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A multi-crystal wavelength dispersive hard x-ray spectrometer with high-energy resolution and large
solid angle collection is described. The instrument is specifically designed for time-resolved applica-
tions of x-ray emission spectroscopy (XES) and x-ray Raman scattering (XRS) at X-ray Free Electron
Lasers (XFEL) and synchrotron radiation facilities. It also simplifies resonant inelastic x-ray scatter-
ing (RIXS) studies of the whole 2d RIXS plane. The spectrometer is based on the Von Hamos geom-
etry. This dispersive setup enables an XES or XRS spectrum to be measured in a single-shot mode,
overcoming the scanning needs of the Rowland circle spectrometers. In conjunction with the XFEL
temporal profile and high-flux, it is a powerful tool for studying the dynamics of time-dependent
systems. Photo-induced processes and fast catalytic reaction kinetics, ranging from femtoseconds to
milliseconds, will be resolvable in a wide array of systems circumventing radiation damage. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4737630]

. INTRODUCTION

The development of X-ray Free Electron Lasers (XFELs)
such as the linear coherent light source (LCLS) at SLAC
National Accelerator Laboratory,"> has allowed new oppor-
tunities to study the electronic and structural dynamics of
a wide range of systems down to the femtosecond range.
Light-induced catalysis, electron transfer, transient atomic or
molecular states, chemical bond formation and dissociation,
oscillation of atoms, and many other processes can be ac-
cessed by the ultra-short and ultra-bright x-ray pulses from
the XFELs. Hard x-ray spectroscopies such as x-ray emis-
sion spectroscopy (XES) and x-ray Raman xcattering (XRS),
are unique element specific probes of the local electronic
and atomic structure. XES offers elemental, structural, and
spin selectivity of transition metal complexes via core-hole
excitations,® and XRS is a powerful bulk sensitive probe of
the bonding structure of low Z elements.* When combined
with femtosecond XFEL pulses, these techniques can be used
to study ultra-fast electronic structure dynamics in a wide va-
riety of phenomena.

In the past few years, XES has proved to be a pow-
erful technique when used with high brilliance x-ray pho-
tons with intensity and polarization tunability that modern
synchrotron radiation sources offer. XES has been used to
probe the electronic structure of a wide range of materials.
In the soft x-ray regime, using grazing incidence angle grat-
ing spectrometers,” XES has attracted much attention for its
unique capabilities to measure energetics, momentum, and
spin in material science, mainly superconductors and transi-
tion metal oxides®’ and surface adsorbates.? Hard x-ray emis-
sion offers several practical advantages over soft x-ray emis-
sion, in particular for the sample environment and the use of
Bragg crystals for detection, which has broadened the scope
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and variety of samples that can be probed by XES to include,
e.g., important enzymes,”'# catalytic systems under ambient
conditions, transition metal complexes,'®!° and geochemi-
cal compounds.?*?> More recently, XES has also been used
to study the dynamics of time dependent systems with the
limitation of the storage ring’s temporal resolution of a few
picoseconds.?

The most common spectrometers used for collecting the
emission signal with a high-energy-resolution in the hard x-
ray regime, are based on Bragg reflections from single or
multiple perfect crystals in a Johann?>* or Johansson® ge-
ometry aligned on Rowland circles. In the paper by Sto-
janoff et al®® an early version of a single-crystal spec-
trometer is described. Various multi-crystal emission spec-
trometers, the majority based on the Rowland geometry,
have been recently developed to enhance the capabilities of
the technique regarding solid angle and therefore sensitiv-
ity and collection efficiency. The first of these multi-crystal
instruments was developed by Wang et al.,”’ and a new
design based on an 8-crystal analyzer spectrometer using
a simpler scanning procedure was built by Bergmann and
Cramer.”® Several of these multi-crystal instruments are in op-
eration nowadays at various synchrotron radiation facilities,
for, e.g., ESRF (beamline ID26, 5 analyzers,29 and beamline
BM30B/CRG-FAME XAS, 5 analyzers3°), SSRL (beamline
6-2, 7 analyzers coupled with two 40 and 14 analyzer Ra-
man spectrometers),' 3! SLS (beamline SuperXAS),* NSLS
(beamline X21, 9 analyzers),?* and ESRF. (Depending on the
required energy resolution and sensitivity, systems currently
employed vary in their focal lengths, analyzer size or crys-
tal type (mostly Si or Ge.) Furthermore, the analyzers can be
either spherically bent or diced.**

These spectrometers are very suitable for applications
at synchrotron radiation sources, as they provide the best

© 2012 American Institute of Physics
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FIG. 1. Schematic view of a vertical cut of the Von Hamos geometry with a crystal analyzer and a position-sensitive detector (PSD). Scattering of a point source
beam is analyzed at different energies resulting in an energy-dispersive spectrum on the PSD (left). The instrument showing the array of crystal analyzers (right,

photo by M. Beardsley).

signal to background ratio due to their one-to-one focus-
ing geometry. All of these systems have in common that an
emission spectrum is obtained by scanning the instrument.
The characteristics of the new XFELs make it desirable to
have instrumentation that enables the spectrum acquisition on
a single-shot basis. Dispersive x-ray emission spectrometers
can be used to take shot-by-shot measurements, enabling the
use of XES simultaneously with other techniques; i.e., x-ray
diffraction (XRD) or scattering measurements. A dispersive
setup can also facilitate the study of the two-dimensional en-
ergy plane (incident versus emitted/scattered energy) in RIXS
studies,® as it eliminates the requirement to scan the photons-
out spectrum. In recent years, several of the dispersive se-
tups have been developed and applied. Some existing Row-
land designs were adapted to achieve the wavelength disper-
sion by positioning the sample inside the Rowland circle and
using a position-sensitive detector (PSD). A high-resolution
single-crystal spectrometer of this kind is described elsewhere
for tender x-ray applications.®® A variation of the Rowland
geometry, where many small flat crystals are placed on a
spherically curved surface with radius of curvature of only
a few centimeters, was employed to design a large solid an-
gle x-ray spectrometer.’’ A different wavelength dispersive
geometry, Von Hamos,’® was also used to design shot-to-
shot spectrometers.’®*’ Each of these designs has certain ad-
vantages and disadvantages including attainable solid angle,
spectral width, energy resolution, sample geometry, and sig-
nal to background. The instrument described in this work is
based on multiple-crystals in a wavelength dispersive Von
Hamos geometry and is optimized to combine a large solid
angle with sub eV energy-resolution covering a spectral width
suitable for XES and near edge XRS, and is typically operated
in the 5-10 keV region.

Il. DESIGN OF THE INSTRUMENT

A schematic of the Von Hamos geometry is shown in
Fig. 1, left. The spectrometer is used at Bragg angles close
to backscattering in order to optimize the solid angle per en-
ergy and the energy-resolution. The angle between the inci-
dent and emitted x-rays (scattering angle) is set to 90° to min-
imize the contribution of the unwanted elastic scattering from
the sample (when linearly polarized photons are used). An ar-

ray of up to 4 x 4 crystal analyzers diffracts and focuses the
emitted radiation from the sample to a 2D detector following
Bragg’s law, nA = 2d sin 6. The analyzers (manufactured by
Saint-Gobain Cristaux et Détecteurs company), with a size of
110 x 25 mm? (horz x vert), are cylindrically bent with a ra-
dius of curvature of 500 mm perpendicular to the scattering
plane. The RT4XES ray tracing code*' was used to evaluate
the performance of various dispersive geometries when the
spectrometer was in the design phase. This code is also used
to calculate the contributions to the energy broadening and
the energy and intensity distributions when the spectrometer
is set to different modes of operation.

The sample and detector are positioned on the axis of cur-
vature of the crystal analyzers (see Fig. 1, right). The vertical
position of the crystal array, relative to the sample, defines the
Bragg angle and therefore the energy region of interest. The
entire array is mounted on a stage with vertical and horizontal
travel range of 40 mm, which allows the optimization of the
signal and focus on the 2D detector. The curvature direction
of the analyzers provides focusing, whereas the perpendicular
direction gives the energy dispersion. For each crystal ana-
lyzer, integration along the focusing direction of the signal on
the PSD results in an emission spectrum. The energy range
of the spectrum is set by the height of the crystal analyzers,
which defines the Bragg angle range. It has to be noted that
the analyzers are not set perpendicular to the horizontal plane,
as in the original Von Hamos geometry for a single analyzer
(Fig. 1, left). According to their vertical position in the array,
the analyzers are slightly tilted so they all diffract the same
Bragg angles and therefore the same energy range. Figure 2
(left) shows the energy distribution as a function of the de-
tector pixel position in the dispersive direction (in this case
a Pilatus 100k detector, with pixel size 172 x 172 um?, was
used). This curve is used for energy correction and calibration
of the spectrometer.

Each individual crystal analyzer is equipped with three
computer controlled motorized actuators, making it possible
to individually align them. Two actuators are used for the an-
gular alignment, pitch (to adjust the Bragg angle) and yaw
(perpendicular to the Bragg angle direction). The third actu-
ator results in a linear motion along the normal direction of
the analyzer when used simultaneously with the other two.
For applications where the signal to background needs to be
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FIG. 2. (Top) Energy vs detector pixel position in the dispersive direction,
the inset shows the elastic peak images corresponding to the filled line points.
(Bottom) Energy resolution vs emission energy of the spectrometer with and
without the contribution of the beamline monochromator for the Mn Kf1 3
spectral range. Values were obtained from the elastic peaks around the Mn
Kp energy with 16 Si(440) analyzers.

maximized, all analyzers are lined up on to one column of the
PSD.

The achievable energy resolution of the instrument in-
cludes major geometrical contributions (AEg), and the intrin-
sic energy resolution (AE;,). The AE;,; has two main compo-
nents, the Darwin width, and the broadening associated with
the stress induced in the lattice planes when the analyzer is
bent. The last is estimated, for 0.5 m cylindrically bent crystal
analyzers in the Si(440) reflection, to be AEg = 0.15 eV.#?
The Darwin width of a perfect crystal Bragg reflection, AEp,
can be calculated from dynamical diffraction theory.**** For
Si(440) reflection, at an incident energy of 6490 eV (angle),
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the Darwin width is AEp = 0.065 eV. In most general terms,
the geometrical contributions are described by a derivative of
Bragg’s law as

AEg
E

where E is the incident x-ray energy, 6 is the Bragg angle, and
A6 summarizes any angular deviation from the exact Bragg
condition. For this type of dispersive optics the major contri-
bution to this angular deviation is given by A8 = (s+d)/f,¥
where s is the vertical beam size, d is the detector spatial reso-
lution, and f is the analyzer-detector distance. Note that in the
Von Hamos geometry, unlike in the Rowland geometry based
on Johann crystals, Johann aberrations®® do not degrade the
energy resolution. With a detector pixel size of 0.172 mm and
a vertical beam size of 0.1 mm, for § = 84.2° at 6490 eV
incident energy, the resulting energy broadening due to geo-
metrical contributions is AEg = 0.36 eV.

The use of crystals on multiple rows (see Fig. 1) results
in an additional contribution to the energy resolution. Ana-
lyzers in different rows are slightly tilted in theta, to fulfill the
same Bragg angles, leading to a small spread of energies. In
addition, errors in the alignment of the 16 crystals and varia-
tions in the crystal quality may also contribute to the energy
resolution. We estimate these contributions, AEy,, to produce
= 0.20 eV broadening. Accounting all the contributions dis-
cussed above we obtain

= Afg cot 9, (1)

AE;y = (AGZ + AOD + AO; + AG;))'?
= (0.36> + 0.065% +0.15> +0.20?) *
=044eV. ()

In a standard synchrotron-based experiment, using
monochromatic incident x-rays, the Darwin width of the
monochromator crystals has to be also taken into account.
The total resolution is then the convolution of the spectrom-
eter and monochromator contributions (0.86 eV for Si(111)
and 0.25 eV for Si(311) at 9000 eV). For the study of Mn
KB XES (~6490 eV), 16 Si(440) analyzers were installed
at SSRL beamline 6-2 (see Sec. III for beamline specifica-
tions). In this setting, an instrumental energy resolution of AE
= 0.55 eV was achieved at 6490 eV after deconvoluting the
Si(111) monochromator contribution to the elastic scattering
peak (Fig. 2, right).

The total solid angle (SA) of the spectrometer when used
in full range is 1.3% of 4 (165.6 msr), resulting in ~0.04%
of 4 (5.4 msr) per 1 eV (on average) for the energy of Mn
KB (6490eV, using 16 Si(440) crystals). For any given con-
figuration the average SA per 1 eV is given by

SAI eV = SA/ErangEs (3)

where the SA depends on the number of crystals (n), crystals
height and width (a and b), the radius of curvature (R), and
the Bragg angle (9). The energy range is defined by the Bragg
angle projected by the crystal analyzers height (a), and it can
then be calculated as follows:

nxaxby .
SA = (T) (Slne) s (4)
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where d is the d-spacing of the crystals, c is the speed of light,
and /4 is the Plank’s constant. For comparison, a standard 100
mm diameter spherically bent crystal analyzer working on a 1
m scanning Rowland geometry, covers a SA of ~7.9 msr (for
Bragg angles close to 90°). This value is within the same order
of magnitude as the SA per 1 eV of the Von Hamos spectrom-
eter. However, the advantage of the dispersive setup lies in the
simultaneous collection of the whole energy range, and effec-
tively the total SA should be compared for both geometries.
Note that the solid angle per 1 eV in the Von Hamos geometry
is strongly dependent on the Bragg angle (Eq. 6), whereas in
the Rowland geometry there is a much weaker dependence.?®

The spectrometer can be used in different configurations.
Different crystals can be aligned at different positions depend-
ing on the application. This makes it possible to focus crystals
of different array columns at different positions of the detector
for polarization studies (each crystal covers 12.4°), see Fig. 3.
The deviation of the individual crystals’ energy resolution,
due to their position in the array, is less than 10%. This differ-
ence is mainly dominated by variations in crystal quality. As
seen in Fig. 3, spectra collected with different columns look
alike, allowing the use of different units of the crystal array
to be used simultaneously to collect the emission signal. The
difference in energy resolution between the different columns
is ~4% (~3% for the difference between rows).

The spectrometer is a stand-alone, compact, and portable
system, making it possible to be installed in any x-ray source.
All components used to build the spectrometer are vacuum
compatible, allowing the use of the instrument for both, in-air
and in-vacuum applications.

The main advantages associated with the use of the Von
Hamos geometry result from the capability to take an spec-
trum with no need of scanning, e.g., simpler and more ro-
bust mechanics and high stability since there are no moving
parts; elimination of the dead time associated with the scan-
ning movements; possible artifacts produced by the imper-
fect synchronization of the various moving elements during
the scanning process are eliminated; an easy crystal align-
ment procedure is achieved since the diffracted signal is mon-
itored by a 2D detector and the spectra can be taken in a
single shot mode on an XFEL. This geometry is particularly
suited for time-resolved measurements such as pump-probe
experiments, as it eliminates errors from spectrum normal-
ization. The geometry is further convenient when collecting
2D RIXS spectra, since only the incident energy is scanned,
which simplifies the data collection. An additional advantage
is derived from the use of cylindrically bent crystals, since the
strain produced in the lattice plains is smaller as compared to
spherically bent crystals.*> This results in a better intrinsic
energy resolution for the same radius of curvature and makes

12

2d sin | atan
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FIG. 3. (Top) Image of Mn;O3; emission with all the crystals focused
on one line (a) and with columns 1-2 and 3-4 focused in different lines
(b). Mn KB 3 peak from Mn;O3 collected by the 4 columns of the spec-
trometer individually.

it possible to design spectrometers with much smaller radius
of curvature and significantly larger solid angles. The easier
bending process also results in significant costs reduction. A
further improvement of the solid angle as compared to the
Rowland geometry is obtained by the use of a large number
of crystals without significantly losing performance (resolu-
tion or energy distributions). Finally, as mentioned before,
the use of multiple crystals gives the freedom to choose be-
tween different alignment schemes, so polarized information
can be gathered (alignment by columns) or different elements
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can be measured simultaneously (alignment by rows with dif-
ferent crystal reflections). The use of a dispersive geometry
can help avoiding the inherent problems caused by inhomo-
geneities of the sample, particularly when using a liquid jet
for sample injection, or when scanning through the sample
becomes necessary, like for samples that are very sensitive to
radiation damage.*

Von Hamos spectrometers collect all the solid angle into
an extended area in contrast to the Rowland approach where
all the solid angle is collected into one point. Therefore, the
signal to background ratio is lower when compared with the
one obtained in a Rowland based spectrometer. Another dis-
advantage of using dispersive optics is the possibility of in-
troducing artifacts in the spectrum produced by defects in the
quality of the crystals. Furthermore in any dispersive Bragg
optics, the solid angle covered per analyzer is proportional
to the corresponding spectral width, unlike in the Rowland
geometry, this requires a different vertical analyzer size for
different spectral ranges of interest. This is particularly rel-
evant for spectrometers that require small spectral range but
are operated away from backscattering, since the solid angle
per eV achievable per crystal is limited. In addition, a small
x-ray beam size is required to optimize the energy resolution
of the measurements as shown above.

As in any dispersive setup, a two-dimensional detector
is required to collect the signal for spectrometers based on
the Von Hamos geometry. In order to cover the whole spec-
tral range, the detector active area is required to be twice the
height of the crystal analyzers, which is chosen to match the
energy range of the emission lines of interest. Small detec-
tor pixel size is also convenient for several reasons. The bet-
ter spatial resolution obtained with smaller pixels is directly
translated into better energy resolution. It also allows the bin-
ning of multiple pixels to obtain the desired energy points in
the spectrum enhancing the efficiency of the collection. As
an example, collecting Fe K8 spectra (7057 eV) by a detector
with 110 um? pixel size, results in an energy range of 0.14 eV
collected per pixel. Therefore, 7 pixels could be binned to-
gether to obtain an energy separation of 1 eV and higher count
rates.

lll. APPLICATIONS

The spectrometer was commissioned at the wiggler
beamline 6-2 at Stanford Synchrotron Radiation Lightsource
(SSRL). The monochromator on the beamline, which uses
two liquid nitrogen cooled Si crystals in the (111) reflection,
was used to set the incident photon energy to 9 keV. The x-
ray beam was focused to ~500 x 150 um? (horz x vert) by
means of a parabolic Rh-coated mirror. The fundamental of
the monochromator gives, at 9 keV, a total flux of ~1.5 x 10'?
photons/s at a ring current of 350 mA. A Pilatus 100 K detec-
tor with an active area of 84 x 34 mm? and pixel size of 172
um? was used to collect the emission signal. The monochro-
mator energy was calibrated to the KMnO, pre-edge peak
(6543.3 eV) for Mn and to the first derivative of the Fe edge
from a metallic Fe foil (7112.0 eV) for Fe. The elastic scat-
tering peak was recorded for several incident energies to cal-
ibrate the spectrometer (see Fig. 2, left). A 1 mil (25 um)
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thick polypropylene balloon filled with helium was installed
between the sample, the spectrometer, and the detector in or-
der to avoid the strong absorption by air in this energy regime
(11% vs 99% transmission for 6500 eV photons through 1 m
of air and helium, respectively).

A. Mn KB XES

A set of 16 Si(440) crystal analyzers was used to record
Mn KB XES. The Bragg angle range was set from 85.9°
to 82.9°, corresponding to an energy range from 6473.7 to
6506.3 eV (given by the height of each crystal, 25 mm). The
32.6 eV covered by the spectrometer are distributed over a 50
mm area on the detector and each of the Pilatus 100 k pixels
collects an average of ~0.11 eV. The height of the center of
the analyzer array and the detector with respect to the sample
was 50.8 mm and 101.6 mm, respectively. The energy reso-
lution of the spectrometer in this configuration is 0.55 eV at
6490 eV, after deconvoluting the Si(111) mono contribution.
A count rate of 2000 counts/s was obtained from a thick pellet
of MnO at the maximum of the Mn K, 3 peak (~125 000 c/s
in the whole spectral area), and thus, sufficient statistics were
obtained after an acquisition time of a few seconds for each
spectrum. These count rates should be sufficient to allow the
collection of a spectrum at an XFEL after integrating the sig-
nal obtained by several pulses (assuming ~10'? photons per
pulse) in a reasonable time, even for diluted samples.

In Fig. 4, the KB, 3 spectra of two different manganese
oxides (Mn'VO, and Mn"O) are shown. The Mn KB emis-
sion lines are produced by the transition between the 3p and
the 1s core levels. We can observe a significant shift in the
main peak produced by the screening effect on the 3p orbitals
by the different valence shell occupancy and also the 3p-3d
exchange interaction coupling in Mn(II) and Mn(IV). We can

KB, 3

MnO

— 2

MnO

* MnO (scanning)

Intensity (a.u.)

6475 6480 6485 6490 6495 6500
Energy (eV)

FIG. 4. Mn KB 3 spectra of Mn'Y O, and Mn''O. Integration time 100 's. A
second spectrum from Mn'"O collected by means of an scanning spectrometer
is also shown for comparison.
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FIG. 5. Mn KB 3 spectra of Mn in PS II solution (0.8 mM Mn concentra-
tion). Integration time 30 min. Note that the spectrum is that of fully photore-
duced Mn in PSIL.

also observe the characteristic KB’ peak in the lower energy
part of the spectra.

For comparison, the spectrum of Mn"O previously
recorded by means of a scanning Rowland geometry based
spectrometer is shown as a black dotted line in Fig. 4. The
spectra collected from both, dispersive and scanning geome-
tries are alike.

The Kf 3 spectrum of Mn recorded from the membrane
bound protein, Photosystem II (PS II) is shown in Fig. 5. The
Mn concentration in this sample was about 0.8 mM and the
sample was exposed to the 9 keV x-rays at room tempera-
ture for 2000 s. Although under these conditions all Mn in
the sample is reduced from the native Mn(IIl) and Mn(IV)
to Mn(II), the spectrum can be used to estimate the required
measurement time to obtain an undamaged spectrum from
this radiation sensitive enzyme using a large number of sam-
ple spots and a short exposure time for each spot. We obtained
a count rate of 200 counts/s at the KB, 3 peak. The signal to
background is ~4, which can be improved to ~9 by utilizing
a 25 pum Fe filter in front of the detector to reduce the signal
from the incident scattering photons (9000 eV).

A Mn Kp,5 spectrum (valence-to-core transitions) of
Mn!VO, was also recorded using the Si(440) crystal analyz-
ers (see Fig. 6). The Bragg angle range was set from 82.7° to
79.8°, corresponding to an energy range from 6510.6 eV to
6560.6 eV. The 50 eV covered by the spectrometer are dis-
tributed over a 50 mm area on the detector and each of the
Pilatus 100 k pixels collected an average of ~0.17 eV. The
crystal array and detector were set to a height of 78.3 and
156.6 mm, respectively, from the sample. The Mn K8, 5 emis-
sion lines directly probe the valence orbital population. The
crossover peak or KB” emission line is also shown around
6518 eV. A count rate of 550 counts/s was obtained for
Mn!V O, at the Mn KB, 5 peak.

Rev. Sci. Instrum. 83, 073114 (2012)
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FIG. 6. Mn Kp, 5 spectrum of Mn'V O, with an integration time of 30 min.

B. Fe K8 XES

The first row of the spectrometer crystal array, populated
by 4 Ge(620) crystal analyzers, was used to record Fe KB 3
emission spectra of Fe''O and Fe,"'O; (see Fig. 7). The Bragg
angle range was set from 80.47° to 77.69°, corresponding to
an energy range from 7027 to 7093 eV. The 66 eV covered by
the spectrometer are distributed over a 50 mm area on the de-
tector and each of the Pilatus 100 k pixels collected an average
of 0.22 eV. The height of the center of the crystal row and the
detector with respect to sample was 97.2 mm and 194.4 mm,
respectively. The energy resolution of the spectrometer in this
configuration is 0.52 eV at 7060 eV, after deconvoluting the
Si(111) mono contribution. A count rate of 25 000 counts/s
was obtained from a thick pellet of Fe"O at the maximum of
the Fe KB 3 peak, and thus, sufficient statistics were obtained
after an acquisition time of a few seconds for each spectrum.

C. X-ray Raman spectra

X-ray Raman spectroscopy can be used to obtain in-
formation on the unoccupied electronic density similar to
that obtained by means of soft x-ray absorption spectroscopy
(XAS).##7-55 A spectrum, equivalent to an absorption spec-
trum, is obtained with non-dispersive Rowland-based spec-
trometers by scanning the energy of the hard-x-ray beam
while analyzers collect the energy transfer. In this way some
of the constraints associated with soft x-rays can be overcome,
especially those derived from the strong absorption by matter
limiting one to probe only the surface. For example, hard x-
ray experiments probe the bulk and do not necessarily need to
be performed under vacuum conditions, resulting in an eas-
ier setup and simpler sample change procedure. Also, high-
pressure/temperature experiments become possible since the
high-energy photons can pass through diamond anvil cells and
various in situ cells. A further advantage of this approach
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FIG. 7. Fe KB 3 spectra from FellO and FCZmO3 with an integration time
of 25 s.

is that the radiation dose deposited into the sample is much
lower than that from soft x-rays for the same number of pho-
tons. This becomes especially important in biological samples
sensitive to radiation damage.*

XRS is a very low cross section technique (~barns) and
thus, the instrumentation requires a large solid angle and
also a high resolution, similar to the one obtained by soft
x-ray based techniques. Figure 8 shows the Carbon 1s edge
of highly oriented pyrolytic graphite (HOPG) collected using
16 Si(440) crystal analyzers. The monochromator energy was
set to 6780 eV. The Bragg angle range was set from 86.5°
to 83.3°, corresponding to an analyzed energy range from
6468.7 to 6501.3 eV or an energy transfer range from 278.7
to 311.3 eV. The 32.6 eV covered by the spectrometer are dis-
tributed over a 50 mm area on the detector and each of the
Pilatus 100 k pixels collects ~0.11 eV. The spectrometer was
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FIG. 8. C K-edge XRS spectrum of HOPG. Integration time was 30 min.
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set to 90° with respect to the incident beam and in the polar-
ization plane of the x-ray beam. The sample orientation was
set to 45° with respect to the incident x-rays. The height of
the center of the analyzer array and the detector with respect
to the sample was 50.8 mm and 101.6 mm, respectively. The
spectrum is in overall agreement with previous data collected
by a Rowland geometry based Raman spectrometer.?' This
demonstrates the feasibility of using the dispersive instrument
for XRS-based measurements.

IV. CONCLUSIONS

A wavelength dispersive x-ray spectrometer with capac-
ity to computer control an array of up to 4 x 4 cylindrically
bent crystal analyzers is described. This portable spectrom-
eter is operated with a two-dimensional PSD to collect hard
x-ray photon-in photon-out spectra at synchrotron radiation
facilities as well as at XFEL sources. It has a large collection
angle (up to 170 msr) and high-energy-resolution (~0.5 eV at
6480 eV using Si(440)). Given these parameters, the study of
very dilute biological systems and/or very weak emission and
scattering signals using techniques such as XES, XRS, and
RIXS is possible. Further, any set or combinations of sets of
crystals can be employed, individually or simultaneously.

The instrument is suited to run in shot-by-shot mode
where the samples are probed with the ultra-bright and ul-
trafast pulses from XFEL beams. It is particularly suited to be
combined with other techniques, such as XRD or various scat-
tering methods, to monitor the electronic structure and obtain-
ing simultaneously both electronic and structural information.
Such combinations might prove valuable for a large range of
future XFEL-based studies.
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