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X-ray absorption spectroscopy (XAS) beamlines worldwide are steadily
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scopy (RXES) and high energy resolution fluorescence detection XAS
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supporting information at journals.iucr.org/s emission spectrometer to the scientific mission of its users. Previous work has

recently reported a miniature tender X-ray spectrometer using a dispersive
Rowland refocusing (DRR) geometry that functions with high energy resolution
even with a large X-ray spot size on the sample [Holden et al. (2017). Rev. Sci.
Instrum. 88, 073904]. This instrument has been used in the laboratory in multiple
studies of non-resonant X-ray emission spectroscopy using a conventional X-ray
tube, though only for preliminary measurements at a low-intensity microfocus
synchrotron beamline. This paper reports an extensive study of the performance
of a miniature DRR spectrometer at an unfocused wiggler beamline, where the
incident monochromatic flux allows for resonant studies which are impossible
in the laboratory. The results support the broader use of the present design and
also suggest that the DRR method with an unfocused beam could have
important applications for materials with low radiation damage thresholds and
that would not survive analysis on focused beamlines.

1. Introduction

The more complete utilization of fully photon-in/photon-out
X-ray spectroscopies in the tender X-ray regime (2-5 keV)
shows great scientific promise (Robba et al., 2017; Kavéic et al.,
2016; Kvashnina et al., 2014; Butorin, 2000; Groot & Kotani,
2008; Glatzel & Bergmann, 2005; Schiilke, 2007; Vitova et
al., 2013). Despite the high impact demonstrated for these
spectroscopic studies, the task of expanding material type
compatibility and experimental access throughout the scien-
tific community faces numerous challenges. There exists both
A : logistical barriers in the relatively small number of high-flux
1\ beamlines operating in the tender X-ray range [e.g. ESRF 12-
24\ NSNS ID, 26-1D; SSRL 4-3, 6-2; NSLS II 7-ID; KARA (previously
ANKA) INE-BL, CATACT] and also technical barriers in the
design and operation of the required X-ray emission spec-
O trometers (KavcicC et al., 2012; Welter et al., 2005; Hudson et al.,
R 2007; Dolgih er al., 1984; Zimina et al., 2017). Key technical
‘ considerations include compatibility with beamline design and
vacuum systems, mitigation of beam damage, minimizing air
paths to reduce absorption, and the complexity and cost of
© 2020 International Union of Crystallography spectrometer development.
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For these reasons, recent work in laboratory-based X-ray
emission spectroscopy has provided an interesting advance-
ment (Holden et al, 2017). Those authors developed an
extremely compact tender X-ray emission spectrometer using
the dispersive Rowland refocusing (DRR) geometry that
largely removes source size effects on spectrometer energy
resolution. While the removal of source-size effects has
enabled the steady application of such instrument in the
laboratory environment with only a conventional, unfocused
X-ray tube source (Cossairt et al, 2018; Stein et al., 2018;
Holden, Seidler & Cheah, 2018), the small size and compat-
ibility of the equipment with either helium or vacuum envir-
onments suggests the versatility for synchrotron application.
However, the study by Holden et al. gave only a preliminary
investigation at a low-flux beamline. Here, we provide a
broader assessment of the miniature DRR spectrometer in
synchrotron applications, where we use an unfocused wiggler
at the Stanford Synchrotron Radiation Laboratory (SSRL) on
beamline (BL) 4-3 to perform resonant inelastic X-ray scat-
tering (RIXS) studies in the tender X-ray regime [sulfur (S)
Ko, S KB and uranium (U) MB RIXS]. The instrument
performance was successful and showed good potential use at
other high-flux tender X-ray beamlines, especially for studies
of materials with low radiation damage thresholds.

2. Experimental
2.1. DRR spectrometer and installation at SSRL BL 4-3

The tender X-ray emission spectrometer operates in DRR
geometry. As shown in Fig. 1(a), a point source on the
Rowland circle ray-traces symmetrically to a point on the
detection arc of the Rowland circle. In Fig. 1(b), a large source
that is positioned significantly interior to the Rowland circle
is seen by the analyzer as equivalent to a superposition of
discrete source points of varying energy, resulting in spectral
refocusing onto each point on a corresponding detector arc
but without any imaging of the sample location, ie. the
detected spectrum is at least a significant spatial average,

Detector Detector

. (@ (b)

Figure 1

Rowland circle diagram of (a) a point-focusing spectrometer design and
(b) a DRR design. In the point-focusing case, the sample and detector
must be scanned across the circle to measure the spectrum, but, in the
DRR case, the entire spectrum is collected at once with a position-
sensitive detector. Placing the detector tangent to the Rowland circle
removes source-size broadening effects.

loosening sample preparation homogeneity constraints.
Operation of a Rowland circle spectrometer with an extended
source on the Rowland circle has been discussed by Huotari et
al. (2011) and is common in plasma physics research (Glenzer
et al., 2003; Glenzer & Redmer, 2009; Woolsey et al., 2011;
Valdivia et al., 2018, 2015; Suggit et al., 2010; Plateau et al.,
2012; Matlis et al., 2006; Mao et al., 2012; Labate et al., 2012;
Kritcher et al., 2011; Hudson et al., 2002; Hoidn & Seidler,
2014; Gamboa et al., 2012) where combined imaging and
spectroscopy is achieved.

Complete instrument details are given in our previous work
(Holden et al., 2017). Here we only briefly survey the instru-
ment design before carefully addressing the installation and
use at the synchrotron. All studies were performed at BL 4-3
of the SSRL. This is a wiggler beamline with a double Si(111)
monochromator. The incident flux at the S K-edge was
approximately 1 x 10'2s™', as measured by upstream gas
ionization chambers. The beam size was approximately 10 mm
(horizontal) by 0.5 mm (vertical). A photograph of the
installed spectrometer at BL 4-3 is given in Fig. 2(a) and shows
an interesting constraint: BL 4-3 is a side-station with only
~T7 cm clearance between the beam and the hutch wall. The
small size of the helium/vacuum chamber of the DRR spec-
trometer fortuitously accommodates this tight clearance when
rotated so that the optic is in the preferred horizontal direc-
tion to suppress elastic scattering. The spectrometer was
directly attached to the helium-filled beampipe using a flexible
bellows without any intervening window. A slow flow of
helium was used to continually flush the system.

i h "'
DRR Spectrometer
RVEIR AN

Figure 2

(a) Image of the DRR X-ray spectrometer mounted at BL 4-3 of SSRL.
(b) A computer-aided design (CAD) rendering of the interior of the
spectrometer, showing the incident beam (blue), sample holder (yellow),
sample rotator (green), focusing optic (purple) and sample emission
(red). Note that the orientation changes between the two subfigures.
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A rendering of the spectrometer in the as-installed orien-
tation is given in Fig. 2(b). As shown, the sample footprint
(preparation described below) was designed to match the
unfocused beam spot. Fluorescence from the sample illumi-
nates the 10 cm-radius Si (111) cylindrical analyzer crystal
(XRSTech) and is detected by a home-made spectroscopic
X-ray camera (Holden et al., 2017; Holden, Hoidn et al., 2018)
that is positioned on the Rowland circle defined by the
analyzer. The spectroscopic nature of the camera allows
energy-windowing of each detected event to reject stray
scatter backgrounds at energies far from the anticipated
fluorescence line. The camera has an energy resolution of
86 eV for P Ka emission (2014 eV) which allows for the
separation of the emission line of interest from other fluor-
escence in most cases. However, the camera also limits the
upper energy range of the spectrometer, as the quantum
efficiency of the detector decreases with increasing energy.
The efficiency is approximately 50% near sulfur Kg (2.5 keV),
35% near uranium Mp (3.7 keV) and drops to <10% above
6 keV (Holden, Hoidn et al., 2018). The X-ray camera, sample
turret motor and camera motors were run using a user laptop.
Coordination between the user laptop and the beamline
software was straightforward, using a TTL gate signal to
trigger the camera software on the laptop, as is typically used
for other detectors.

Fine alignment of the spectrometer was performed at the
beamline. First, the energy of the incident X-rays is tuned to
the maximum of the white line of the absorption spectrum of
the sample (e.g. incident energy 2472 eV for Na,S,03). The
position of the spectrometer perpendicular to the beam was
adjusted by motorized stages to achieve maximal count rates.
Then the camera position is optimized to focus the emission
spectrum in the center of the camera. When complete, this
alignment finds a full width at half-maximum of 0.81 eV for
the elastic scattering peak at 2472 eV; see Section 3 for further
discussion of performance.

2.2. Sample preparation

(PPh,), WS, was synthesized as previously described and
isolated as single crystals (Lang et al., 2002; Olson et al., 2014);
meanwhile, Na,S,0; was obtained commercially and used
as received. These compounds were then used to prepare
samples on the benchtop for analysis by S K-edge spectro-
scopic analyses on BL 4-3 of SSRL. Two sets of samples were
prepared, one for X-ray absorption spectroscopy (XAS) and
another for RIXS measurements. Care was taken to minimize
self-absorption in the XAS samples (samples were mechani-
cally ground and the analyte dispersed as a thin film on low-
sulfur tape) so that total fluorescence yield (TFY) obtained by
XAS could be used to correct for self-absorption in the RIXS
data. The reason two separate samples are needed is that a
TFY spectrum free of self-absorption requires a very thin
sample, but RIXS requires as many X-ray emission events as
possible, and so a thick sample allows for the collection of data
in a reasonable time-frame.

The XAS samples were mounted in aluminium sample
holders consisting of simple 1 mm-thick aluminium plates with
5 mm x 20 mm slots. Single-sided tape (40 mm), confirmed by
X-ray fluorescence spectroscopy to contain low concentrations
of sulfur, was fixed to the downstream side of the holder.
Analytes were prepared by finely grinding the sample for
2 min in polystyrene canisters with Teflon pestles using an
automatic grinder to obtain a homogeneous fine powder. The
sample canisters and pestles showed no detectable S by X-ray
fluorescence analysis. The finely divided powder was then
uniformly dispersed onto the single-sided tape using a Winsor
& Newton paintbrush, which did not contain significant
amounts of S as determined by independent S K-edge XAS
analysis. The sample holder was sealed by adhering a 4 mm-
thick polypropylene window (SPEX CertiPrep 3525 Ultra-
lene) to the aluminium plate double-sided tape, the latter
slotted to match the front side of the sample holder. The X-ray
absorption spectra (XAS) samples were inserted into a sample
chamber flushed continuously with helium gas.

RIXS samples were prepared by loading the finely ground
samples (approximately 60 mg) into RIXS sample holders.
These were 1 mm-thick aluminium plates with a 5 mm X
20 mm slots, i.e. similar to the XAS holder. They differ in that
the downstream side of the plates were sealed with five
layers of single-sided low-S content tape. This thick backing
prevented transmission to (and subsequent fluorescence of)
the sample turret, thus decreasing potential backgrounds.
The upstream side of the holder was equipped with a
polypropylene window (4 um) that was secured to the holder
with double-sided tape. Sample holders were fixed to the
sample rotator with double-sided tape.

The Cs,UO,Cl; compound was prepared as previously
described (Watkin et al., 1991) and its structure was confirmed
by single-crystal X-ray diffraction. It should be emphasized
that uranium is radioactive and represents a hazard to human
health. These experiments should only be performed in
facilities with the proper controls in place to handle radio-
active material. The sample was prepared in an argon-filled
glovebox and finely ground for 2 min in polystyrene canisters
with Plexiglass pestles using a Wig-L-Bug grinder. A 5 mm X
20mm X 1mm aluminium well was filled with sample
(approximately 50 mg). The back of the sample holder was
sealed with a single layer of 25 um-thick Kapton tape. The
front of the holder was sealed with a piece of polypropylene
(4 pm-thick). The entire sample holder was covered with a
second layer, which consisted of a single layer of 25 pm-thick
Kapton tape on the back and a second layer of polypropylene
(4 pm-thick) on the front. This envelope provided a second
layer of containment. The sample assembly was then shipped
to SSRL.

2.3. Data collection and operating conditions

Sulfur K-edge total fluorescence yield X-ray absorption
spectra (TFY-XAS) were collected within the LANL Tender
X-ray Chamber at BL 4-3 under dedicated operating condi-
tions (3.0 GeV, 500 mA) for normalization of the S RIXS
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spectra. The chamber and incident flux (/) gas ionization
detector were separated from the beam pipe by a beryllium
window. Sample fluorescence was monitored using a partially
depleted series charged particle detector with a 5000 mm?
active area (Mirion Technologies, model PD5000-75-500AM).
The energy scale was calibrated by setting the energy of the
pre-edge maximum of a thin Na,S,0; sample to 2742.02 eV or
a thin KCI sample at 3608.4 eV (Solomon et al., 2005). These
total fluorescence yield measurements were only used as a
point of comparison to carry out the self-absorption correction
described in Section 2.4. Beam damage was ruled out by
comparing three short scans (1 min each) on each compound
(2460-2490 eV for S and 3542-3738 eV for U).

All RIXS measurements were carried out under dedicated
operating conditions (3.0 GeV, 500 mA) at BL 4-3 of SSRL.
Sulfur X-ray emission measurements used a cylindrically bent
Si (111) optic at median Bragg angles of 58.9° (K«) and 54.5°
(Kp), respectively. Uranium M RIXS measurements used a
cylindrically bent Ge (220) optic at a median Bragg angle of
68.0°. Incident energy scales were calibrated to the pre-edge
maximum of a thin Na,S,0; sample at 2472.02 eV and a thin
KCI sample at 3608.4 eV for sulfur and uranium samples,
respectively. Emission energy scales of sulfur were calibrated
to the highest energy peak of non-resonant Na,S,0; emission
at 2309.12 eV, which corresponds to Ka; of the S° atom.
We expect this to be similar to S°* compounds measured
previously, which showed little variation, and matched this
peak to the 2309.12 eV S Ko, of Na,SO, (Alonso-Mori et al.,
2009). For S KB RIXS, we used the elastic scatter peak of
Na,S,0; at 2472 eV (with an incident X-ray energy of
2472 eV) for calibration, and for U MB we used the non-
resonant UO,Cl,>~ emission at 3339.8 eV (Vitova et al., 2017).
For sulfur, measurement times were 5 min in total per incident
energy point with a total RIXS plane measurement time of
5 h. For UO,Cl,*>~, measurement times were 80 s per incident
energy point with a total RIXS plane measurement time of
just under 2 h. We ruled out beam damage as we observed no
changes during several scans over the incident energy range.
For sulfur measurements, this was a series of eight approxi-
mately 40 min-long scans over the incident energy range 2460—
2490 eV. For UO,Cl,*, this was only two 40 min-long scans
over the incident energy range 3700-3800 eV.

2.4. Data processing and self-absorption corrections

Because a thick sample is necessary to collect a RIXS plane
in a reasonable amount of time, and we wished to take cuts in
the RIXS plane to obtain high-energy resolution fluorescence
detection spectra, self-absorption corrections are needed.
First, we define an effective absorption coefficient pgrixs(E;)
as the sum over the emitted energy of the measured RIXS
intensity, i.e. a partial fluorescence yield (PFY) measurement
of the X-ray absorption for the particular fluorescence energy
range being studied,

Urixs(E;) = ZIRIXS(Eia E,), 1)
EE

where Ixixs(E;, E.) is the intensity of the measured RIXS
spectrum at emitted energy E. and incident energy E;. Under
the assumption that the PFY signal on the thick RIXS sample
is roughly proportional to a total fluorescence yield (TFY)
signal on the same (thick) sample, we see that the sample self-
absorption can be corrected by the ratio of a TFY measure-
ment on a thin sample (i.e. not exhibiting self-absorption) and
the measured PFY signal integrated from the RIXS,

Hrey(E)
MRrixs (El) '

where Icorectea(Ei, Ee) is the final corrected RIXS spectrum
and prpy(E;) is the XAS spectrum collected on a thin sample
in fluorescence mode. We can see that summing over the
emitted energy of the corrected RIXS spectrum yields the
TFY absorption spectrum on a thin sample, as desired. This
self-absorption correction was applied to all RIXS datasets,
and results in corrections of less than 20%. The corrected
[4rixs(E;)] and uncorrected [urey(E;)] spectra are shown
in Fig. S1 of the supporting information. In general, self-
absorption on a normalized spectrum has the effect of ‘flat-
tening’ the spectrum towards a value of 1, which is what we see
here. It should also be noted that it is possible that the thin
samples prepared are not fully free of self-absorption effects.
A total electron yield (TEY) measurement could be a good
way to perform this measurement in the future to ensure the
comparison spectrum is not self-absorbed.

Other data processing was minimal. Several of the collected
spectra had hot pixels which were filtered. Each emission
spectrum was normalized to the time-integrated incident
X-ray intensity measured at the /, ion chamber. XAS data
were normalized to an edge-step of unity (excluding the
uranium data which were peak-normalized) using the Athena
and the Demeter packages (Ravel & Newville, 2005).

ICorrected(Ei7 Ee) = IRIXS(Ei7 Ee) (2)

3. Results and discussion

It is useful to briefly describe the underlying physics of the
S Ko RIXS experiment. A naive description involves two-
steps. There is an excitation to an intermediate excited state
followed by characterization of the relaxation process to a
final excited state. Using orbital descriptions (Fig. 3), the
excitation involves bound-state transitions between S 1s
orbitals and virtual (unoccupied) orbitals that contain, for
example, some degree of S 3p character for excitations near
the S K-edge. The emission involves electronic relaxation from
the S 2p orbitals to the S 1s orbitals. Hence, for a free S°* ion
(no ligand field), the experiment involves electronic excitation
of the 1s* 25* 2p° 3p° ground state to the intermediate 1s' 2s°
2p° 3p" excited electronic state followed by relaxation to the
1s* 25 2p° 3p' final excited state.

Fig. 4 shows experimental S Ko RIXS data from two
compounds, (PPhy),WS, and Na,S,0;, with the intensity
plotted as a function of incident energy and energy transfer
(incident energy minus emitted energy, Fig. 3). Plotting inci-
dent energy versus energy transfer makes it clear that the
broadening of the final and intermediate states are indepen-
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Figure 3
A general description for electron transfer processes for a free S°* ion
during the S Ko RIXS spectroscopy experiment.

dent, and that a diagonal cut across the RIXS plane at
constant emission energy can yield an XAS-like spectrum
where the core-hole lifetime broadening is suppressed
(Glatzel & Bergmann, 2005; De Groot et al., 2002; Hamaldinen
et al., 1991); this is the basis for high-energy resolution
fluorescence detection (HERFD), originally known as partial
fluorescence yield X-ray absorption near-edge spectroscopy.

WS> is a well studied standard for benchmarking this
DDR spectrometer because its S K-edge XAS spectrum is well
characterized (Olson et al., 2014; Miiller et al., 1994; Wittneben
et al., 1989; Frank et al., 1987). The spectrum contains a pair of
pre-edge features that result from excitation of S 1s electrons
to unoccupied molecular orbitals of e and £, symmetry (Olson
et al., 2014). In contrast, the RIXS spectrum from WS42_ has
not been reported previously. It contains a quartet of low-
energy peaks whose final excited states (energy transfer) are
approximately 163 eV above the ground state incident ener-
gies near 2473 eV. The four features are best described as a set
of pairs, one with incident energies near 2470 eV and a second
set with excitation energies near 2472 eV. Within each pair, a
1 eV difference in energy transfer distinguishes the two peaks
and is the expected Ko, spin orbit splitting.

Moving to Na,S,0s;, thiosulfate has two distinct sulfur sites,
one sulfate-like S°* and one sulfide-like S*~. These different
oxidation states have XAS spectra with edge steps at 2482 eV
and 2470-2473 eV, respectively, and XES spectra with
Koy peak locations at 2309.1 eV and 2307.8 eV, respectively
(Alonso-Mori et al., 2009). We see one pair of low-energy
features, identified at an incident energy of 2472 eV and an
energy transfer of ~164 eV corresponding to the Ko, , peaks
of the sulfide-like site. At higher energy (2482 eV incident
and 170 eV energy transfer), the sulfate-like site can also be
excited and two additional pairs of peaks were observed. The
emission energy of these peaks is higher, and so these peaks
fall below the dotted line corresponding to a constant S** Ko,
emission energy of 2307.8 eV. Although RIXS of these
compounds has not previously been reported, the signal
quality above the background of our results compares favor-
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2465 2470 2475 2480 2485
Incident Energy (eV)

Figure 4

Contour plots showing the RIXS measurements from (a) (PPh,), WS, and
(b) Na,S,05. Each plot shows energy transfer (S K-edge X-ray absorption
energies minus the Koy, Ko, X-ray emission energies) versus the S K-
edge X-ray absorption energy. Dashed lines indicate the diagonal cuts
used for HERFD spectra. These lines are set at the maximum of the pre-
edge feature.

ably with prior work on other sulfur compounds (Kav¢ic et al.,
2012, 2016; Robba et al., 2017, Marchenko et al., 2015).

In Fig. 5, we present Ko HERFD cuts (emission energy
2307.8 eV) through the RIXS plane for both compounds
and compare those spectra with the TFY results collected for
normalization. The dashed line in Fig. 4 shows the constant
emission energy (2307.8 eV) cuts taken to obtain the HERFD
spectra. This emission energy was chosen to be the maximum
of the resonant emission at the pre-edge so that the pre-edge
features line up at the same positions as in the XANES
spectrum. The HERFD spectra were produced by integrating
over 0.1 eV emission energy. In both cases, there is a modest
improvement in energy resolution over the XAS data, similar
to previous results (Kavéi¢ et al, 2016) on SOs*". The
magnitude of the energy-resolution improvement can be
estimated as shown by De Groot et al. (2002), yielding a
HERFD energy resolution of 0.43 eV, only slightly smaller
than the S 1s lifetime broadening of 0.53 eV. The limited
improvement is because the experimental resolution is larger
than the 1s lifetime broadening. A detector with a low-energy
resolution would be equivalent to a total fluorescence yield
measurement (0.53 eV broadening in this case), and, as the
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Figure 5
HERFD (orange) and TFY-XAS (blue) spectra for both (a) (PPh,),WS4
and (b) Na,S,0;. TFY-XAS spectra are collected in fluorescence mode
on a thin sample and HERFD spectra are a diagonal cut of the RIXS
plane. In both cases, the HERFD spectrum shows modest improvement in
the energy resolution with respect to the TFY-XAS spectrum.

energy resolution of the detector improves, the broadening of
the HERFD spectrum decreases.

As a more stringent test of the sensitivity of the spectro-
meter at BL 4-3, we also measured S KB RIXS of NaS,0s;,
shown in Fig. 6. The S KB RIXS experiment is similar to the
S Ko RIXS process described above (Fig. 3) in that it also
involves an initial electronic excitation from the 1s orbital to
an intermediate excited state that involves the S 3p valence
orbitals (see Fig. 7). It differs in that progression to the final
excited state involves a higher energy 3p — 1s transition,
rather than the 2p — 1s process in S Ko RIXS. As a result, the

30 T
S
KB RIXS
=
2 20
K3
(2]
c
o
}_
3
o 10
c
w
0 = ™ = = 1 ‘ 1
2470 2475 2480 2485
Incident Energy (eV)
Figure 6

Contour plot of S KB RIXS collected on Na,S,0;. As in Fig. 4, X-ray
intensity is plotted against the incident energy and energy transfer
(incident — emitted energy).

S 3p

O2p

)

Valence to Core
Relaxation

to Final

Excited State

S 2p
S2s4+—4
S1s 4+

Intermediate Excited State
1s" 252 2p® 3p°
Figure 7
A general description for the valence-to-core relaxation process that
occurs during the S KB RIXS spectroscopy experiment.

S KB RIXS technique directly probes the occupied valence
orbitals and the S KB RIXS spectra is more heavily influenced
by the sulfur chemical environment than the Ko RIXS spectra.
Another difference is associated with emission intensity. For
each 1s core hole created, S Kf X-ray emission is more than
ten times less likely than Ko emission (Ertugral et al., 2007,
Salem et al., 1974), so count rates are low (approximately total
50 total counts s '). Fortunately, the detected background is
also correspondingly low.

The S,05>~ S KB RIXS spectrum is shown in Fig. 6 and
RXES spectra are shown in Fig. 8. The RIXS spectrum
contains a strong feature with an incident energy of 2472 eV
and 6eV in energy transfer, the latter of which tails to
approximately 12 eV. At higher incident energy, there are a
series of peaks that also tail in energy transfer by about 6 eV.
The RXES cuts shown are split into two groups: ones with
an excitation energy below the sulfate-like edge of 2482 eV
(A, B) and those with an excitation energy above that edge
(C, D). The main difference is that spectra A and B show no
KB’ peak, but spectra C and D do at approximately 2453 eV
emission energy. This peak has been attributed to transitions
involving a molecular orbital of primarily oxygen character
(Alonso-Mori et al., 2010), and so when the incident X-ray
energy is insufficient to excite the S°* 1s electron we would
expect to only see emission from the S*~ site, and so there is
no Kf’ at the lower energies (as this sulfur site is not bonded
to oxygen). The elastic scattering present in the Kf RIXS
measurement [highest energy peak of Fig. 8(b) in each case]
provides an opportunity to measure the energy resolution of
the spectrometer, as this peak should only be broadened by
the energy resolution of the beamline monochromator. With
an incident energy of 2472 eV, the elastic scattering peak in
the S KB RIXS study showed a full width at half-maximum of
0.81 eV. Allowing for the ~0.3 eV energy resolution of the
monochromator, we infer a spectrometer energy resolution of
~0.75 eV. While slightly inferior to that of other spectro-
meters in this energy range (Kavci¢ et al., 2012), the results
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Figure 8

Resonant XES (constant incident energy) cuts of the Na,S,0; KB RIXS
plane. Spectra in (b) correspond to the incident energies selected in (a).
The highest energy emission peak is elastic scatter where the emission
energy equals the incident energy.

below indicate that this resolution suffices for a broad range of
future applications.

This energy resolution, however, is extremely effective for
the slightly higher energy study of the U M emission from
Cs,UO,Cly (see Fig. 9). The study of actinide M-edge XAS has
been stymied by the large (3.5 eV) core-hole broadening of
the 3d electrons which limits the ability of X-ray absorption to
distinguish features. Therefore, RIXS of actinide materials has
great promise as it resolves features at energy scales less than
the core-hole lifetime broadening. This was done to great
effect in UO,>* (Kvashnina et al., 2014; Vitova et al., 2013,
2015, 2017), which revealed several previously unresolved
3d — 5f transitions.

Of particular significance — especially for the experiments
reported herein — is the study by Vitova et al. (2017) using U
Mg RIXS to investigate the uranium electronic structure. The
experiment involves core-to-core electron transitions invol-
ving a U 3d — U 5f excitation followed by relaxation of a core
U 4f-electron (Fig. 10). Using our spectrometer, we were able
to obtain a spectrum in 2 h on 60 mg of Cs,UO,Cl, sample
using the unfocused BL at SSRL (4-3) which reproduces
Vitova’s spectrum collected with a scanning, point-focusing
Rowland spectrometer at the INE actinide beamline of
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Figure 9

(a) U M,-edge HERFD cut of UO,CI,*~ collected using both the DRR
spectrometer (orange) and the measurements by Vitova et al. (2017)
(blue) at ANKA-INE, and a TFY XAS measurement on a thin sample
(green). Spectra are offset for clarity. (b) U MB RIXS plane collected
using the DRR spectrometer. Spectra are offset for clarity and
normalized to peak intensity for better comparison.

Angstromquelle Karlsruhe (ANKA) (Kleymenov et al., 2011;
Zimina et al., 2017). A HERFD spectrum was obtained by
averaging a 0.1 eV-wide slice of the RIXS plane at an emission
energy of 3340.3 eV, the maximum of the resonant emission.
The spectrum contains three primary peaks with incident
energies of approximately 3723 eV, 3728 eV and 3730 eV
separated by about 2 eV in energy transfer energy, corre-
sponding to the splitting of the unoccupied 5f states into &/¢
non-bonding and 7- and o-antibonding orbitals. The data of
Fig. 9 have been shifted by 1.8 eV to align the two spectra
at the energy of the first peak. We attribute the difference in
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Figure 10
A general description for the core-to-core processes occurring during the
U MpB RIXS spectroscopy experiment.
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energy scales to the difference in calibration methods between
the two experiments. To better align with other previous
M-edge studies (Kraft et al., 2011), our UO,Cl,*~ spectra were
calibrated to the pre-edge maximum of a KCl XAS spectrum
at 3608.4 eV and Vitova et al. (2017) calibrated to the white
line of a UO, spectrum at 3725.2 eV. Aside from the energy
scale mismatch, the results collected here agree well with
those presented by Vitova et al. (2017). The uranyl of Vitova
et al. (2017) shown in Fig. 9 is UO,*" in solution, which is a
different uranyl coordination environment than the solid
CsUO,Cl; measured here. The difference in o-antibonding
peak position could be attributed to differences in the axial
U—O bond distance, as laid out by Vitova et al. (2018) and
Podkovyrina et al. (2016). In those works, it was shown that a
longer U—O axial bond corresponds to a lower energy o-
antibonding peak. There is a longer axial U—O bond distance
in Cs,UO,Cl, than in aqueous Uo,* (Allen et al., 1997), so
this shift is at least in qualitative agreement with previous
results. In comparing the two experiments, one major differ-
ence is that to collect a HERFD spectrum the focusing
Rowland spectrometer only collects at the peak emission
energy of the U Mp, and so the HERFD spectrum was
collected in 1s per point. In contrast, the experiment
described here required 80 s per point collection time, but the
whole RIXS plane was collected.

Looking to the future, there are several directions for
improved performance or broader range of application. First,
finer energy resolution or improved solid angle of collection
can be achieved with a Johansson (bent and ground) optic; this
crystal motif eliminates the Johann error resulting from the
edges of the optic not sitting on the Rowland circle (Bergmann
& Cramer, 1998), especially when working at Bragg angles
farther from backscatter. Second, as pointed out previously,
the compact design of the spectrometer suggests its installa-
tion in a glovebox at an end-station (Holden et al., 2017).
In this way, RIXS measurements could be performed on
air-sensitive samples without the samples ever leaving a
controlled atmosphere. This also has particular relevance for
actinide chemistry, where the glovebox could act as a layer
of containment, allowing for more complex experiments and
easier facilitation of on-site chemistry. Finally, the DRR design
could be modified to use larger radii optics. Although this
would increase the footprint of the instrument, it could allow
for doubly focusing optics which would improve efficiency and
count rates.

4. Conclusions

We have demonstrated that the miniature dispersive Rowland
refocusing spectrometer offers an opportunity to perform
advanced photon-in/photon-out X-ray spectroscopies (XES,
RIXS, HERFD) using a portable instrument which is suitable
for use with unfocused beamlines and large beam spots. The
compatibility of this spectrometer with large beam spots
permits intentionally increasing spot size to reduce radiation
dose and subsequent damage to sensitive samples. Collection
times are manageable (several hours for a RIXS plane) and

low background allows for the measurement of low-intensity
X-ray emission lines. Results compared favorably with
previous sulfur RIXS measurements made with a dispersive
spectrometer design and also reproduced prior measurements
on UO,CL*™ made with a focusing spectrometer. As such,
we anticipate that this spectrometer design will expand the
availability of these advanced spectroscopies, especially in this
energy range, which is, at present, only possible at a small
number of beamlines.
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