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ABSTRACT
We present a high energy resolution x-ray spectrometer for the tender x-ray regime (1.6–5.0 keV) that was designed and operated at Stan-
ford Synchrotron Radiation Lightsource. The instrument is developed on a Rowland geometry (500 mm of radius) using cylindrically bent
Johansson analyzers and a position sensitive detector. By placing the sample inside the Rowland circle, the spectrometer operates in an energy-
dispersive mode with a subnatural line-width energy resolution (∼0.32 eV at 2400 eV), even when an extended incident x-ray beam is used
across a wide range of diffraction angles (∼30○ to 65○). The spectrometer is enclosed in a vacuum chamber, and a sample chamber with inde-
pendent ambient conditions is introduced to enable a versatile and fast-access sample environment (e.g., solid/gas/liquid samples, in situ cells,
and radioactive materials). The design, capabilities, and performance are presented and discussed.
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I. INTRODUCTION

The broad availability of synchrotron radiation facilities has
established high energy resolution x-ray spectroscopy as a powerful
characterization tool that provides element- and site-specific elec-
tronic structure insights. For example, x-ray emission (XES), res-
onant inelastic x-ray scattering (RIXS), and high energy resolution
fluorescence detected x-ray absorption spectroscopy (HERFD-XAS)
have been extensively used to give insights on energetics, momen-
tum, and spin of transition metal oxides/complexes and supercon-
ductors, characterize ex situ and in situ catalytic reactions on sur-
faces and nanostructures,1–12 as well as to decipher the structure
and role of metals in metalloenzymes.13–22 Moreover, the sub-50 fs
temporal resolution of the Linear Coherent Light Source (LCLS),23

SACLA,24 European XFEL,25 and several new x-ray free electron
lasers provides the opportunity for these techniques to shed light
on ultrafast dynamics,21,26–30 such as electron transfer processes,
transient molecular states, and molecular dissociation, as well as to
study radiation sensitive samples with the “probe-before-destroy”
approach.26,31

To adequately perform x-ray emission spectroscopy, some
stringent requirements for both the detection energy resolution and
the detection throughput should be met. Energy resolution should
be comparable, and preferably superior, to the width of the core-
levels, while the detection efficiency should be sufficient to per-
mit meaningful measurements in reasonable acquisition times for
a broad range of applications of interest. Accounting for a diver-
gent emission source, i.e., the (quasi) isotropic emission from an
irradiated sample, efficient detection schemes commonly employ
curved diffraction x-ray optics across the whole range of x-ray
energies.

In the soft x-ray regime (∼0.2–1.2 keV), grating-based con-
cepts on Rowland circles are usually incorporated.32 The long wave-
length of soft x rays fulfills the diffraction condition with a reason-
able reflectivity in shallow incident angles, resulting in solid angles
of detection in the order of ∼10−4 of 4π while dictating demand-
ing requirements for the effective incident beam size (few μm) to
achieve resolving powers in the order of ∼1000.33,34 Advances in
x-ray optics have led to elaborate concepts, including parabolic
high-reflectivity variable line-spacing gratings and pre-mirror
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implementations, which improve the throughput by more than
an order of magnitude.35,36 Additionally, Transition Edge Sensor
(TES) technology detectors are now rapidly evolving and have
demonstrated a further throughput push of one to two orders
of magnitude while maintaining a competitive energy resolution
(E/ΔE ∼ 500) without any incident beam size restrictions.37–39 The
ongoing progress on TES multi-pixelated detectors is expected
to substantially impact soft x-ray spectroscopy in the following
years.

In the hard x-ray regime (∼5–20 keV), Bragg type perfect
crystals are the backbone of high throughput and high energy res-
olution detection. Si and Ge bent crystals, usually of 0.5–1 m bent
radius, are typically used in Johann (spherically bent) or Von Hamos
(cylindrically bent) geometries;40,41 several high throughput instru-
ments have been built on this basis with solid angles of detec-
tion of up to 1% and resolving powers that exceed 7000.42–47 Von
Hamos geometry is an energy-dispersive concept that simultane-
ously collects an extended energy spectrum on a position sensi-
tive detector without moving/scanning parts. On the other hand,
Johann is a point-to-point Rowland scanning geometry, i.e., at each
point, the overall solid angle of the instrument is used to detect
a very specific x-ray energy. Either of these Bragg optics based
geometries operates optimally at close-to-backscattering angles
(∼70○–89○) because (i) beam size effects have a smaller contribu-
tion in the energy resolution, (ii) the effective solid angle (sr per
detected eV) is higher, and (iii) the geometrical Johann aberra-
tions (due to the size of the analyzers) are not prominent.42,43,48 A
close-to-backscattering detection is feasible for practically any hard
x-ray energy, by selecting a Bragg crystal analyzer with a proper
d-spacing among a plethora of available Si/Ge cuts (see, for exam-
ple, Fig. 7 in Ref. 43). However, when tender x-ray energies are
of interest, the possible close-to-backscattering Si/Ge d-spacing
options become very limited, since the sparsely available cuts [e.g.,
Si(111), Si(220), and SiO2(101̄0)] can diffract only a few nar-
row energy ranges within 2.0–4.5 keV at close-to-backscattering
angles.

To overcome the aforementioned limitation, a versatile ten-
der x-ray emission instrument has to either use analyzers based
on other perfect Bragg crystal materials that have a finely tun-
able larger d-spacing49 or find ways to operate efficiently with
the commonly available Si/Ge cuts in a wider Bragg angle range
away from backscattering. The latter has been demonstrated when
adopting a modified Rowland geometry; when using a cylindri-
cally bent analyzer, placing the sample inside the Rowland cir-
cle, and using a position sensitive detector, a spectrum can be
recorded in an energy dispersive mode for a wide range of Bragg
angles and with no prominent beam size influence.50–52 A fur-
ther improvement of this concept replaces the simple cylindrically
bent crystal with a Johansson analyzer, as demonstrated by Kavčič
et al.53,54

In this paper, we present a high energy resolution Johansson
x-ray spectrometer that operates throughout the tender x-ray regime
(1.6–5.0 keV) and was recently designed and operated at Stanford
Synchrotron Radiation Lightsource. We discuss its basic concept
through its characteristics and performance. As a main novelty, we
emphasize the design and implementation of a sample chamber with
independent ambient conditions, which enables the instrument to
perform a broad range of applications.

II. SPECTROMETER CONCEPT AND DESIGN
The instrument developed targets x-ray emission spectroscopy

across the entire tender x-ray regime (1.6–5.0 keV) for a broad range
of scientific applications. Briefly, the spectrometer is designed in a
Rowland geometry with cylindrical Johansson Bragg analyzers; their
Bragg planes are bent to a 1000 mm radius and their optical surface
ground to a 500 mm radius. An outline of the adopted configuration
is shown with a Monte Carlo ray-tracing schematic in Fig. 1.

An exact Johansson geometry inherently waves the aberrations
of the Johann concepts, even for Bragg angles away from backscat-
tering. Hence, a point-to-point Rowland concept with Johansson
analyzers is likely the most efficient way to perform high energy
resolution tender x-ray emission spectroscopy with Si/Ge type of
analyzers at low Bragg angles. However, in practice, this concept
has two main difficulties: (a) The point-to-point Johansson geom-
etry still suffers from the beam size energy resolution dependence,
which becomes prominent when operating at low Bragg angles. For
example, an incident beam of several hundred μm of size would
result to an energy resolution that would limit the resonant spec-
troscopy studies like HERFD or RIXS [see formula (3) in Bergmann
and Cramer48]. (b) The fabrication of Johansson analyzers, which
require a different bent radius for the Bragg planes and the opti-
cal surface, respectively, is significantly more challenging when

FIG. 1. A Monte Carlo ray-tracing top-view schematic of the adopted Johansson
dispersive geometry. The off-Rowland sample position enables the energy disper-
sion when a position sensitive detector is used. In this ray-tracing, a Si(111) ana-
lyzer is set at a Bragg angle of 50○. Elastic scattering from a 1 mm × 1 mm x-ray
beam of 2565.9 eV (red) 2580.9 eV (blue), and 2595.9 eV (green) is diffracted by
the represented areas of the cylindrically bent Johansson analyzer. The sample
is positioned at 150 mm off the Rowland circle position. The inset presents the
corresponding x-ray events on the surface of the position sensitive detector.
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compared to simple curved Johann optics. Although the processing
of Si/Ge has improved a lot over the years, achieving a homoge-
neous and precise ground along the analyzer extended area remains
far from straightforward. In this way, analyzer surface imperfections
can degrade the energy resolution performance of a point-to-point
geometry that uses the overall surface of the x-ray optic to detect a
specific x-ray energy.

In line with the previous work by Kavčič et al.,54 the challenges
above can be overcome by placing the sample off the Rowland circle.
This offset allows an efficient collection of x rays from an extended
emitting volume by using the overall incident photon flux of an inci-
dent beam of up to several mm (i.e., no need of slits to limit the
x-ray source size). Since the source is now away from the ideal Row-
land position, the Bragg angle along the analyzer’s surface has a lat-
eral dependence and, therefore, a corresponding energy dependence.
When a position sensitive camera is used as a detector, an energy-
dependent spatial discrimination can be achieved (see Fig. 1). The
aforementioned approach allows an energy dispersive mode of oper-
ation while it suppresses the beam size influence on energy reso-
lution, even for Bragg angles down to 30○.54 As seen in the Monte
Carlo ray-tracing in Fig. 1 this off-Rowland concept uses only a part
of the crystal for the diffraction of a given x-ray energy (whereas in
a point-to-point geometry, the overall x-ray optic is used to detect a
very specific energy, within its energy resolution bandpass). For the
study of x-ray emission lines or full RIXS maps, this efficiency limita-
tion is partly compensated by the dispersive mode of operation: i.e.,
the spectrometer is detecting simultaneously all the emission pat-
terns of interest. However, for HERFD-XAS type of studies, which
solely use the peak intensity of a given x-ray emission line, such a
dispersive setup is engaging a narrow part of the analyzer surface;
hence, the efficiency limitation compared to a point-to-point geom-
etry becomes more prominent. As discussed above though, when the
beam size is large enough to hamper the energy resolution of reso-
nant studies upon a point-to-point geometry, trading solid angle for
energy resolution is certainly of an unprecedented value. Moreover,
since in such dispersive mode, a given x-ray energy is diffracted only
by a sub-part of the Johansson analyzer, the influence of the over-
all analyzer inhomogeneities to the energy resolution is somewhat
lessened (also, if a prominent artifact might be present on the ana-
lyzer’s surface, this part could get directed to an energy region of no,
or limited, interest).

A. Instrument
The spectrometer developed here is enclosed in an aluminum

vacuum chamber of 1220 × 965 × 482 mm2 (Fig. 2). For set-
ting the spectrometer to a desired energy/Bragg angle, motorized
stages can move the crystal analyzer and the detector to the appro-
priate Rowland circle positions. For the 500 mm Rowland circle
radius geometry, the instrument operates within a Bragg angular
range of 30○–65○. By selecting between three available analyzers
[Quartz (101̄0), Si(111), and Si(220)], x rays along the overall tar-
geted tender x-ray regime can be analyzed [the size of the analyzers is
70 (h) × 15 (v) mm2]. All crystals are pre-installed in the cham-
ber, and a motorized stage can select the preferred crystal with no
need of vacuum chamber access; this is an important practical fea-
ture since the instrument can be tuned within seconds to any energy
within its overall attainable range. The spectrometer is set on the

FIG. 2. A 3D technical model of the developed tender x-ray spectrometer. The
incident and emitted x-ray beam paths are represented by the purple line.

polarization plane of the incident x-ray beam, and the analyzer
is fixed at 90○ with respect to the incident beam direction, mini-
mizing the contribution of the non-resonant scattered radiation. A
back-illuminated charge couple device camera (Andor DX436-BN
CCD) is used as a position sensitive detector with >97% efficiency
at 2 keV. This is an entire in-vacuum compatible camera consist-
ing of 2048 × 2048 pixels of 13 × 13 μm2 size. The camera chip
is thermoelectrically cooled and typically operates at −60 ○C with
the help of additional in-vacuum water cooling. At this tempera-
ture, the dark current is less than 1 electron/pixel/s. The camera
is controlled by a Peripheral Component Interface (PCI) card and
features a readout rate up to 1 MHz with a 32 bit analog to dig-
ital conversion protocol. A user-selected vertical binning can be
selected for reducing the data readout dead time and the image file
size.

The x-ray spectrometer was commissioned and operated at
the 57-pole 0.9 T wiggler beamline 6-2a at SSRL. Beamline 6-2 is
equipped with two liquid nitrogen cooled double crystal monochro-
mators, a Si(111) (ϕ = 0) and a Si(311) (ϕ = 0) device that can be
alternately used depending on the required energy resolution. For
the tender x-ray range, only the Si(111) cut is used. A collimating and
a focusing Rh-coated mirror are positioned (∼3.5 mrad of incidence)
before and after the monochromator, respectively. The beamline can
operate over the range of 2.45–18 keV. For energies below 5 keV,
the 3rd harmonic is minimized by 50% detunning of the monochro-
mator. Under the current SPEAR3 storage ring operational con-
ditions (electron energy of 3 GeV, current 500 mA in top-off
mode), the Si(111) monochromator delivers an incident beam flux of
∼3 × 1012 photons/s at 3.0 keV with an energy resolution of about
400 meV and a beam full width half maximum (FWHM) of about
400 × 600 μm2 (v × h) at the sample position (∼26 m from the
source). Typically, the sample is positioned 150 mm inside the Row-
land circle. A 40 mm He ionization chamber is used for monitor-
ing the incident flux, and a fast shutter is used to prevent sample
illumination during the CCD readout.
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B. Sample chamber
In order to enable a broad range of sample environments,

the sample chamber is isolated from the main spectrometer vac-
uum chamber via a 13 × 30 mm2 opening covered with an 8 μm
polyimide film able to sustain an 1 atm pressure difference. This
narrow opening also holds a collimating role, prohibiting most of
the sample chamber diffused scattering/fluorescence from reach-
ing the CCD camera. Since x-ray irradiated samples commonly
experience x-ray luminescence, the polyimide film is coated with a
∼100 nm of aluminum in order to prevent UV, visible, and infrared
photons from reaching the CCD sensor. The sample chamber is
air tight, and a continuous He flow is typically used to minimize
the x-ray attenuation. This approach allows the implementation of
in situ environments (e.g., liquid flow cells, in situ electrochemical
cells, liquid jets, and gas reactors), radioactive samples, and other
types of complex sample conditions because there are no ultra-high
vacuum associated restrictions. At the same time, this concept allows
immediate access for sample changes. A motorized XYZ stage is used
to remotely drive the main sample rod. A magnetic mount based
sample holder is attached to the sample rod tip permitting fast sam-
ple exchange and sample positioning with a high reproducibility.
A 5 mm diameter photodiode is also mounted inside the sample
chamber at a distance of ∼35 mm from the sample; this facilitates
the sample alignment process and also enables a Total Fluorescence
Yield (TFY) x-ray absorption mode for the concentrated samples.
Helium ionization chambers before and after the sample chamber
are also incorporated.

III. DATA ACQUISITION AND SIGNAL PROCESSING
The instrument is controlled with an in-house developed soft-

ware package built in MATLAB. This command line tool controls
all spectrometer motors, the beamline optics/components, and the

data acquisition and also performs the online/offline data analy-
sis. Briefly, this tool interconnects and supervises an Experimental
Physics and Industrial Control System based motion control server
that drives all spectrometer motorized stages, a C++ Andor Software
Development Kit based server that controls the CCD, and the SPEC-
based beamline control server. A 2D image analysis procedure has
been developed to extract finalized x-ray spectra. A description of
this procedure is presented further.

A typical CCD raw snapshot is presented in Fig. 3(a). Depicted
is a 15 s recorded 2D digital raw image from a dibenzyl sulfide
100 mM liquid sample irradiated with incident photons of 3000 eV
while the spectrometer is tuned at the sulfur-Kα proximity. Each of
the 2048 × 2048 pixels of the 2D image has assigned an analog-to-
digital unit (ADU) proportional to the deposited energy. In line to
the ray-tracing schematic presented in Fig. 1, the position sensitive
detector is capturing an extended energy range along the horizon-
tal direction (x-axis). Individual x-ray hits can be distinguished as
bright spots. To ultimately extract a high-resolution energy disper-
sive spectrum, some intermediate analysis steps are required: first,
the digital signal of the CCD has to be processed for isolating the
intensity registered exclusively from x-ray photons, then the image
has to be corrected for geometrical effects, and, ultimately, the 2D
image needs to be projected along the energy dispersion axis.

A. CCD digital image processing
1. CCD signal

The histogram in Fig. 3(b) represents the ADU values of each
pixel of the 2D exposure shown in Fig. 3(a). These ADU values are
proportional to the deposited energy per pixel, and therefore, such
a histogram resembles an energy dispersive spectrum of a solid state
detector.55,56 The main characteristics of the histogram are (i) the
intense baseline/background peak at ∼885 ADU that corresponds to
the pixels that have not received any deposited energy from x-ray

FIG. 3. (a) A raw CCD exposure of a 15 s S-Kα measurement from a dibenzyl sulfide 100 mM liquid sample. (b) ADU histogram of the CCD pixels with baseline/background
peak at ∼885 ADU marked in gray and S-Kα peak at ∼1125 ADU marked in red.
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photons, (ii) a weak peak at ∼1125 ADU that corresponds to pix-
els that have registered the overall energy of S-Kα photons, and (iii)
a continuous distribution between the two aforementioned features
that represents pixels where the S-Kα photons deposited energy has
been shared with their neighbors. In fact, the energy of an x-ray
photon is deposited on a CCD silicon chip through a cascade of
electron–hole pairs. Coulomb interactions and secondary collisions
may expand the charge cloud up to tens of micrometer around the
initial x-ray interaction point. Accounting the 13 μm2 pixel size of
the CCD used here, most of the deposited energy of tender x rays
can expand within an extended block of pixels around the x-ray
interaction point.57,58

Evidently, pixels with an appreciable amount of deposited
energy are well-separated from the background peak. The isolation
of pixels with a low deposited x-ray energy can be optimized with a
reliable background peak reconstruction and by taking into account
that the x-rays energy can be shared among neighboring pixels. It
is important to emphasize again that here the term “background”
refers to the ADU value registered for each pixel upon none x-ray
photons energy deposition (not to be confused with any background
contribution of x-ray origin). The background peak distribution has
a width/noise that roughly represents the response (or the “energy
resolution”) of the CCD pixels to a given deposited energy. The
noise of the background value of each pixel (or the width of this
background peak for all pixels) relates to the CCD dark current and
the electronics readout noise. The dark current of the CCD can be
minimized by cooling the camera (here down to −60 ○C) and by
decreasing the acquisition time (in the order of a few seconds per
frame).

A simple and direct method to reconstruct the background
value of each pixel is to perform dark CCD exposures without the
presence of x rays. To reliably reconstruct the background peak
for a series of exposures, identical exposure conditions (acqui-
sition time/camera temperature) are required for both the dark
exposure frame and the frames of the actual measurements of
interest.

Alternatively, the background response of each pixel can be
extracted “on-the-fly” from a series of actual exposures with x rays
by using a methodology that can reliably identify when pixels do
not have registered any x-rays deposited energy. Such an approach,
when applicable, could have a number of advantages since: (i) there
is no need to consume time to periodically acquire dark frames, (ii)
it can account for slow changes in the background upon long mea-
surements, and (iii) it could remove any low energy deposited from
UV/vis/IR photons that can origin, for example, from an intense
x-ray luminescence (despite that here this component has been min-
imized with the Al coated window that separates the two chambers
as described in Sec. II B).

2. On-the-fly CCD background extraction
The on-the-fly CCD background extraction approach devel-

oped here requires the following conditions: (1) an x-ray spec-
trum needs to be acquired in a series of sequential short exposures
(frames), (2) the background conditions should not change signif-
icantly from one frame to another one, and (3) the x-ray photons
need to be rare enough to permit each CCD pixel to record at
least one background event (when accounting the exposure time
per frame and the number of the overall frames). The analysis

FIG. 4. An overview of the CCD signal processing steps. (a) ADU histograms
for one and ten 15 s exposures from a S-Kα measurement of a dibenzyl sulfide
100 mM liquid sample. The rough background estimated based on the minimal
registered pixel value (Background Step 1, red trace) and the finalized optimized
background response of the camera (Background Step 2, gray area) are shown.
(b) The ADU histogram of the 10 exposures after subtraction of the “Background
Step 1” (blue trace) and 5 × 5 pixels clustered intensity (red trace). Threshold β is
also shown. (c) ADU histogram of the 10 exposures after subtraction of the final-
ized “Background Step 2” (blue trace) and 5 × 5 clustered intensity (red trace).
Threshold X is also shown. A summarized histogram (yellow trace) of the isolated
x-ray intensity events of 5 × 5 clusters (or disjointed clustered regions when 5 × 5
clusters partially overlap).

procedure will be described further using the example in Figs. 4(a)–
4(c) that consists of 10 sequential exposures of 15 s (experimental
conditions/sample are identical to the ones used for Fig. 3).

The first step of this approach aims to identify pixels that
have registered background events. Initially, a first rough background
response is estimated using the minimal registered signal of each
pixel within the overall series of 10 exposures [Fig. 4(a), red trace].
This first underestimated background is subtracted from all frames
[Fig. 4(b), blue trace]. Then, to account the sharing of the x-rays
deposited energy among neighbor pixels, a simple re-clustering of
pixels signal is performed [Fig. 4(b), red trace]. In this example, a 5
× 5 clustering is selected (i.e., the intensity of each pixel is replaced
with the sum intensity of its 5 × 5 neighbors), which can re-capture
more than 95% of the deposited energy and, therefore, can help dis-
tinguish the actual x-ray signal from the background peak. As a last
step, when this clustered pixel intensity is below a user-predefined
threshold [threshold β in Fig. 4(b)], then the central pixel of the
5 × 5 block is flagged as a background event. In this way, the pixel
values that correspond to actual background level are flagged within
the whole exposure series. It is worth noting that for tender x-ray
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photons, a slightly smaller or larger clustering would also result in a
similar performance, since the purpose of this step is not to recapture
a single pixel all the x-ray deposited but to capture enough deposited
energy so as to make clear the distinction between pixels with and
without x-ray deposited signal.

Finally, to extract the optimized background response [Fig. 4(a),
red trace] of each pixel, the median background value out of all its
background flagged events is extracted (most commonly, for each
pixel, there are several background flagged events within the expo-
sure series). In case a pixel has not an identified background event
within the series, then its background level is interpolated from the
nearest background event-flagged neighbors. This final background
image is ultimately subtracted from each original frame of the series
[Fig. 4(c), blue trace].

3. X-ray events
Once the CCD background has been subtracted (either through

the procedure described above or through a simple dark exposure),
the next analysis step aims to identify and isolate the pixels with an
actual x-ray photons deposited signal. The ultimate goal is to exclude
(i.e., set to zero intensity) any pixels with non–x-rays deposited
energy in order to remove their dark current noise contribution in
the finalized x-ray spectrum. Similar to the procedure followed in
the section above, a 5 × 5 clustering of the background subtracted
raw data can recapture most of the x-ray deposited energy that has
been shared among neighbor pixels [Fig. 4(c), red trace]. When this
clustered intensity is more than a user predefined threshold [thresh-
old X in Fig. 4(c)], then the central pixel is identified as an x-ray
event. If the central pixel has an intensity of less than 25% of the
threshold then it is excluded; this ensures the exclusion of pixels that
might be located between two closely separate x-ray events and end
up exceeding the threshold X due to the applied clustering. Then, the
intensity of all but the flagged x-ray events and their 5 × 5 neighbors
is set to 0.

Based on all these steps above, a finalized x-ray signal 2D image
[Fig. 5(a)] is produced, which has exclusively the contributions of
the background corrected x-ray events and their 5 × 5 neighbors.
This 2D image will be used to ultimately extract a high resolution
x-ray spectrum. The improvement of this processed 2D image when
compared to the initial raw CCD image [Fig. 3(a)] is evident.

For visualizing the energy pattern of the recorded x-ray events,
the intensity of the x-ray-flagged pixels of each exposure, together
with their 5 × 5 neighbors, is clustered as single intensity events into
the histogram of Fig. 4(c) (yellow trace). Moreover, when 5 × 5 pixel

blocks partially overlap within the same frame/exposure, they are all
joined together in a single event, resulting in what appears to be har-
monic events. This visualization step is used solely for quality control
purposes and confirmation of the x-ray photon energy pattern that
ultimately makes it in the finalized 2D image.

4. Geometrical corrections
The flat side of the Johansson analyzer results in a slightly

curved footprint. A direct vertical projection of the filtered and
background-free image, without accounting for this geometrical
correction, would deteriorate the energy resolution [Fig. 5(b), blue
trace]. This curved footprint shape has a rather complex dependence
with the position of the spectrometer elements and the Bragg angle.
Here, a generic numerical procedure is used to correct for this. The
shape of curvature is assessed by dividing vertically (y-axis) the CCD
image into a variable number of horizontal sections (typically 20 sec-
tions). These sections, after integration along the y-direction, are
used to calculate a correlation vector between the first and each of
the consecutive sections. The geometrical offset/shift between these
sections can be calculated as the shift of the correlation vector max-
imum peak position. These maxima positions are fitted with a third
degree polynomial that is ultimately used for the correction of the
2D image curvature. The impact of the curved footprint correc-
tion in the extracted x-ray spectrum is depicted with a red trace in
Fig. 5(b).

B. Energy calibration and repeatability
Energy calibration of the spectrometer is typically performed

using the elastic scattering of the incident monochromatic beam. For
a given position of the spectrometer, a series of elastic peak acquisi-
tions are performed along the energy region of interest (nominally,
few tens of eV around the emission line of interest). A quadratic
function has been empirically found to represent well the pixel posi-
tion vs energy for an energy range of up to couple tens of eV. An
example of such calibration is shown in Fig. 6.

The sample position along the incident beam direction can sen-
sitively affect the detected energy since it directly affects the actual
Bragg angle on the fixed analyzer surface. To accurately compare
the energy scale between different samples, a precise repeatable
positioning is needed (∼tens of micrometers). Here, this is mostly
based on the magnetic kinematic mount of the sample rod. How-
ever, when dealing with samples that might have irregular shapes
or when comparing samples measured with a completely different
sample holder/environment, an acquisition of an elastic scattering

FIG. 5. (a) 2D CCD image based exclusively on the isolated
x-ray events and upon subtraction of the estimated finalized
background. (b) Final projected x-ray spectrum without and
with geometrical correction of the curved x-ray footprint.
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FIG. 6. An energy calibration example
in the vicinity of the Ca-Kα1,2 emission
line [Si(220) analyzer]. A series of elas-
tic scattering measurements (b) of the
incident beam (3680.0, 3685.0, 3690.0,
and 3695.0 eV) enables determination
of the quadratic relationship between the
CCD pixel number and the x-ray photon
energy (a).

peak within the emission energy of interest is measured to correct
any geometry-induced minor energy shifts with an accuracy down
to tens of meV.

IV. PERFORMANCE AND APPLICATIONS
The spectrometer design and development approach aims to

enable high energy resolution tender x-ray spectroscopy studies
for a diverse range of applications by a careful consideration of
detection throughput, energy resolution, accommodation of various
sample environment conditions, and the easiness of changing the
analyzed energy. The following subsections present the energy reso-
lution of the instrument across a broad range of Bragg angles and
energies, and representative examples from diverse sample envi-
ronments/science cases so as to emphasize the capabilities of the
instrument, the feasibility of the exemplary studies, and highlight the
overall advantages of the high resolution tender x-ray spectroscopy
toward new and unexplored fields of research.

A. Energy resolution
The spectrometer energy resolution consists of the Darwin

width of the Bragg analyzer, the geometry effects related to the
beam size and the camera pixel width (including charge sharing
between pixels), as well as the accuracy of geometrical correction of
the curved shape of the x-rays footprint. Here, the energy response
has been assessed across a broad range of Bragg angles using the
elastic scattering of the monochromatic incident radiation of the
BL6-2 Si(111) monochromator. In Fig. 7, some representative elastic
peaks are presented. The elastic scattering response is the super-
position of the spectrometer [a Si(111) or Si(220), as indicated]
and that of the Si(111) monochromator. After deconvoluting the

dynamical diffraction theory estimated broadening59 of the incident
beam (FWHMmono), an approximate FWHMspec of the spectrometer
response can be extracted (FWHMspec =

√
FWHM2 − FWHM2

mono).
It is worth noting that, in reality, the actual incident beam energy
broadening can be larger than the dynamical theory estimation
due to heat effects on the LN2 cooled monochromator from the
intense wiggler radiation (500 mA at SSRL), as well as due to a
non-perfectly collimated white beam received by the monochroma-
tor. Furthermore, the pronounced angular dependence of the elastic
scattering cross section of polarized x rays close to 90○ leads to a
non-homogeneous irradiation of the crystal surface and, therefore,
can also have a minor impact. In summary, the estimated response
of the spectrometer (shown in parentheses) when subtracting the
monochromator theoretical contribution for the Si(111) analyzer
values are 2460 eV (0.32 eV), 2840 eV (0.41 eV), 3165 eV (0.50 eV),
3520 eV (0.58 eV), and 3710 eV (0.76 eV) and for the Si(220)
analyzer at 3685 eV (0.25 eV).

B. Examples of applications
The 4d transition metals are used extensively for catalysis appli-

cations. Their unpaired d electrons provide these elements with
advantageous chemical characteristics while maintaining a high sta-
bility under harsh conditions. Elements such as Ru, Mo, Rh, and
Pd are quite common building blocks for nanostructured heteroge-
neous catalysts and are typically studied under operating conditions
through K near-edge and extended-range XAS. The dipole allowed
2p → 4d transitions empower L2,3-XAS to be an ideal spectro-
scopic tool for near edge studies. However, the 4d elements’ lifetime
broadening (>2 eV) and the sample environment difficulties asso-
ciated with their energies (when it comes to in situ measurements)
have not permitted the extensive use of conventional L-edge XAS.

Rev. Sci. Instrum. 91, 033101 (2020); doi: 10.1063/1.5121853 91, 033101-7

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 7. A series of elastic scattering peaks across a broad range of Bragg angles/energies of the spectrometer. The fitted FWHM and the extracted estimation of the
spectrometer contribution (in parentheses) are indicated. The analyzer and the Bragg angle for each case are shown at the top of each sub-figure.

Figure 8 shows an operando high energy resolution L3 edge study
of Pd ∼ 2 nm nanoparticles loaded (2% concentration) on an Al2O3
support. This study has been realized by placing a fixed-bed (2 mm
diameter) gas flow reactor with a 25 μm Kapton x ray in/out window
inside the versatile sample chamber.60 The operando data presented
demonstrate the unique sensitivity of the Pd L3 HERFD-XAS to
Pd nanoparticles chemical changes, the complementary information
that can be extracted for the occupied states by high energy reso-
lution L3 valence XES, and, ultimately, the feasibility with such an
apparatus to efficiently perform gas phase heterogeneous catalysis
studies on 4d elements L-edges under actual operating conditions
and for concentrations relevant to catalysis research.

FIG. 8. Operando Pd L3 HERFD and Pd L3-valence XES of ∼2 nm Pd nanopar-
ticles loaded with a 2% concentration on an alumina support. Non-resonant
XES spectra (at 3250 eV incident energy) were acquired for 60 min each. The
HERFD-XAS spectra required 20 s for each energy point.

Moreover, 4d metals have also earned a central role in photo-
catalysis and photochemistry applications. For example, Ru molecu-
lar complex based dyes have been shown to exhibit remarkable solar
photoabsorption efficiency and have been incorporated in many
model photocatalyst systems.61–64 X-ray spectroscopy studies can
extract key insights on their electronic structure as well as their
excited states dynamics with pump–probe approaches. In either
way, such studies on molecular complexes often require quick sam-
ple replenishment due to radiation damage (static measurements)
and/or the need for fresh sample (pump–probe). Therefore, liquid

FIG. 9. A Ru-L3 high energy resolution x-ray absorption spectrum of RuBpy2Cl2.
A 5 mM concentrated aqueous 250 μm cylindrical jet. The inset shows the Ru
Lα1,2 emission lines dispersively recorded with the tender x-ray spectrometer; the
marked area represents the nine CCD bins integrated for every incident energy
to ultimately extract the HERFD-XAS spectrum. Each incident energy point was
measured for 40 s.
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jet sample delivery approaches are mandatory to enable such mea-
surements. In Fig. 9, the Ru L3 HERFD-XAS of a 5 mMol RuBpy2Cl2
in a 250 μm cylindrical jet pumped with a HPLC pump (∼5 ml/min)
is demonstrated. For this, the versatile sample chamber accommo-
dates a continuous flow liquid jet based on a Kapton capillary,
while a catcher placed in the bottom of the chamber also allows a
closed loop operation via fluid re-circulation. The inset in Fig. 9
presents the Ru-Lα1,2 emission line that is dispersively recorded,
while the shaded area represents the part of the emission line inte-
grated for the extraction of the HERFD-XAS. This demonstrates the
efficiency of the apparatus to enable the study of dilute transition
metal complexes delivered with flowing liquid jets.

High energy resolution hard x-ray spectroscopy has extensively
shown the rich information contained in the valence XES lines,
accompanied by the rather simple and direct theoretical interpre-
tation of such spectroscopic features through ground state density
functional theory (DFT) calculations.3 Trying to capture similar fin-
gerprints in the tender x-ray regime is of a great interest and value.
The main limitations toward this goal are related to the very weak
nature of these valence emission lines, as well as, in the case of 4d
transition elements, for example, the core-hole lifetime broadening
that can further limit the spectral details that can be resolved. The

FIG. 10. Mo-L3 valence RIXS of a bulk Na2MoO4 sample. Acquisition time of 2 min
per incident energy.

most promising approach to overcome these difficulties is to move
toward resonant valence XES since (a) the intense absorption res-
onances can significantly enhance the emission signal and (b) the
core-hole broadening suppression can be advantageous for better
resolving the spectral fingerprints. Nonetheless, resonant valence
XES theoretical interpretations could become more challenging
(when compared to ground state DFT) in order to account for the
presence of excited core-electrons. The rapid progress and availabil-
ity of advanced ab initio codes such as OCEAN65 and ORCA66 could,
however, open the door to such applications for both molecular and
extended solid state systems. In Fig. 10 is presented an overall Mo
L3 resonant valence XES map measured on a bulk Na2MoO4 sam-
ple demonstrating the capability of the apparatus to record reliably
such weak emission lines. It is worth noting that performing mea-
surements at 90○ and on the polarization plane is rather critical for
enabling resonant valence emission of dilute samples; otherwise, the
Compton scattering contribution of the incident radiation would
be the dominant contribution in the energy regime of the valence
emission.

The very short lifetime of the actinides’ core levels result in
rather broad spectroscopic features (>5 eV) and, therefore, ham-
per the sensitivity of conventional x-ray spectroscopy. During the
last 10 years, the advantage of the high energy resolution spec-
troscopy (HERFD/RIXS) has been used for the study of actinides
L-edges.67,68 Recently, the potential of high energy resolution spec-
troscopy has been also shown for M-edges, which lie in the tender
x-ray regime.69–71 In fact, the study of actinides’ electronic structure
through M4,5-edges allows the direct access of their partially filled
f -states via the dipole allowed 3d → 5f transitions. Consequently,
instruments like the one presented here, i.e., that enable the access
of all actinides edges and all their emission line energies, can now

FIG. 11. High energy resolution x-ray absorption spectra for the M4 and M5 edges
of a bulk UF4 solid. [Reprinted with permission from Tobin et al., J. Electron
Spectrosc. Relat. Phenom. 232, 100–104 (2018). Copyright 2018 Elsevier.] A com-
parison with the conventional x-ray absorption is also presented. Acquisition time
of 20 s per energy point.
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enable the study of this rather unexplored landscape and, ultimately,
lead to novel insights for the 5f states localization and/or mixing in
intermetallics and molecules. In Fig. 11 is presented the HERFD-
XAS spectra of UF4 measured at M5 and M4 edges via the Mα and
Mβ emission lines, respectively (extracted from Tobin et al.69). These
high quality HERFD spectra from these materials were acquired with
20 s per energy point. It should be noted that based on safety pro-
cedures, actinides are commonly contained within protective layers
(for the case of UF4, there was 75 μm of Kapton), which may attenu-
ate significantly the tender x rays; therefore, high throughput detec-
tion can be necessary even for fairly concentrated actinide materials,
especially when moving toward more radioactive hot specimens (Pu,
Am, etc.).

V. CONCLUSION
High energy resolution x-ray spectroscopy in the tender x-ray

regime can enable the study of key elements such as sulfur, chlorine,
calcium, 4d transition metals, and 5f actinides through the strong
symmetry-allowed dipole electronic transitions. A routine access to
such characterization tools will provide new opportunities in the
research of emerging catalysts, metalloproteins, and new materials
developed for sustainable energy solutions. Moreover, since x rays
in the tender x-ray regime are starting to become available at new x-
ray free electron laser facilities such as LCLS-II72 and SwissFEL,73 the
development and availability of a high energy resolution apparatus
becomes also central for the ultra-fast science community.

The main motivation of the instrument presented here is to
enable and boost the systematic implementation of tender x-ray high
energy resolution spectroscopy for a broad range of scientific appli-
cations. The developed spectrometer can provide subnatural line-
width energy resolution spectra in the overall tender x-ray regime.
The wide Bragg angle operation, the presence of all three crys-
tal analyzers within the vacuum chamber, and the fully motorized
motions allow changes to the detection energy within seconds. This
is of great convenience when compared to close-to-back-scattering
instruments that require crystal replacement and alignment efforts
whenever a change of the detection energy is needed. Furthermore,
as demonstrated, the design characteristics and overall performance
of the apparatus can now enrich the research capabilities at SLAC
to pursue tender x-ray spectroscopy static/operando studies in rele-
vance to catalysis, chemistry/biochemistry, as well as actinide mate-
rials. The science program to be established with this capability will
further expand and establish the role of high energy resolution x-ray
spectroscopy.
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L. G. M. Pettersson, and P. Glatzel, “Sulfur-metal orbital hybridization in sulfur-
bearing compounds studied by x-ray emission spectroscopy,” Inorg. Chem. 49,
6468–6473 (2010).
19P. Glatzel, J. Singh, K. O. Kvashnina, and J. A. van Bokhoven, “In situ charac-
terization of the 5d density of states of Pt nanoparticles upon adsorption of CO,”
J. Am. Chem. Soc. 132, 2555–2557 (2010).
20T. Fransson, R. Chatterjee, F. D. Fuller, S. Gul, C. Weninger, D. Sokaras, T. Kroll,
R. Alonso-Mori, U. Bergmann, J. Kern et al., “X-ray emission spectroscopy as an
in situ diagnostic tool for x-ray crystallography of metalloproteins using an x-ray
free-electron laser,” Biochemistry 57, 4629–4637 (2018).
21M. W. Mara, R. G. Hadt, M. E. Reinhard, T. Kroll, H. Lim, R. W. Hartsock,
R. Alonso-Mori, M. Chollet, J. M. Glownia, S. Nelson et al., “Metalloprotein
entatic control of ligand-metal bonds quantified by ultrafast x-ray spectroscopy,”
Science 356, 1276–1280 (2017).
22V. Martin-Diaconescu, K. N. Chacón, M. U. Delgado-Jaime, D. Sokaras, T.-C.
Weng, S. DeBeer, and N. J. Blackburn, “Kβ valence to core x-ray emission studies
of Cu(i) binding proteins with mixed methionine–histidine coordination. Rele-
vance to the reactivity of the M- and H-sites of peptidylglycine monooxygenase,”
Inorg. Chem. 55, 3431–3439 (2016).
23P. Emma, R. Akre, J. Arthur, R. Bionta, C. Bostedt, J. Bozek, A. Brachmann,
P. Bucksbaum, R. Coffee, F.-J. Decker et al., “First lasing and operation of an
ångstrom-wavelength free-electron laser,” Nat. Photonics 4, 641 (2010).
24D. Pile, “X-rays: First light from SACLA,” Nat. Photonics 5, 456 (2011).
25M. Altarelli, R. Brinkmann, M. Chergui, W. Decking, B. Dobson, S. Düsterer,
G. Grübel, W. Graeff, H. Graafsma, J. Hajdu et al., “The European x-ray free-
electron laser,” in Technical Design Report, DESY 97 (2006), pp. 1–26, see
https://bib-pubdb1.desy.de/record/77248/files/european-xfel-tdr.pdf.
26R. Alonso-Mori, J. Kern, R. J. Gildea, D. Sokaras, T.-C. Weng, B. Lassalle-Kaiser,
R. Tran, J. Hattne, H. Laksmono, J. Hellmich et al., “Energy-dispersive x-ray emis-
sion spectroscopy using an x-ray free-electron laser in a shot-by-shot mode,” Proc.
Natl. Acad. Sci. U. S. A. 109, 19103–19107 (2012).
27R. Alonso-Mori, D. Sokaras, D. Zhu, T. Kroll, M. Chollet, Y. Feng, J. M.
Glownia, J. Kern, H. T. Lemke, D. Nordlund et al., “Photon-in photon-out hard
x-ray spectroscopy at the LINAC Coherent Light Source,” J. Synchrotron Radiat.
22, 612–620 (2015).
28W. Zhang, R. Alonso-Mori, U. Bergmann, C. Bressler, M. Chollet, A. Galler,
W. Gawelda, R. G. Hadt, R. W. Hartsock, T. Kroll et al., “Tracking excited-state
charge and spin dynamics in iron coordination complexes,” Nature 509, 345
(2014).
29K. S. Kjær, W. Zhang, R. Alonso-Mori, U. Bergmann, M. Chollet, R. G. Hadt,
R. W. Hartsock, T. Harlang, T. Kroll, K. Kubiček et al., “Ligand manipula-
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