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Abstract

We have recently initiated hard x-ray photoelectron spectroscopy experiments on heavy atoms and
heavy-element containing molecules in gas phase by using synchrotron radiation up to 35 keV at
SPring-8 undulator beamlines. We have successfully measured deep inner-shell photoelectron
spectra, as well as L-MM and M-NN Auger electron spectra excited below and above the K-edge of
heavy elements. Target specimens utilized for the preliminary experiments are Ar, Kr and Xe atoms,
and also iodine in iodomethane (CH;I) and trifluoroiodomethane (CF;I) molecules, respectively. We
show some selected results on the extracted core-hole lifetime broadenings for the iodine 1s core level
of the CH;I molecule and also for the Xe 2s, 2p core levels, to compare with theoretical values. The
L-MM Auger electron spectra of Kr recorded at 13 and 16.6 keV excitation energies are also shown as
typical examples, and the spectrum measured above the K-edge, i.e. 14.327 keV, is analyzed based on
theoretical calculations using the Hartree—Fock method. As a result, we give a tentative assignment for
the double-core-hole hyper-satellite LL-LMM Auger transitions of the Kr atom.

1. Introduction

Hard x-ray photoelectron spectroscopy (HAXPES) at modern synchrotron radiation facilities is widely used
nowadays and well known as one of the most powerful methods to directly investigate bulk electronic structure
of condensed matter [1], owing to its intrinsic advantages, e.g. surface insensitivity and large probing depth,
compared with PES using ultraviolet or soft x-ray radiation. However, similar experimental setups for high-
resolution gas-phase experiments, e.g. the resolving power E/AE higher than 5000 (where E is the kinetic energy
of electron and AE the instrumental resolution), are quite scarce. Up to now, the GALAXIES beamline at the
SOLEIL synchrotron [2, 3] has been the only facility for high-resolution HAXPES experiments on atomic and
molecular science and has been achieving significant results on double-core-hole spectroscopy [4-7], recoil
effects [8—10], ultrafast phenomena [11-13], post-collision interaction (PCI) [14, 15], resonant Auger processes
[16-20], and very recent studies on aqueous solution [21, 22]. The experiments at the GALAXIES beamline,
however, are limited to the excitation energy ranging between 2.3 and 12 keV, while experiments with much
higher photon energy are quite scarce. According to the best of our knowledge, only a few measurements using
hard x-rays have been carried out for the deep inner-shell photoelectron spectroscopy on Kr atom and bromine
in Br, and BrCF; molecules though the resolving power is about 40 [23, 24].

In 2016, at SPring-8, in order to advance the HAXPES as well as the hard x-ray induced Auger electron
spectroscopy experiments on atomic and molecular science by making full use of the characteristic of such a
high-energy and high-brilliance x-ray source, we have successfully upgraded an electron spectroscopy apparatus

©2019 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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consisting of a hemispherical analyzer equipped with a gas-cell [25], which enables us to cover the kinetic energy
up to 6 keV. Such instrument had been previously utilized to diagnose the characteristics of optics designed for
soft x-ray beamlines [26—28] and also to carry out experiments using soft x-ray radiation [29-31]. The purpose of
the upgrade has been to be able to perform gas-phase HAXPES experiments at hard x-ray undulator beamlines.
In particular, the main objectives are the followings:

+ investigation of deep inner-shell photoionization and following decay processes of heavy atoms, e.g. Kr and
Xe rare-gas atoms, as well as heavy-element containing molecules, e.g. CH3;SeH, CH;3Br, CH,BrI, CH,1,,
CHj;lI and CF;I molecules,

+ multi-electron processes, e.g. double-hole states (core—core as well as core-valence) production, to study the
dynamics of their excitation/relaxation processes in heavy elements using high-brilliance short x-ray pulses.

Here we would like to stress the novel capabilities of the hard x-ray induced electron spectroscopy gas-phase
experiments at the SPring-8 undulator beamline. We are able to apply this method to gain unprecedented
insight into a wealth of phenomena concerning deep core levels of heavier element as well as high-energy
photoelectrons. Topics in this new area include quantum electrodynamics effects [32], shorter lifetimes,
stronger PCI, stronger recoils and so on. For example, we can apply the atomic Auger Doppler effect to study the
second-order non-dipole effects [8] by combining with the polarization control technique for the incident
photon using the diamond phase retarder [33].

In this paper, we describe briefly the gas-phase HAXPES setup for the hard x-ray induced electron
spectroscopy experiments on heavy atoms and heavy-element containing molecules at the SPring-8 undulator
beamlines and give some selected examples obtained during the feasibility studies.

2. Experiments

The experimental setup was almost the same as the one described in our recent paper [34]. The apparatus
equipped with the hemispherical electron energy analyzer SES-2002 and the gas-cell GC-50 (Scienta Omicron
[25]) was used for the measurements of electron spectra. This apparatus is usually installed at the soft x-ray
undulator beamline BL17SU [27] (RIKEN beamline) at SPring-8, therefore we move it to the hard x-ray
undulator beamline for the gas-phase HAXPES experiments. Feasibility studies were carried out at the RIKEN
beamlines BL29XU [35] and BL19LXU [36] of SPring-8.

We have installed the apparatus into the experimental hutch #3 (EH3) at BL29XU and the EH1 at BL1I9LXU
for the atomic and molecular target experiments, respectively. The photon energy ranges covered by these
beamlines are 4.4—-37.8 keV at BL29XU and 7.2-18 (22-51) keV, where numbers in parenthesis are the energies
of 3rd order harmonics of undulator radiation, at BL19LXU, respectively. A monochromatic photon beam in
the 6.0-35.5 keV energy range was obtained using a Si(111) double-crystal monochromator cooled by liquid
nitrogen [37]. The energy resolutions of the photon beam, i.e. AE/E, were about 1.28 x 10~ *(1.27 x 10™%
1.35 x 107*(1.33 x 10 *)and 1.64 x 10" *(1.36 x 10 *)for 6, 10 and 35 keV, respectively at BL29XU
(BL19LXU). The photon beam was collimated using a four-jaw slit to a size of 0.5 x 0.5 mm?® before introducing
itinto the apparatus. Typical photon fluxes were estimated by using an ion chamber to be about 1.7 x 10'?

(9.6 x 10"%)at8keVand4.9 x 10'*(7.4 x 10'%) phs ' at 35.5 keV at BL29XU (BL19LXU), respectively.
During the measurement, the target gas pressure was maintained to be about2 x 10~ Pa outside the gas-cell.
The lens axis of the analyzer was in the horizontal direction at right angles to the photon beam direction and
parallel to the polarization vector of the incident photons. The apparatus was mounted on a position-adjustable
XZ-stage, where X stands for the horizontal and Z for the vertical directions, respectively, perpendicular to the
photon-beam axis, as shown in figure 1.

The energy scale of the incident x-ray beam was calibrated by roughly measuring the Zr K-absorption
spectrum and also by precisely recording the 1s photoelectron spectra of several rare-gas atoms to compare with
the previously published data [38]. The kinetic energy scales of the electron spectra were calibrated by measuring
the Auger electron spectra and the photoelectron spectra of Ar, Kr and Xe atoms. The well-established Ar K-LL
and K-LM Auger lines [39] and a Xe L-MM 'G Auger line [40] as well as the L-MM Auger lines of Kr [41] were
used as references. In the measurements, the pass energy of the hemispherical analyzer was chosen to be 200 or
500 eV and an appropriate analyzer slit was set to obtain a total energy resolution smaller than the natural
linewidth of core-hole states. Thus the resulting energy resolution of the electron analyzer ranged between 0.2
and 3.9 eV. The photon band pass was theoretically calculated to be about 0.84 (4.84) eV at 6.5 (35.5) keV. The
thermal Doppler broadening is around several tenth of meV and is negligible for the total experimental
broadening as compared to the other contribution. Therefore, the overall resolution for the measurements can
be estimated to be about 6.9 eV for the 1s photoelectron spectrum of the Xe atom at 35 keV excitation energy.
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Figure 1. A side-view picture of the gas-phase HAXPES setup installed at the EH3 of BL29XU. The apparatus was mounted on a
position-adjustable XZ-stage (indicated by the dashed yellow line). The photon beam was coming from the left-hand side (yellow
arrow).

CH,| PES
) lodine 1s
%105 Ex ~ 35.46 keV ]
@
T
3
o
@ 2x10° b
=
w
e
9
=
= 1x10° E
x8
0] : : : :
1600 1800 2000 2200 2400 2600

Kinetic energy (eV)

Figure 2. Iodine 1s photoelectron spectrum of the CH;I molecule measured at a photon energy of 35.46 keV. In addition to the main
Islineat 2281 eV, a weak satellite structure around 2200 eV kinetic energy region is also observed.

3. Results and discussion

3.1. Hard x-ray photoelectron spectroscopy (HAXPES)

Theiodine 1s core-level photoelectron spectrum of the CH3I molecule recorded at a photon energy of 35

455 + 5 eVisshownin figure 2. The kinetic energy of the iodine 1s main line is located at 2281 eV. Therefore the
iodine 1s binding energy derived from our measurements is 33 174 eV, in fairly good agreement with the
literature value 0f 33 167.2 eV (Exp.) and 33 179.5 eV (Theory) [42]. In addition to the main line, we can
recognize a weak bump structure, which can be attributable to the unresolved 5p — np (n = 6,7,8,...)
shakeup satellite accompanying the 1s photoionization of iodine in the CH;I molecule, around 2 200 eV kinetic
energy region.

The full width at half maximum (FWHM) of the iodine 1s core-level photoelectron peak can be estimated to
be 11.82 £ 0.36 eV by means of a least-square fitting procedure using four Voigt functions with the same
Gaussian width as in the previous Xe 1s case to take account of the satellite structure [34]. In order to achieve a
better experimental resolution than the previous Xe 1s case [34], we used a narrower analyzer slit in the present
measurement. The electron analyzer resolution with the same setup was independently estimated by measuring
the Kr 4p photoemission lines using a well-calibrated soft x-ray radiation at BL17SU before the gas-phase
HAXPES experiment. By taking into account the resulting instrumental resolution, i.e. about 4.9 eV, we can
extract the iodine 1s core-hole lifetime broadening I' to be 9.65 £ 0.43 eV, which corresponds to a lifetime 7 of
68 + 3asdeduced using the standard formula I' = h/7. We have also carried out similar measurements on the

3



10P Publishing

NewJ. Phys. 21 (2019) 043015 M Ouraetal

axiof | X€2s &2p PES X8 3pes |
X Ex ~ 6.5keV

S a0t .
S
_..E‘ Xe 2py;z
S 2x10°f R
= Xe 2s

1x108 - E

0 == : : J L
1000 1200 1400 1600 1800

Kinetic energy (eV)

Figure 3. Xenon 2s and 2p photoelectron spectra measured at a photon energy of 6.5 keV. Each line is accompanied by a satellite
structure, which is mainly attributable to the 5p — 6p shakeup satellite, on the lower kinetic-energy side tail.

CH;I and CF;I molecules with slightly different photon energy, and we have extracted similar values which will
be described elsewhere in detail together with the sophisticated theoretical calculations [43]. We notice that the
extracted iodine 1s core-hole lifetime is very close to that of the adjacent Xe atom [34]. In the literature [44], the
iodine 1slinewidth is reported to be abroader value, i.e. 10.6 eV, and again we could demonstrate a more precise
determination of the lifetime of the deep core hole as in the case of Xe atom.

In the fitting procedure, we have tried to incorporate the vibrational progression into the analysis, but we
have found that it is hard to extract a reliable result from the fitting, probably due to the very large iodine core-
hole lifetime broadening.

In figure 3, we show the xenon 2s and 2p core-level photoelectron spectra measured at a photon energy of
6.5 keV. As can be seen in the figure, we can recognize that each line is accompanied by a satellite structure,
which can be mainly attributable to the 5p — 6p shakeup satellite in analogy with the Xe 1s case [34], on the
lower kinetic-energy side tail. Similarly, the xenon 2s and 2p photoelectron peaks have been analyzed based on a
least-square fitting procedure using Voigt functions with the same Gaussian width, taking into account the
experimental resolution (~1.3 eV at 6.5 keV excitation energy) for each peak. The extracted xenon 2s and 2p
core-hole lifetime broadenings are given as 2.76 £ 0.07,2.79 + 0.04 and 2.60 & 0.04 eV, for the 2s, 2p; s, and
2ps /> subshells, respectively. In the previous literature, these are reported to be 3.64, 3.40 and 3.13 eV, for the
natural widths of 2s, 2p, /, and 2p3 ,, respectively [44], which are close to the values of FWHMs, e.g. 3.30 £ 0.06
(25),3.33 £ 0.04 (2p; ) and 3.16 £ 0.04 (2p5,) eV extracted from our analyses. Such fitting procedure also
gives an energy difference between the main line and the 5p — 6p shakeup satellite line to be 17.4 eV, which is in
fairly good agreement with the value of 5p — 6p shakeup excitation in the case of the Xe 1sline [34].

Figure 4 shows the 1s core-level photoelectron spectra accompanied by the shakeup satellites of (top) Ar,
(middle) Kr, and (bottom) Xe atoms. The spectra were recorded at photon energies of 6 (Ar), 20 (Kr) and 35.5
(Xe) keV, respectively. In the Ar spectrum, the shakeup satellites are assigned tobea 1s™'3p™'np (n = 4,5, 6)
andals™'3s”'ns(n = 4) series by comparing with the high-resolution x-ray photoabsorption spectrum of the
Ar atom near the K-edge [45]. In the Kr spectrum, the shakeup satellites are attributed toa 1s™'4p ™ '5panda
1s~'4s 'ns (n = 5,6) series by comparing again with the absorption spectrum of the Kr atom [46]. As can be
seen in these spectra, the satellite structure can be well explained by multi-electron excitation processes. In the
case of Xe atom, on the other hand, the satellite structure is not clearly resolved from the 1s main line as shown in
the figure due to the larger lifetime broadening and also the broader instrumental resolution. We made a bar
graph showing the shakeup satellite energies by referring to the calculated energies [34].

It is known that the shakeup or shakeoff probability has a weak excitation energy dependence near the
threshold of the single-photon multi-electron excitation processes. Since the first experimental study of the
core-level photoemission satellite lines has been performed near a threshold region using synchrotron radiation
[47], several experimental studies on rare-gas atoms have been achieved [48—50]. Figure 5 shows the compilation
of the experimental data of satellite/main intensity ratio for the Ar 1s case [48—50]. The horizontal axis
represents the excess energy, which corresponds to the difference between the incident photon energy and the
1s~'3p~'4p binding energy, and the vertical axis indicates the intensity ratio of the 1s~'3p~'4p shakeup satellite
lines to the main line. The whole previous data essentially indicate a smooth increase and an asymptotic value at
higher kinetic energy values, i.e. excess energy of 2 000 eV, of about 9%—10%. Such behavior can be described
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Figure 4. The 1s core-level photoelectron spectra accompanied by the shakeup satellite of (top) Ar, (middle) Kr, and (bottom) Xe
atoms. The energies of the shakeup satellites are shown as bar graphs for each element.
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Figure 6. Wide-range spectra of iodine M s-NN Auger transitions of the CF;I molecule. The spectra were recorded at photon energies

of 10 (black), 32 (red) and 35.5 (blue) keV, respectively. The photon energy of 35.5 keV is above the 1s ionization threshold of iodine,
whereas the other two are below threshold. All the spectra were normalized by the accumulation time and the photon flux.

qualitatively by the adiabatic transition model of Thomas [50, 51], which calculates the crossover from the
adiabatic to the sudden regime in core ionization and is widely utilized to describe the energy-dependent shake
preocesses. Detailed study of such phenomena will give an insight for the intra-atomic electron—electron
correlations. Here we measured the Ar 1s core-level photoemission spectra far above the saturation, e.g. at 6 and
8 keV incident photon energies, and extracted the satellite/main intensity ratio as shown in figure 5. At high
excess energy, our measurements show the decrease of the intensity ratio. We can continue further such
measurements to confirm how the intensity ratio behaves in the high excess energy region, and also we can carry
out similar experiments on heavier atom, such as Kr and Xe, in near future.

3.2.Hard x-ray induced Auger electron spectroscopy

The M, 5-NN Auger electron spectra of iodine in the CF;I molecule are shown in figure 6. The spectra were
recorded at photon energies of 10 (black), 32 (red) and 35.5 (blue, above the iodine K-edge) keV, respectively.
Target gas pressure was maintained to be constant and the analyzer setup was the same during the measurement.
All the spectra were normalized by the accumulation time and the photon flux. In all the spectra, two excitation/
relaxation channels are available via the direct M, s-shell photoionization followed by the M, s-NN Auger
transitions and via the direct L-shell photoionization followed by the L-hole cascading decays leading to the
final-step M, s-NN Auger transitions. In the latter case, the L-MM or L-MN Auger transitions produce a
relevant fraction of MM or MN multi-vacancy initial states, followed by MM-MNN or MN-MNN Auger
transitions. Furthermore, the L; »-hole states easily translate to the L, 5-hole state via the fast L;-L, ;N and
L,-L;N Coster—Kronig transitions [52] which lead to the satellite L, ;sN-MMN Auger transitions. On the other
hand, in the case of the spectrum excited above the K-edge, i.e. blue curve, additional excitation/relaxation
channels involving the cascading K-L-M-hole decay channels are also available. Then there exists a large
number of Auger decay channels giving rise to the broad structure of the spectrum. The reduction of spectral
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Figure 7. Measured Kr L-MM Auger spectra below (13 keV, blue) and above (16.6 keV, red) the Kr 1s ionization threshold.

intensity from black (10 keV) to red (32 keV) curve is attributable to decrease of the photoionization cross
section. The large enhancement in the blue (35.5 keV) curve is due to the edge jump across the K-edge leading to
the cascading Auger processes.

In figure 7 we show the wide-range Kr L-MM Auger electron spectra recorded below (13 keV, blue) and
above (16.6 keV, red) the Kr 1s ionization threshold. The spectra were normalized by the accumulation time and
the photon flux. Detailed assignments for each single L-hole diagram line can be found in the previous literature
[41,53-56] as indicated in the figure, thus we focus our interest on the second-step processes, i.e. double-core-
hole hypersatellite LL-LMM Auger transitions following the first-step K-LL Auger transitions which can be
observable only in case the excitation energy is above the Kr 1s ionization threshold. A similar discussion for the
Xe 1s photoionization is reported in our recent paper [34], but the calculations have revealed that the intensities
of second-step LL-LMM Auger transitions of Xe are negligible because the first-step K-LL Auger transitions are
much less probable than the K-L x-ray emission, due to the large fluorescence yield, i.e. 0.891 [57], in the Xe
atom. We can recognize the large enhancement in the single L-hole diagram lines, e.g. 1 460.2 and 1 513.2 eV, in
the spectrum excited above the K-edge. This is attributable to the single L-hole L, 5-MM Auger transitions
following the first-step K—L x-ray emission.

The pronounced peak, i.e. 1 460 eV, is accompanied by some sharp satellites on the lower kinetic energy side,
probably due to the LM-MMM or LN-MMN satellite Auger transitions following the first-step K-LM or K-LN
Auger transitions. On the other hand, we notice that there are some broad peaks only in the spectrum excited
above the K-edge. The typical case is the broad peak around 1542 eV. This line is definitely broader than the
other diagram lines. We can expect this broad peak originated by the double-core-hole hypersatellite LL-LMM
Auger transitions.

In order to interpret the excitation/relaxation properties for the double-core-hole hypersatellite LL-LMM
Auger transitions, we have simply carried out atomic-structure calculations to obtain an energy diagram of the
ground, excited and relaxed states of the neutral Kr as well as the Kr ions based on the multi-configuration Dirac-
Fock calculation code [58]. Figure 8 schematically shows the calculated energy diagram for the Kr-Kr**,
although the vertical scale does not give us correct energies. In fact, there are numerous energy levels, therefore
we have drawn only the typical electronic configurations and the representative excitation/relaxation channels.
Aswe see in figure 8, the double-core-hole hypersatellite LL-LMM Auger transitions are available only following
the double L-hole production by K-LL Auger transitions. If the excitation energy is above the thresholds of
double L-hole production, i.e. 3.48 keV, as can be roughly estimated based on the Z + 1 approximation, the
direct double L-hole photoionization phenomena due to shake processes are also open channels, but we may
expect that those are much less probable compared to the processes via the K-LL = LL-LMM cascading
pathways.

We have mainly calculated energies and also transition rates for the single L-hole L-MM Auger spectrum as
well as the double L-hole hypersatellite LL-LMM Auger spectrum to understand the measured one excited above
the K-edge. We focused our interest on the LL-LMM double L-hole hypersatellite, thus we did not calculate here
the LM-MMM or LN-MMN satellite Auger transitions. Initial numbers of hole states in K-shell and L;-subshells
(i = 1,2, 3) were estimated by using the tabulated theoretical photoionization cross sections [59]. The
calculations were simply made based on the Hartree—Fock approximation using Cowan’s code [60]. As aresult,
the theoretical calculations give us transitions at 1490 and 1542 eV, which are very close to the observed broad
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Figure 8. Calculated energy diagram of the ground, excited and relaxed states of the neutral Kr as well as the Kr ions together with their
decay properties. Typical excitation/relaxation channels are shown as arrows. Ko (Lov): Ko (Lav) x-ray emission, CK: Coster—Kronig
transitions, K-LM: Auger transition from K~ ' stateto L' M state, and so on.

peaks shown in figure 7. Therefore, we tentatively assign these peaks as originating from the double L, 3-hole
hypersatellite Auger transitions. More detailed sophisticated calculations will be given elsewhere in near
future [61].

4. Summary

In this article, we describe the gas-phase electron spectroscopy apparatus recently upgraded for the HAXPES
experiments on heavier elements using synchrotron radiation up to 35 keV at SPring-8 undulator beamlines.
We have successfully demonstrated the feasibility of the method and given some selected results on iodine in the
CH;I and CF;I molecules as well as on Kr and Xe atoms showing the capability of the experiments at SPring-8 to
investigate the deep core-levels. At the moment, gas-phase experiments in the hard x-ray region higher than

12 keV are feasible only at SPring-8 undulator beamline. The present apparatus can be also used for experiments
at the soft x-ray beamlines as well as at the x-ray free-electron laser facility, SACLA.
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