experiments select core-hole
decay processes that begin with an x-ray emission step that transfers the 1s hole to 2p, 3p, or 4p
holes. Series of Auger decays from those hole states lead to ranges of final charge states. Auger
decays involving delocalized orbitals and charge transfer from Xe to the F sites spreads charge
across the molecule. The molecular ion is unstable due to Coulomb repulsion and dissociates into

energetic atomic ions.
II. EXPERIMENTAL METHODS

The experiments were performed at beamline 7-ID of Argonne’s Advanced Photon Source
(APS) [42]. For Kr K-edge measurements near 14 keV, the undulator’s 3rd harmonic was
used with the 111 reflection of the diamond double-crystal monochromator. For Xe and
XeFy K-edge measurements near 34 keV, the undulator’s 5th harmonic was used with the
diamond 333 reflection. For the 34 keV measurements, a thin copper filter reduced low-
energy x rays from the 111 reflection. The estimated bandwidths at both Kr and Xe edges
were <1 eV. The energy scales were referenced to the Kr 1s ionization energy of 14327.19
(13) eV and Xe 1s ionization energy of 34565.13 (33) eV [43]. Using horizontal and vertical

slits, the x-ray beam size on target was <1 mm?

. The x-ray/ion coincidence instrument
was an improved version of the setup used previously [23]. The ion time-of-flight (TOF)
instrument has a larger number and larger size of ion extraction and acceleration elements
and a longer drift tube. This gives a more versatile instrument with increased mass/charge

resolution and better collection of energetic fragment ions. Static potentials are placed

on the ion optical elements and the ions are detected with microchannel plates. The Ge
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FIG. 2: X-ray emission spectrum of Kr measured with a SiLi detector. The energies and relative

intensities of the KLy 3 (Ka12), KMo3 (KB13), and KNy 3 (K[32) transitions are listed in Table I.

x-ray fluorescence spectrometer used in Ref. [23] was replaced by a SiLi detector having
better resolution but decreased efficiency at higher x-ray energies. The SiLi detector and
ion spectrometer are positioned opposite each other with the x-ray beam and effusive gas
jet between. The flight axis of the TOF spectrometer is along the x-ray linear polarization
direction. An event-mode data acquisition system recorded the fluorescent x rays and ions in
coincidence. For the molecular target, multiple fragment ions were measured in coincidence
with the x-ray fluorescence. Events were triggered by detection of a fluorescent x ray. To
improve the ion TOF resolution, the Silii pulses were referenced to the RF clock of the
storage ring. The storage ring contained 24 electron bunches spaced by 153 ns with a total
current of 102 mA. A wait time following a trigger pulse from the SiLi detector allowed the
ion TOFs to be in the us range for high resolution. The isotopic structures of Kr and Xe
were resolved in the ion spectra. In the case of XeF,, the F ion peaks are broadened by
energetic dissociation of the molecular ion as illustrated in Fig. 1. The ion times of flight
can be accurately calculated using the geometry and electric fields of the instrument. The
TOF calculations were used to determine the F ion fragmentation energies.

The x-ray emission spectra (XES) of Kr, Xe, and XeF, recorded with the SiLi detector



TABLE I: Energies and relative intensities of x-ray emission lines of Kr and Xe taken from Ref. [44].

Kr Xe
Line Energy (eV) Relative Intensity (%) Energy (eV) Relative Intensity (%)
Kas 12598 52 29458 54
Kay 12649 100 29779 100
K B3 14104 7 33562 9
Kpq 14112 14 33624 18
KB 14315 2 34415 )

are plotted in Figs. 2 and 3. The XES of Xe and XeF; overlap within the resolution of
the detector and their sum is plotted in Fig. 3. The energies and relative intensities of the
XES transitions taken from Ref. [44] are listed in Table I. The experiments select core-hole
decays that begin with a radiative step that transfers the 1s holes to a 2p, 3p, or 4p hole.
Sequences of Auger decays from those hole states lead to ranges of final charge states. In
the XeF5 case, Auger decays from delocalized orbitals and charge transfer from Xe to the
F ligands spreads charge across the molecule and it dissociates [23, 45, 46]. To obtain ion
spectra in coincidence with particular XES transitions, the event files were analyzed with

filters on selected x-ray energy ranges.

III. THEORY

It is a challenging task to obtain computational results that are sufficiently accurate
to facilitate or even guide the experimental analysis; the scale of the Xe 1s ionization or
excitation energies is as large as 34000 eV, whereas the relative shifts that are targeted
range from a few to 10 eV and constitute only a very small fraction of the total ionization or
excitation energies. The first challenge to address is the treatment of the strong relaxation
of wave functions induced by the removal of a deep inner-shell electron. We have based our
calculations on the core-valence-separated equation-of-motion coupled-cluster (CVS-EOM-
CC) methods [39], which feature systematic improvements for the treatment of electron
correlation and wave function relaxation. In particular, the convergence of the computed

results with respect to the excitation rank can serve to assess the accuracy of the results.



1.2 —

23 Xe & XeF
10 2
0.8 + _
v
[2]
€ 06 -
>
o
o
04| ]
KM
2,3
0.2 + |
KN
2,3
0 L | T | L L |

29 30 31 32 33 34 35
x-ray energy (keV)

FIG. 3: X-ray emission spectrum of Xe and XeFs measured with a SiLi detector. The Xe and
XeFy spectra overlap and their sum is plotted. The energies and relative intensities of the KLo 3

(Kai2), KMa3 (KfB13), and KNy 3 (K f2) transitions are listed in Table I.

It has been shown recently that the errors of CVS-EOM-CC singles, doubles and triples
(CCSDT) results for the K-edge ionization energies of second-row elements are less than 0.5
eV [40]. The present study aims to extend the calculations to heavy elements. The large-scale
CVS-EOM-CCSDT calculations presented here are enabled by the efficient implementation
of the CCSDT and EOM-CCSDT methods by Matthews et al. [47, 48] in the CFOUR
program package [49].

The other major challenge to address in the calculation of Kr and Xe K-edge ioniza-
tion and excitation energies and spectra is the treatment of the strong relativistic effects
on the Kr and Xe 1s electrons, in which the scalar relativistic effects are dominating and
the second-order spin-orbit (SO) effects are relatively small corrections. Considering the
computational costs, the scalar-relativistic two-component EOM-CC calculations are as ef-
ficient as the corresponding non-relativistic ones, while the inclusion of SOC in CC calcu-
lations is computationally demanding due to spin-symmetry breaking. Therefore, we have
adopted a cost-effective scheme consisting of a thorough treatment of the large and com-

putationally cheap scalar-relativistic effects using highly accurate EOM-CC wave functions



and an approximate treatment of the small and expensive SOC effects. Such a treatment
is possible with the rigorous spin separation scheme for the Dirac-Coulomb (DC) Hamil-
tonian, which leads to the spin-free four-component DC (SFDC) approach [50]. Further,
since the positronic solutions of the Dirac equation [41] are of no relevance, the computa-
tional efficiency is further enhanced by using the spin-free exact two-component theory in its
one-electron variant (SFX2C-1e) [51]. The SFX2C-1e scheme decouples the electronic and
positronic degrees of freedom in the one-electron Dirac Hamiltonian in its matrix represen-
tation [52-55]. The combination of the “electrons-only” one-electron Hamiltonian with the
untransformed two-electron Coulomb interaction in the SFX2C-1e scheme leads to both the
prominent computational advantage of involving only the non-relativistic two-electron inte-
grals and the underlying approximations of the neglect of the “two-electron picture change”
(2e-pc) effects [56] in comparison to the SFDC approach. The SFDC and SFX2C-1le cal-
culations presented here are enabled by the efficient implementation of these relativistic
quantum-chemical methods in the CFOUR program [57, 58]. Finally, the Breit term and
quantum electrodynamics (QED) effects make important contributions to the Kr and Xe 1s
orbital energies [59, 60] and will also be considered.

Based on the above considerations, for the Kr 1s ionization energy in Kr and the Xe 1s
ionization energies in Xe and XeF,, we have performed SFX2C-1e-CVS-EOM-CCSD and
CCSDT calculations with the uncontracted ANO-RCC (ANO-RCC-unc) basis sets [61, 62],
except that the uncontracted cc-pVTZ (ce-pVTZ-unc) basis set [63] was used for F in
the CCSDT calculation. The 2e-pc corrections have been obtained as the difference be-
tween the SFDC-EOM-CCSD/ANO-RCC-unc and SFX2C-1e-EOM-CCSD/ANO-RCC-unc
results. The much smaller second-order spin-orbit corrections within the DC Hamiltonian
have been obtained as the difference between X2CAMF [64] and SFX2C-1e Hartree-Fock
orbital energies using the ANO-RCC-unc basis sets. The contributions of the Breit term
and the QED effects (these two are corrections to the DC Hamiltonian) to the 1s ionization
energies have been approximated as the corresponding corrections to the 1s orbital energies
taken from the calculations by Aucar and collaborators [60]. Finally, the nuclear size effects
have been estimated as the difference between the Gaussian nuclear model [65] and the
point-like nuclear model.

In the calculations for the 1s — np Rydberg transitions in Xe and XeFs, two additional
sets of diffuse s-, p-, d-, and f-type functions have been added to the ANO-RCC-unc set

10



for Xe in order to capture the diffuse nature of the Rydberg states [66]. The exponents
of the diffuse functions are obtained by multiplying the smallest existing exponents by a
factor of 1/3. Since the EOM-CCSDT calculations using such basis sets are not feasible,
the triples corrections to the 1s — np excitation energies have been calculated using the
EOM-CCSD with a non-iterative treatment of triples contributions [CCSD(T)(a)*] method
[67]. For the calculation of the 1s — LUMO transition in XeFs, the contributions from
the diffuse functions are negligible. Therefore, the 1s — LUMO transition energies at the
SFX2C-1e-EOM-CCSD and CCSD(T)(a)*/ANO-RCC-unc levels are reported [68]. All the
transition dipole moments and oscillator strengths have been calculated at the SFX2C-1e-
CVS-EOM-CCSD level.

Various contributions to the Kr 1s ionization energy in Kr and the Xe 1s ionization
energies in Xe and XeFy are summarized in Table II. As expected, the scalar-relativistic
effects make significant contributions, 258.2 eV for Kr, 1440.2 eV for Xe, and 1440.3 eV
for XeFy. The one-electron approximation in the SFX2C-le scheme accounts for 96% of
scalar-relativistic effects in the case of Kr and 98% in the case of Xe and XeFs. In spite
of the large absolute values, the scalar-relativistic contributions to 1s ionization energies
appear to be mainly of atomic character; the corresponding contribution to the relative shift
of Xe relative to XeFs is only 0.1 eV. The electron correlation and wavefunction relaxation
contributions at the CCSD level are -49.3 eV for Kr, -61.1 eV for Xe, and -61.3 eV for
XeF,. The triples corrections are one order of magnitude smaller and amount to 3 to 4 eV.
The contribution of electron correlation and wavefunction relaxation to the relative shift
of Xe and XeF, amounts to 0.3 eV and 10% of the total value, which is greater than the
corresponding scalar-relativistic contribution (0.1 eV). The contributions of the Breit term
and the QED effects are rather large in terms of absolute magnitude (-32.7 eV for Kr and
-123.4 eV for Xe). Due to the lack of molecular results, we have used the Xe result for XeFs.
This is expected to introduce only small errors, since the contributions from both the Breit
term and the QED effects to the 1s ionization energies are rather insensitive to the valence
occupations, based on results for Kr, Krt, and Kr?* [59] and those of T and I~ [69]. For
example, the corresponding correction to the Kr 1s ionization energy in Kr differs from that
in Kr* only by 0.1 eV. The SO contributions and the nuclear size effects are relatively small
(-0.3 eV for Kr, -2.9 for Xe and XeF53) but non-negligible.

The experimental determination of the Xe 1s ionization energy of XeF, and its compar-

11



ison with the calculations will be discussed in Section IV C. Here we focus our discussion
on the comparison of the computed Kr 1s and Xe 1s ionization energies with the experi-
mental values. In these calculations, scalar-relativistic effects have already been rigorously
accounted for. Based on the magnitude of the triples contribution (3-4 eV), it seems logical
to conclude that the errors of the CVS-EOM-CCSDT results with respect to the treatment
of electron correlation and wavefunction relaxation are below 0.5 eV. Most of the remaining
error might lie in the approximate treatment of the corrections due to the Breit term and the
QED effects, given the large magnitude of these corrections to the orbital energies. In other
words, the treatment of the coupling between electron correlation and the Breit term as well
as the QED effects might help to further improve the computational results. In addition,
the nuclear size effects of -2.9 eV are only meant to be an estimation of the magnitude. The
rigorous treatment requires to account for the inner structure of the nucleus and is beyond
the available computational techniques. Based on these analyses, the remaining errors of
the computed Xe 1s ionization energies can be estimated to be several eV. Therefore, the

present agreement of around 2 eV between theory and experiment is reasonably satisfactory.

IV. RESULTS AND DISCUSSION
A. Kr K-edge

An ion yield scan across the Kr K-edge is plotted in Fig. 4 along with a model fit to
the 1s — 5p, 6p, 7p, 8p Rydberg states and the 1s~! ionization continuum. Our model
reproduces the fit shown in Ref. [15] and accounts for the ~2.7 eV level widths of 1s-hole
states [18], i.e., the widths of the Lorentzian and arctangent fitting functions. The relative
energy scale is referenced to the ionization energy of 14327.19 (13) eV [43]. To investigate
effects of the pre-edge resonances, ion TOF spectra were recorded in coincidence with Ka; o
and K323 x rays over relative energies of -9 to 3 eV. Sums of the ion TOF spectra are
plotted in Fig. 5 and show that the isotopic structure was resolved. The peak widths are
2-5 ns, and the areas of the 82, 83, 84, and 86 Kr-isotopes were determined by peak fitting.
Those four isotopes account for >97% of the natural Kr abundance [70]. The K3, x rays,
in which the 1s hole is transferred to the 4p shell, are unresolved from the K/ 3 x rays in

the Sili spectrum of Fig. 2. Using the relative intensities listed in Table I, the K5 x rays
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TABLE II: Kr 1s ionization energy in Kr and the Xe 1s ionization energy in Xe and XeFj (in eV).

Kr Xe XeFy
Nonrel Koopmans theorem 14154.4 33317.6 33321.3
Alscalar-rel-1e]? 249.1 1407.2 1407.3
Alscalar-rel-2e]® 9.1 33.0 33.0
A[EOM-CCSD] -49.3 -61.1 -61.3
AT -3.3 -3.8 -3.9
Alnuclear size] -0.3 -2.9 -2.9
A[SOC] -0.3 -2.9 -2.9
A[Breit+QED] -32.7 [60] -123.4[60] -123.4¢
A[Auger shift] -0.256 [59] / /
Total 14326.5 34563.7 34567.2
Experiment 14327.19(13)° 34565.13(33)* 34567.4(8)°

aRef. 43. YThis work. Fixed to the atomic value. ?Difference between SFX2C-1e and

nonrelativistic. ¢Difference between SFDC and SFX2C-1e.

account for ~9% of the K ) 23 transitions. The K 3 transitions only produce Krt, because

!'is the ion ground state and further decays are not possible. The measured average

4p~
charge states are ~4.9 for Ko x rays and ~3.2 for K31 23 x rays in which the initial 1s
hole is transferred to the 2p and 3p + 4p shells, respectively. For comparison, the calculated
average charge states are 4.86 and 3.00 for Ly 3 and M, 3 holes, respectively [71]. Given that
KB 3 x rays produce M3 holes with an average charge state of ~3, in the following we
assume that the Kr* ions are produced by K (3, fluorescence.

Variations of the ion charge state distributions across the pre-edge region are shown in
Fig. 6 where sums of branching ratios are plotted. The branching ratios of higher charge
states decrease while the lower charge state branching ratios increase. The variations are
small but the trends are clear. This effect is attributed to the presence of 5p, 6p, ... spec-
tator electrons produced by photoabsorption in the pre-edge region as suggested by Fig. 4.

A qualitative explanation is to assume that spectator electrons have little effect until the

end of the cascade decay when they either remain attached to the ion, reducing its charge

13
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FIG. 4: Model fit to the Kr K-edge based on the model in Ref. [15]. The energy scale is relative
to the Kr 1s ionization energy of 14327.19 (13) eV [43]. The 1s — 5p, 6p, 7p, 8p Rydberg states
and 1s~! ionization continuum are indicated. A curve showing the sum of the components is fit to

the measured ion yield (open circles).

by one, or undergo a participator-Auger process and produce a low-energy electron. This
scenario was examined in detail in two earlier studies of Kr in which a “spectator cascade
decay” model was developed [21, 22]. The model included estimates of the “sticking proba-
bilities” of the spectator electrons for different Kr ion charge states. The present coincidence
experiments select core-hole decays that begin with a radiative transition followed by series
of Auger transitions. The assumption that Rydberg electrons retain their quantum numbers
in radiative transitions is supported by theoretical treatments of resonant Raman scatter-
ing [1, 5]. In Auger transitions, however, the Rydberg electrons shake to different levels when
the core charge increases [72, 73]. We surmise that the sticking probabilities will depend on
particular combinations of radiative and Auger cascades.

In the special case of Kr* produced by K 35 x-ray emission, the branching ratio decreases
in the pre-edge region as shown in Fig. 7. The measurements are noisy due to the small
radiative yield, but a dip in the branching ratio is apparent. In this case, spectator electrons

that stick to Kr* ions produce neutral, metastable states such as 4p~'5p that lie below the
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FIG. 5: Ion time of flight spectra of Kr measured in coincidence with (a) K313 and (b) Koo

x-ray fluorescence.

4p~! ionization threshold and so they deplete the yield of Kr* ions. Apparently, this process
is larger than the addition to the Kr* yield produced by spectators sticking to Kr?*.

B. Xe K-edge

An x-ray fluorescence yield scan across the Xe K-edge is plotted in Fig. 8 along with
a model fit to the 1s — 6p Rydberg state and the 1s~! ionization continuum. Our model
follows the analysis of Refs. [16, 17] that uses the Z + 1 approximation [15] and optical data
of Cs to place the 1s7'6p Rydberg state 2.4 eV below the ionization energy. Due to the large
level width of 11.49 eV [18], a single peak is used in the model fit to represent all pre-edge
Rydberg states. The relative energy scale is referenced to the ionization energy of 34565.13
(33) eV [43]. Ion TOF spectra were recorded in coincidence with Kay o, K13, and K[y
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FIG. 6: Kr ion branching ratios measured over the K-shell pre-edge and ionization threshold energy
range shown in Fig. 4. Circles: sums of branching ratios for Kr ion charge states 2+ to 4+ and
5+ to 84 measured in coincidence with Ko 2 x rays. Squares: sums of branching ratios for Kr
ion charge states 24 to 34+ and 4+ to 54 measured in coincidence with K3 3 x rays. The curves
are fits through the measurements to indicate the energy variations. The error bars are statistical

uncertainties in the ion charge-state counts.

x-ray fluorescence over relative energies of -13 to 8 eV. The x-ray transitions are resolved in
the SiLi spectrum plotted in Fig. 3 and allowed the ion TOF spectra to be filtered on each
transition. Sums of the ion TOF spectra are plotted in Fig. 9. The peak widths are 3-4 ns
and the isotopic structure [70] was resolved. The areas of each charge state were determined
by peak fitting and by summing counts. The average charge states are ~8.0 for Ka; 2, ~6.2
for KB 3, and ~3.6 for K3, transitions, in which the initial 1s hole is transferred to the
2p, 3p, and 4p shells, respectively. For comparison, the calculated average charge states are
7.75, 6.57, and 3.02 for Lo 3, My 3, and N3 holes, respectively [74].

Small variations of ion charge state branching ratios across the pre-edge and continuum
threshold region are observed and plotted in Fig. 10. Sums of branching ratios are plotted
to reduce scatter. The trends are the same as observed for Kr in Fig. 6, i.e., the lower charge

states increase in the pre-edge region while higher charge states decrease. In both cases, the
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FIG. 7: Kr* ion branching ratio measured in coincidence with K 35 x rays over the K-shell pre-edge

and ionization threshold energy range shown in Fig. 4. The curve is a fit to the data to show the

energy variation.

effects are attributed to spectator electrons generated by 1s — np resonant x-ray absorption.
Not shown are results for the weak K3, channel that primarily generates Xe?** and XeT.
The Xe3* yield shows a small maximum and the Xe?" yield shows a small minimum across
the -13 to 8 eV energy range in accord with the trends plotted in Fig. 10.

Comparing Figs. 6 and 10, the charge-state variations in Xe are smaller and less distinct
than in Kr. The larger level width of a Xe 1s hole increases the overlap between Rydberg
states and the continuum and reduces the contrast between hole decays with and without
spectator electrons. Also, more Auger decay steps occur in Xe due to the increased number of
outer shell electrons. This results in a larger number of charge states and more complicated
cascades involving spectators in which charge states gain or lose population. To explore this
topic further, theoretical calculations of the Auger cascade would be informative, such as

applied to the cases of Xe 3d ionization [75] and Xe 3d — 6p resonant excitation [76].
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FIG. 8: Model fit to the Xe K-edge. The energy scale is relative to the Xe 1s ionization energy of
34565.13 (33) eV [43]. The 1s — 6p Rydberg state and 1s~! ionization continuum are indicated.

A curve showing the sum of the components is fit to the measured x-ray fluorescence rate (open

circles).

TABLE III: Calculated energies and oscillator strengths of Xe 1s — 6p,, 6py, 6p., and LUMO

transitions in XeFy. Energies are relative to the 1s~! ionization energy. Results of the fits plotted

Xe K-edge

-40 -20 0
relative energy (eV)

in Fig. 11 are given for comparison.

20

40

Transition  AE (eV) (theory)

Oscillator strength (a.u.)

AE (eV) (fit)

Amplitude (fit)

6Pz 2.7
6py -2.7
6D -2.1
LUMO -9.8

0.0000787
0.0000787
0.0000257
0.0007445

-2.7¢
-2.7¢
-2.1¢

-10.8 (4)

“Fixed to theory.

C. Xe K-edge of XeF,

Although Xe is a closed-shell atom, the high electron affinity of F induces bond formation
in linear F—Xe—F by charge sharing among the 2p, orbitals of the F atoms and the 5p, orbital
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FIG. 9: Ion time of flight spectra of Xe measured in coincidence with (a) K13 and (b) Koo

x-ray fluorescence.

of Xe, where z is taken along the molecular axis [77-79]. The valence atomic orbitals interact
to form the bonding, nonbonding, and antibonding molecular orbitals, while the core levels
remain localized [79]. Several spectroscopic studies have been made in various energy ranges
that compare transition energies and transition strengths of Xe and XeF;. The Xe 4d, Xe
3d, and F 1s ionization energies are sensitive to the shielding effects of valence electron
charge distributions, i.e., “chemical shifts” [80-82]. Also, an intense, antibonding 7o, lowest
unoccupied molecular orbital (LUMO) [79] is observed in vacuum-ultraviolet [78, 83|, far-
ultraviolet [84], and soft x-ray [45] photoabsorption spectra of XeF,. Here we report on the
Xe 1s chemical shift and observation of the LUMO in the Xe K-edge spectrum of XeF,.
Our fit to the K-edge of atomic Xe is shown in Fig. 8 and our fits to the Xe K-edge of XeFy
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FIG. 10: Xe ion branching ratios measured over the K-shell pre-edge and ionization threshold
energy range shown in Fig. 8. Circles and left vertical axis: sums of branching ratios for Xe ion
charge states 24 to 74+ and 8+ to 124 measured in coincidence with Kaq 2 x rays. Squares and
right vertical axis: sums of branching ratios for Xe charge states 2+ to 6+ and 7+ to 9+ measured
in coincidence with K ;3 x rays. The curves are fits through the measurements to indicate the

energy variations. The error bars are statistical uncertainties in the ion charge-state counts.

are shown in Fig. 11. The ion yield and fluorescence yield were recorded in the same scan
and gave similar fitted results. The fits were guided by the calculated energies and oscillator
strengths of the 6p Rydberg states and LUMO listed in Table ITI. Our calculations show
that the 6p, state is strongly perturbed by the presence of the 7o, LUMO. The fits were

! continuum edge, a 6p, +

constrained by requiring a 6p, Lorentzian 2.1 eV below the 1s™
6p, Lorenzian 2.7 eV below the edge, and their amplitudes to be in the ratio of the oscillator
strengths listed in Table III. A third Lorentzian represented the LUMO and an arctangent
function modeled the 1s7! edge. All functions used 11.49-eV level widths. The fits yielded
the positions of the LUMO and the 1s~! ionization energy and the relative amplitudes of
the 6p;, 6py, 6p., and LUMO. The Xe and XeF; edge scans were recorded sequentially with
the same x-ray energies. From the fits in Figs. 8 and 11, the 1s™! energy of XeF, is 2.3 (5)
eV higher than in atomic Xe. This shift is similar to the chemical shift of 2.87 (2) eV for

the Xe 3ds/, binding energy of Xe reported in Ref. [80]. Adding 2.3 (5) eV to the Xe 1s
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FIG. 11: Model fits to the Xe K-edge of XeF; using (a) ion yield and (b) x-ray fluorescence yield.
The energy scale is relative to the 1s ionization energy of 34567.4 (8) eV. The components are
the 1s — 7o, lowest unoccupied molecular orbital (LUMO), the 1s — 6p, + 6p, and 1s — 6p,
Rydberg states, and the 1s~! ionization continuum. Curves showing the sums of the components

are fit to the measured yields (open circles).

binding energy [43] gives 34567.4 (8) eV for XeFy. The experimental shift of 2.3 (5) eV is
a little less than the calculated shift of 3.5 eV in Table II. The fits locate the LUMO at
10.8 (4) eV below the 1s™! edge compared with 9.8 eV from the calculations. From the fit,
the sum of the amplitudes of the 6p,, 6p,, and 6p, components is 0.58 times the LUMO
amplitude compared with 0.25 for the ratio of the calculated oscillator strengths. However,
given the simplifying assumptions made in the fits, we do not consider the derived results

to be definitive, but they do give a qualitative picture of the edge structure.
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FIG. 12: Ion time of flight spectra of XeF; measured in coincidence with Koaj2 x rays. (a)
Recorded in the ionization continuum at 34577 eV. The F ion peaks are broadened by energetic
fragmentation. (b) Recorded on the 7o, resonance at 34557 eV. The F ion peaks are broadened by
energetic fragmentation and split due to molecular alignment by resonant photoabsorption. The
markers show the calculated times of flight of F ions having zero velocity components along the

flight axis.
D. Ion fragmentation of XeF»

As suggested by the illustration in Fig. 1 and reported in previous experiments on
XeFy [23, 45, 46], core-hole decays following inner-shell photoionization of the Xe atom
lead to charge production on the F atoms and dissociation into energetic atomic ions, i.e., a
Coulomb explosion [85]. While the ion TOF spectra of atomic Kr and Xe in Figs. 5 and 9

appear as narrow peaks with resolved isotopic structure, the TOF peaks of Fi* (q=1-4) in
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Fig. 12 are broadened by the energies they are ejected with when the molecular ion disso-
ciates. Figure 12 compares ion TOF spectra recorded above the Xe 1s ionization edge with
spectra recorded on the 70, resonance. The F ion peaks are broadened in both spectra but
are clearly split into two components for 70, excitation due to spatial alignment of XeF,
molecules selected by resonant photoabsorption. The components with smaller TOFs are
ions ejected toward the detector and arrive before the ions ejected away from the detector.
F ions ejected away from the detector turn around in the extraction field and pass through
the gas jet. Those ions experience a greater number of collisions with the background gas
than do the ions ejected toward the detector.

We attribute the asymmetries in the amplitudes of the two components of each charge
state to the fact that the faster component is more likely to be detected in the first hit and
partly to the effect of charge exchange from ion-gas collisions [86]. A similar asymmetry
is seen in the F ion peaks measured above the ionization edge. However, here we focus on
using the TOF splittings between the faster and slower components measured on resonance
to determine the fragmentation energies of the F ions.

The flight axis of the ion TOF instrument was positioned parallel to the linear polarization
direction of the x-ray beam, and the transition moment of the 1s — 70, resonance is parallel
to the molecular axis. Resonant photoabsorption selects a cos?6 distribution of molecular
axes with respect to the polarization direction and ion flight axis, and we assume that the
F ions are ejected along the directions of the molecular axes. The geometry, electric fields,
and detector of the instrument are designed to collect and detect energetic ions. Ions ejected
forward and backward at & = 0° have the largest TOF splittings, while ions ejected at 90°
have the same TOF's but strike the detector at different radial positions.

The ions are created in a static electric field that accelerates the ions toward the detector.
Ions ejected away from the detector are slowed to zero in the field, turn around and regain
their initial energy when they reach the starting point. From the starting point, their TOF's
are the same as those ions with the same initial energy that were ejected toward the detector.
For the # = 0° case of an ion of mass m (amu), charge ¢, electric field Fs (V/cm), and initial

energy Up (eV), the time to turn around and return to the starting point is [89]
AT(ns) = (1018)(2/qE,)(2mUp)"/?, (1)
where 1018 ns/cm is a units conversion factor. For the present case of a cos*§ distribution
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of molecular axes, it is the z-components of the ion momenta that result in non-zero turn-
around times. Since the average z-component is 3/4 of the total momentum, it follows that

the ion energy is related to the average turn-around time by
Uo(eV) = [(4/3)(ATqE;)/(1018)] /8m, (2)

where AT is the splitting between the centroids of the faster and slower components. The
TOFs of the Xe and F ions were accurately calculated (£1 ns) by simulating the geometry
and electric fields of the instrument. This allows the use of Eq. 2 to determine fragmentation
energies from the TOF splittings. The markers in Fig. 12 are the calculated TOF's for F ions
created with zero velocity components along the flight axis and closely match the midpoints
of the peaks.

Figure 12(b) shows the TOF spectrum recorded on resonance in coincidence with Ko o
x rays, and Fig. 13 shows the on-resonance TOF's in coincidence with K3 and Kf; x
rays. Two effects are apparent from the figures — the amplitudes of the higher charge
states are reduced and the peak splittings decrease as the initial 1s hole is transferred to
the 2p, 3p, and 4p shells, leaving less energy in the system and fewer outer electrons to
participate in subsequent Auger decays. The centroids and standard deviations of the faster
and slower components of each charge state were determined by peak fitting. The F* peak
in Fig. 12(b) is overlapped by Xe®", Xe™, and Xe®t. The isotopic structures of the Xe
peaks were determined by fitting a TOF spectrum of atomic Xe and were included in fits
to the F™ peak. Using Eq. 2, the F ion energies determined from the TOF splittings are
listed in Table IV. For comparison, the table includes the energies of Xe 2p, 3p, and 4p
holes, the calculated average charge states for decays of Xe holes [74], and the average charge
states for atomic Xe measured concurrently with XeFs. The present results for F+, F2*, and
F3* energies measured in coincidence with Koy 5 X rays agree with previous measurements
using the same method [23], but the F4* energy determined here is somewhat higher. It
was noted in Ref. [23] that the measured ion energies are smaller than Coulomb energies
calculated at the ground state geometry of XeFsy. This suggests that the molecular ion
begins to dissociate while charges on the atomic sites are still developing. The present
results also show how the F ion energies and charge-state distributions vary as the initial 1s
hole is transferred radiatively to three outer shells. While the trends are not surprising, the

measurements provide an example of how charge and energy are transferred to molecular
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ion fragmentation for different core hole decay pathways.

V. CONCLUSION

One of the goals of this work was to demonstrate that the effects of pre-edge resonances
in the K-shell x-ray absorption spectra of heavy atoms can be observed in core-hole de-
cay measurements. This was achieved by measuring small but distinct variations of ion
charge-state distributions in Kr and Xe resulting from the presence of spectator electrons.
In XeF,, excitation of the lowest unoccupied molecular orbital below the Xe K-edge selects

spatially aligned molecules. Their core-hole decays lead to energetic ion fragmentation, and

25



TABLE IV: Energies of Xe hole states, average charge states Xe-g from hole decays in atomic Xe,
average charge states F-g and kinetic energies of F¢* ions from corresponding hole decays in XeF,

molecules. Xe-7 theory: Ref. [74]; expt: this work.

Xe hole Energy (eV) Xe-g (theory) Xe-g (expt) F-g F7T (eV) F2t (eV) F3* (eV) F** (eV)

2p 4889 7.75 73 (1) 20 (2) 28 (17) 53(25) 91 (43) 157 (16)
3p 958 6.57 6.4 (2) 1.7(4) 25(12) 40 (18) 61 (27) -
4p 146 3.02 34(2) 1.0(1) 12(5) - - -

the alignment produces splittings in ion time of flight peaks that were used to determine
ion energies. The experiments exploit x-ray/ion coincidence methods that select core-hole
decay processes that begin with transfers of initial 1s holes to 2p, 3p, or 4p shells. This pro-
vides more information on the decay processes, but the ion yield measurements still average
over many unobserved decay steps. More selective coincidence measurements, perhaps by
combining x-ray and electron spectroscopies, would provide more detailed information.

We also report a computational study based on relativistic core-valence-separated
equation-of-motion coupled-cluster methods that features rigorous and systematic treat-
ment of scalar-relativistic, electron correlation, and wavefunction relaxation effects as well
as a thorough investigation of various relativistic contributions. The computational results
have been shown to give excellent agreement with measured K-shell ionization energies in
heavy elements that require accurate treatment of relativistic effects and electron-electron
interactions. The calculated energies and oscillator strengths on the 70, LUMO and 6p
Rydberg states have also played a useful role in providing guidance to a model fit of the
pre-edge structure in the Xe K-edge of XeF,. These computational methods appear to be

quite promising for future applications to x-ray and inner-shell processes in molecules.
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