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We present a multicrystal Johann-type hard x-ray spectrometer (~5-18 keV) recently developed,
installed, and operated at the Stanford Synchrotron Radiation Lightsource. The instrument is set at
the wiggler beamline 6-2 equipped with two liquid nitrogen cooled monochromators — Si(111) and
Si(311) — as well as collimating and focusing optics. The spectrometer consists of seven spherically
bent crystal analyzers placed on intersecting vertical Rowland circles of 1 m of diameter. The spec-
trometer is scanned vertically capturing an extended backscattering Bragg angular range (88°-74°)
while maintaining all crystals on the Rowland circle trace. The instrument operates in atmospheric
pressure by means of a helium bag and when all the seven crystals are used (100 mm of projected di-
ameter each), has a solid angle of about 0.45% of 47 sr. The typical resolving power is in the order of
A—EE ~ 10000. The spectrometer’s high detection efficiency combined with the beamline 6-2 charac-
teristics permits routine studies of x-ray emission, high energy resolution fluorescence detected x-ray
absorption and resonant inelastic x-ray scattering of very diluted samples as well as implementation of
demanding in situ environments. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803669]

. INTRODUCTION

During the last decade, the availability of high bril-
liance synchrotron radiation facilities boosted the develop-
ment and the applicability of high-resolution x-ray spectro-
scopic techniques. X-ray emission (XES), resonant inelastic
x-ray scattering (RIXS), and high energy resolution fluores-
cence detected x-ray absorption (HERFD-XAS) have been
well-established as advanced characterization tools. Their
element-specificity provides insights into the electronic struc-
ture and local chemical environment'™ of many materials.
In the soft x-ray regime (<2 keV), and through grazing in-
cidence angle grating spectrometers arranged on Rowland-
based geometries,>® XES and RIXS have provided unique in-
sights in relevance to the energetics, momentum, and spin of
superconductors and transition metal oxides, as well as sur-
face chemistry of adsorbates."’~' On the other hand, hard
x-rays provide some advantages related to the implementa-
tion of demanding sample environments and thus expand the
applicability of these techniques to a broader field of sci-
entific applications.>® For example, electrochemical studies
under in situ conditions, measurements on enzymes, pro-
teins, catalytic systems under ambient conditions, or transi-
tion metal complexes have been studied routinely in the past
few years.''2° Further on, XES has also been used to study
the dynamics of time dependent systems with a temporal res-
olution of few picoseconds,?'*?? as limited by the storage ring
technology. The recent availability of femtosecond hard x-ray
sources, such as the Linear Coherent Light Source, provides
some unique opportunities for the study of ultra-fast elec-
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tronic structure dynamics in various phenomena,’* such as

electron transfer processes, transient molecular states, molec-
ular dissociation, etc.

Typically, hard x-rays are resolved with high-energy-
resolution by employing Bragg type perfect-crystal x-ray
optics. The efficient collection of x-rays emitted from a di-
vergent X-ray point source can be achieved with high-energy-
resolution when single or multiple bent crystals are arranged
in the so-called Johann,? Johansson,?® or Von Hamos?’ ge-
ometries. These geometries can be separated by the way a
spectrum is collected, i.e., point-to-point focusing where the
collection of different energy points requires scanning ele-
ments, or energy dispersive geometries, where the full spec-
trum is collected simultaneously without the need of any mov-
ing parts.

In the Von Hamos geometry, a cylindrically bent crys-
tal disperses the radiation along its flat surface’s plane and
focuses it along its axis of curvature onto a line like fea-
ture. The spatially distributed signal is recorded with a
position sensitive detector at the crystal’s focusing axis pro-
viding the overall spectrum. Alternative wavelength disper-
sive concepts have been proposed and implemented based
on Johansson geometry having the source positioned inside
the Rowland circle.”® Various setups based on these afore-
mentioned conceptual principles have been built up to the
present moment.”>?%-33 Dispersive setups have certain im-
portant practical advantages since they do not incorporate
movable parts and record the overall spectrum simultane-
ously. The latter point becomes especially relevant for X-
ray Free Electron Laser (XFEL) type of experiments; a mul-
ticrystal Von Hamos spectrometer was recently build for this
purpose.?* On the other hand, the two main disadvantages of
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the dispersive setups are: (1) the much larger exposed detector
area, which unavoidably increases the background to signal
ratio and (2) the fact that the effective solid angle depends on
the exact spectral range which might vary depending on the
study. This is particularly limiting for HERFD-XAS studies
where often a very narrow spectral range is required, which
in turn results in a very small solid angle.

Point-to-point scanning instruments in Rowland circle
geometries can provide orders of magnitude higher signal to
background ratio and often a larger solid angle. A prototype
single element Johann spectrometer was built in early 1990s
at NSLS.?7 Since then, multi-crystal spectrometers based on
intersecting Rowland circles have been developed, enhanc-
ing the solid angle and therefore sensitivity as well as col-
lection efficiency. The first of these multi-crystal instruments
was developed by Wang et al.;*® an updated design based on
an 8-crystal analyzer spectrometer using a simpler scanning
procedure was built by Bergmann and Cramer.*® Currently,
various multi-crystal instruments are in operation at several
synchrotron radiation facilities;***>43 until recently a 14-
crystal spectrometer operated with a simplified energy scan-
ning scheme at the Stanford Synchrotron Radiation Light-
source (SSRL).3

Here, we present the design and discuss the performance
of a new dedicated 7-crystal Johann-type hard x-ray spec-
trometer developed at SSRL. The instrument is used for hard
x-ray emission and resonant inelastic x-ray scattering, as well
as high energy resolved fluorescence detection x-ray absorp-
tion and extended x-ray absorption fine structure applications.
Some examples demonstrating the performance of this now
operational end-station will be discussed.

Il. TECHNICAL DESCRIPTION

The x-ray spectrometer is stationed at the 57-pole 0.9T
wiggler beamline 6-2 at SSRL. Beamline 6-2 is equipped
with two liquid nitrogen cooled double crystal monochroma-
tors, a Si(111) (¢ = 0) and a Si(311) (¢ = 0) device that
can be alternately operated depending on the required energy
resolution. A collimating and a focusing Rh-coated mirrors
are positioned before and after the monochromator, respec-
tively. The beamline delivers monochromatic x-rays over an
energy range of 4-18 keV. Under the current SPEAR3 storage
ring operational conditions (electron energy of 3 GeV, current
500 mA in top-off mode) and through the Si(311) (Si(111))
monochromator, an incident beam flux of ~4 x 10'? pho-
tons/s (2 x 10'3 photons/s) at 6.5 keV with an energy res-
olution of about 180 meV (850 meV) and a beam size of
about 140 x 400 um? (vxh) is delivered at the sample po-
sition (~28 m from the source).

The seven analyzer crystals are placed on intersecting
Rowland circles of 1 m of diameter (Fig. 1). Following the Jo-
hann geometry, the analyzer crystals, with a projected diam-
eter of 100 mm, are spherically bent to a radius of 1 m. The
Rowland circle is set on the vertical plane since the vertical
beam size is smaller than the horizontal one and thus the con-
tribution of the geometric effects within the energy resolution
is minimized.>® In order to minimize unwanted x-ray scatter-
ing the seven crystals are placed around ~90° with respect to
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FIG. 1. Schematic representation of the overlapping Rowland circles con-
cept. Seven spherically bent crystal analyzers are aligned on the same sample-
detector axis.

the incident beam direction along the horizontal plane, cov-
ering an angular range of ~75°-120°. The solid angle of
the instrument, when all seven crystals are used, is 0.45%
of 4 sr. All crystal modules are positioned on a common
rigid hosting plate that moves vertically with a stepper motor
(Fig. 2). Each crystal module can move along its normal direc-
tion through its respective linear translation stage; this motion
allows the crystals to follow the exact Rowland circle as the
spectrometer is scanned. The analyzed signal from all crystals

FIG. 2. Spectrometer’s mechanical drawing.
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FIG. 3. Schematic representation of the relative translations (§R, §Az, 8D;)
of motors R, A;, D, for two different photon energies 4v; and hv;; the ana-
lyzer is maintained on the exact Rowland circle (shown with dotted lines).

is recorded simultaneously with a detector placed on a verti-
cal motorized stage. The detector’s overall range of motion
allows the spectrometer to capture Bragg angles between 74°
and 88° (Bragg angles even closer to backscattering, >88°,
can be reached when the sample environment permits it). The
detector routinely used is a silicon drift detector (energy reso-
lution full width at half maximum (FWHM) of about 150 eV
at 5.9 keV). Such an energy resolving detector further sepa-
rates the wanted analyzed signal from the unwanted diffuse
scattering or other fluorescence radiation that may reach the
detector. This can improve the signal to background ratio sig-
nificantly and is of particular importance when one needs to
analyze very weak signals (e.g., valence electron transitions
in diluted samples). For high-count rate applications, or ~ps
time-resolved studies, the detector can be replaced with an
avalanche photodiode. Since the overall experimental station
operates in atmospheric pressure, a polypropylene bag filled
with helium is used to minimize both the attenuation and the
diffuse scattering of the x-rays as they propagate from the
sample to the analyzers and then toward the detector.

The spectrometer’s energy scanning scheme is based on
the Bragg angle equation and trigonometric expressions that
represent the Rowland circle geometric conditions (Fig. 3).
In this way, the positions for all spectrometer’s motors for
a given analyzed photon energy hv (in eV) are calculated
through the following expressions.

. 12398.5
6 = arcsin ——, (1)
Zdhkz hv
R =1000sin6, (2)
A; = R cos#, 3)
D,=2A,, “4)

where 6 is the Bragg angle, dj the d-spacing for the given
crystal orientation/type used, R the distance of the crystals
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FIG. 4. Seven elastic scattering scans at 6489.58 eV (Bragg angle ~84.26°)
for each of spectrometer’s crystal positions. The response is identical. (Note:
to compensate the polarization of the incident radiation and thus the strong
angular dependence of the scattering intensity, the elastic scans for the vari-
ous spectrometer positions have been normalized to their integrated area for
comparison purposes.)

from the sample-detector axis, A, the distance of the crys-
tal from the sample/incident x-ray beam plane, and D, the
detector’s distance from the incident x-ray beam plane (all
distances in mm). The actual positions of all motors (R, D,,
A;) have been measured with an accuracy of less than 1 mm,
whereas the relative motions of the motorized stages have
been calibrated within <0.5%.

Each analyzer crystal is installed on a motorized mod-
ule providing the yaw and pitch angular motions required for
its alignment. The adopted modules have been described in
details elsewhere.*” For a given set of crystals these angu-
lar positions are initially aligned by using a laser source and
thus according to their optical surface. The fine alignment of
their angular positions and the correction for slight miscuts
(if the Bragg plane is not parallel to the crystal surface) is
accomplished with x-rays (most frequently with elastic scat-
tering scans). Iterative scripts have been developed in order to
facilitate and optimize the overall x-ray based alignment pro-
cedure of the spectrometer. Figure 4 shows seven elastic scat-
tering peaks for each of the seven spectrometer’s crystal posi-
tions using a Si(440) diced-and-bent crystal cut analyzer*>7°
and the Si(311) monochromator. All elastic peaks have been
normalized to their integrated area for comparison purposes;
the response is identical. In order to calibrate the spectrom-
eter’s nominal energy values (calculated solely through the
measured distances) with respect to the monochromator, the
elastic peaks are measured along the overall energy range re-
quired for a given study. For instance, Fig. 5 shows elastic
scattering peaks along an energy range of 6462-6572 eV.

As the Bragg angle moves away from the 90° backscat-
tering geometry, the energy resolution of the spectrometer is
expected to gradually degrade. This is due to geometrical ef-
fects inherent to the Johann geometry (cotf) and has been
extensively reported in previous works.** Figure 6 shows the
evolution of the FWHM along the whole range of the recorded
scattering peaks presented in Fig. 5 (note that the FWHM
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FIG. 5. Elastic peaks along an extended energy range of the spectrometer
covered using diced-and-bent Si(440) cut.
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FIG. 6. Experimental full width at half maximum (FWHM) of the elastic
scattering peaks with the diced-and-bent Si(440). Data for 5 mm and 1 mm
slits in front of the SDD detector are shown. Also, a representative value for
a conventional bent analyzer (non-diced) of 100 mm diameter is given with
and without masking its outermost 25 mm along the dispersive direction.
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corresponds to the cumulative contribution of the Si(311)
monochromator employed here and that of Si(440) crystal an-
alyzers). We compare the evolution of the FWHM when using
two sets of vertical slits of different size, 5 mm (practically
uncollimated) and 1 mm, in front of the detector. A dramatic
improvement of the energy resolution is achieved when us-
ing the tighter set of slits, especially as the diffraction angle
moves away from the backscattering, i.e., where the geome-
try effects have more prominent contribution (for the present
case when moving from 5 mm detector slit size to 1 mm, the
overall intensity is reduced by about a factor of 2). In the same
Fig. 6, some representative FWHM values are given for con-
ventional (non-diced) spherical Si(440) analyzers of 100 mm
of diameter with and without masking the crystal along its
dispersive direction (in both cases a 1 mm vertical detector
slit is used). It is worth noting that under identical conditions,
the maxima of the elastic peak for the conventional analyzer
found to be 10% higher compare to the diced-and-bent one
(we should keep in mind that the diced-and-bent crystal has
effectively 20% smaller active area due to the cuts*?).

For capturing as many fluorescence lines as possible
within the 5-18 keV energy range, and for the available spec-
trometer’s angular scanning range (74°—88°), we are gradu-
ally obtaining an extended collection of crystal analyzers. Up
to the present moment, the available crystal cuts are the fol-
lowings: Si(110) (diced-and-bent and conventional), Si(111),
Si(211), Si(620), Si(551), Si(1020), Si(553), Ge(110),
Ge(111), Ge(211), and Ge(620). In Fig. 7, the energy
ranges captured with the available crystals (accounting their
various allowed high order reflections) are displayed with hor-
izontal bars; some exemplary x-ray emission lines and absorp-
tion edges are also shown. The energy resolution for these
conventional spherically bent crystals is typically in the or-
der of A—EE ~ 10000 (for diced-and-bent ones this factor can
be increased by a factor of ~2). As shown in Fig. 6, mask-
ing the crystals’ outermost areas can result in improvements
on the energy resolution up to 20%; however, the magnitude
depends also on the quality of the analyzers.
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FIG. 7. Energy ranges for the current SSRL’s crystal collection ( Si(110), Si(111), Si(211), Si(620), Si(551), Si(1020), Si(553), Ge(110), Ge(111), Ge(211), and
Ge(620)) accounting their various high order allowed reflections. These energies can be analyzed within the 74°-88° scanning angular range of the spectrometer.

Some exemplary emission lines and absorption edges are also indicated.
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lll. EXAMPLES

In Fig. 8 we present non-resonant KB x-ray emission
spectra from three polycrystalline manganese compounds
(MnO, Mn,03, MnQO,). These measurements were collected
using the conventional Si(440) crystal analyzers while the
spectrometer was scanned within the Bragg angular range of
88°-80°; the incident energy was set at 7000 eV. The spec-
trometer’s high throughput typically provides the peak inten-
sity of the 3d metals’ K| fluorescence line to be of about sev-
eral 10° photons per second per crystal analyzer when ~10'3
incident photons per second are tuned right above the absorp-
tion edge and when thick pure samples are used. In the same
way, for the peak intensity of the Kf lines the spectrome-
ter provides from several 10° to about 10° counts per second
per analyzer crystal. KB non-resonant x-ray emission spec-
troscopy on 3d metals is a routine analytical methodology and
its chemical sensitivity has been discussed in the literature.’
In such spectra two regions of interest can be distinguished.
The prominent Kf main line features are at the lower ener-
gies, and the significantly weaker K-valence features lie at the
higher energies close to the absorption edge (expanded within
the inset figure of Fig. 8). For both cases the obtained spectra
are broadened due to the lifetime of the initial and final states
involved (normally the initial state (1s) has the dominant con-
tribution, about 1-2 eV for the 3d metals*?), as well as to the
spectrometer’s response function. Since the experimental en-
ergy resolution is smaller than the lifetime of the involved
states (& ~ 10000), the instrument’s contribution to the to-
tal energy broadening is negligible. In non-resonant emission
experiments, the incident beam energy resolution does not
have any influence neither. However, it should be noted that as
the incident photon energy gets gradually above the ionization
threshold, multi-electron shake-off/ups processes are slowing
opening and this may result on satellite spectral fingerprints
within the emission spectrum.**

The KB main lines (K813 and KB’) correspond to the
3p — ls core electron transitions; the chemical sensitivity
comes indirectly from the electron-electron interactions and
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FIG. 8. KB x-ray emission from various polycrystalline manganese com-
pounds (MnO, Mn03, MnO5). The inset figure shows the K-valence emis-
sion pattern. Spectra have been normalized to the integrated area of the KB
main lines.
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core screening effect of the valence electrons. For 3d transi-
tion metals such as Mn, the KB, 3 and KB’ splitting is mostly
due to the 3p-3d exchange interaction consisting a fingerprint
for the metal’s spin and oxidation state (and indirectly to the
local geometrical structure). Various data analysis schemes
have been proposed and adopted for KB main lines depending
on the application, e.g., the maxima position, the first moment
position or the integrated absolute difference with respect to a
reference spectrum.”**->’ However, the complete theoretical
reconstruction of K8 main lines for molecular and condensed
matter systems through ab initio approaches remains yet unre-
solved and theoretical efforts beyond atomic multiplet theory
are undergoing. This is a topic of paramount interest for spec-
troscopists since it would provide a thorough understanding
of the emission pattern and potentially enhance the electronic
structure insights that KS-based x-ray emission spectroscopy
provides.

On the other hand, the valence to core transitions, al-
though exhibiting about two orders of magnitude weaker
transition probabilities, have a direct sensitivity on the lo-
cal chemical environment/structure through the occupied va-
lence orbitals (for the valence electrons involved in the sym-
metry allowed electronic transitions). It has been shown that
for various systems simple one electron transition calcula-
tions, based on ground state wavefunctions, could address all
the spectral fingerprints within the K valence x-ray emission
spectra.'3-38-6% In this way, Density Functional Theory (DFT)
approaches provide a direct intuitive insight about the spec-
tral patterns and the electronic structure changes due to the
ligand environment modifications. Most notably, the so-called
crossover K valence fingerprint has been shown to sensitively
discriminate ligands with similar atomic number (e.g., C, N,
O) within metal’s first coordination shell, overcoming in this
way a limitation of EXAFS.!31462-65 The weak nature of
those transition stimulates instrument developments such as
the one presented here.

Recording of x-ray emission while tuning the incident ra-
diation along the absorption edge allows resonant x-ray emis-
sion (RXES) studies, referred also as RIXS. In Fig. 9, we
present a resonant study on a polycrystalline Fe,O3 measured
with Ge(620) analyzers and using a Si(311) monochromator
(the combined monochromator and analyzers energy resolu-
tion was 0.7 eV). A RIXS contour map is shown in the left,
and a HERFD-XAS on the right (compared with a conven-
tional XAS spectrum obtained using the Fe-Ko fluorescence
discriminated by a solid state silicon detector). Several reports
in the literature discuss about both RIXS spectroscopy and
HERFD-XAS characteristics as well as the relevant emerg-
ing applications.”3%-8 The HERFD-XAS is practically a
diagonal cut along the RIXS contour map (when plotted as
incident energy versus energy transfer), i.e., when the x-
ray emission energy is fixed while scanning the incident ra-
diation energy. The main advantages of HERFD-XAS are
two-fold; the signal-to-background is significantly improved
since crystal analyzers resolve any overlapping fluorescence
peaks and/or scattering radiation within the detection chan-
nel, while it sharpen the XAS spectral features (this becomes
evident for instance for the ,, and e, pre-edge peaks shown
within the inset of Fig. 9). However, the interpretation of
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FIG. 9. A RIXS contour map of Fe;O3 along the pre-edge of Fe (left). Comparison of a HERFD-XAS and conventional fluorescence XAS spectrum using a

solid state detector integrating the Fe-Ka line (right).

HERFD-XAS through conventional XAS calculations (i.e.,
the recorded spectrum to represent the linear absorption co-
efficient) should be handled with care since this can be reli-
ably attempted only when final-state effects are absent. For
instance, for 5d metals it has been demonstrated that this as-
sumption stands very well and XAS calculations can be used
for interpretation purposes.'”%%7%73 On other hand, for the 3d
transition metals final state effects may be prominent and the
full RIXS map would then be required for identifying them.
For the exemplary case presented in Fig. 9 it is shown that
HERFD-XAS along the contour’s diagonal represents a reli-
able approximation of the XAS.

Since the contribution of the core hole broadening in
resonant spectroscopies is not as prominent as in the non-
resonant experiments, the energy resolution of the spectrom-
eter/incident beam may not have a negligible influence any-
more. Thus in certain case studies having an ls lifetime
comparable energy resolution may become a limitation. For
such type of applications diced crystals can be incorpo-
rated enhancing the energy resolution of this spectrometer to
few hundreds of meV (in the present case further improve-
ment of the energy resolution would not improve the over-
all performance due to the Si(311) monochromator energy
resolution limitation). The implementation of four bounces
monochromators with high order cuts combined with diced
analyzers and positions sensitive detectors has be shown
to exhibit significant improvement on the energy resolution
(55 ~ 10°),%7-72 however that comes at the expense of the
throughput.

IV. CONCLUSION

Described here is a multicrystal Johann-type hard x-ray
spectrometer recently developed, installed and now operating
at SSRL. The setup consists of 7 analyzer crystals arranged on
overlapping vertical Rowland circles. The spectrometer can

be scanned vertically, within the Bragg angular range of 74°—
88°, maintaining the exact Rowland circle condition for all
the analyzers. Using SSRL’s wide collection of Si and Ge
crystal cuts the spectrometer can efficiently analyze x-ray en-
ergies within the energy range of about 5-18 keV. The large
solid angle acceptance of the instrument combined with point-
to-point focusing geometry and the energy dispersive silicon
drift detector, minimizes the background signal and ensure an
optimized detection sensitivity for weak signals and/or dilute
samples.

X-ray emission, high-energy resolution x-ray absorption
spectroscopy and resonant inelastic x-ray scattering tech-
niques exhibit a growing interest within the scientific com-
munity. The emerging applicability of these powerful spec-
troscopic techniques on cross-disciplinary scientific fields
requires advanced instruments coupled to high-brilliance x-
ray sources in order to achieve the required throughput and
energy-resolution as well as the flexibility to accommodate
demanding sample environments. In situ catalysis on surfaces,
matter under extreme condition, radiation sensitive metallo-
proteins and protein samples includes only some examples of
cases that need to be routinely addressed on synchrotron radi-
ation facilities worldwide. Up to the present moment a wide
scientific research program is supported with the presented
advanced instrumentation at SSRL.!7-23-2474.75 The projected
new SSRL’s undulator beamline which will be dedicated to
high-resolution x-ray spectroscopy purposes, is expected to
boost even further the capabilities of the instrument towards
a wider range of applications, especially related to the more
efficient implementation of high pressure studies (e.g., di-
amond anvil cells), as well as the laser-pump x-ray probe
scheme for ~ps time-resolved applications.
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