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ABSTRACT

We present a new instrument for soft x-ray absorption and emission spectroscopy based on the latest generation of transition edge sensor
array optimized for soft x-ray detection, built on microwave superconducting quantum interference device multiplexing readout, and cooled
with a dilution refrigerator. Its extreme collecting efficiency enables spectroscopy measurements on dilute systems. It also enables shorter
acquisition time and large energy-range spectra. We describe the design and operation of the spectrometer and characterize its performance
in terms of energy resolution, photon collecting efficiency, and stability. A resolution of 0.7-1.8 eV in the energy range 260-900 eV with a
high detection rate of up to 10000 photons per second across the array is achieved with minimal performance degradation. In addition, the
use of the dilution refrigerator to cool the detector results in a robust and stable energy calibration over time. The spectrometer is attached to
a dedicated ultra-high vacuum sample chamber equipped with a fully motorized sample cryostat for experiments at temperatures between 10
and 300 K, multi-sample mounting, and electric field-gated devices. The spectrometer-sample chamber is installed at a beamline providing full
polarization control. We demonstrate the capabilities of the setup using two representative examples of XES on extremely low-concentration
systems, namely monolayer hexagonal boron nitride and the K3 [Fe(CN)s] molecular system at sub-millimolar concentration.
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. INTRODUCTION

X-ray Absorption Spectroscopy (XAS), X-ray Emission Spec-
troscopy (XES), and Resonant Inelastic X-ray Scattering (RIXS)
are well-established element- and orbital-selective core-level spec-
troscopy techniques for the study of the local electronic properties
of materials.'

XAS, or Near Edge X-ray Absorption Fine Spectroscopy (NEX-
AFS), when the incident photon energy is tuned close to an absorp-
tion edge, is a first-order optical process where one electron is
excited from a core level to an unoccupied level, below the ioniza-
tion threshold. The transition mostly follows the dipolar selection
rule Al = £1. XAS gives information on the local electronic structure
and the local environment of the absorbing atom, like the oxidation
state and the local symmetry.

XES is a second-order, photon-in/photon-out process, in
which the first step (photon-in) is the creation of a core-ionized
state. In XES, one measures the energy of photons emitted dur-
ing the second step, in which the system relaxes via radiative
decay (photon-out). It provides information on the occupied den-
sity of states, bonding orbitals, metal-ligand hybridization, and
even time scales of dynamic processes through the core-hole clock
method.”

While XES is the general term, it commonly refers to the non-
resonant process, in which the core electron is excited well above
the absorption threshold into the continuum. In RIXS, the inci-
dent photon energy is tuned to an absorption resonance, creating
a core-excited intermediate state. This resonant condition enhances
the scattering cross section and increases the interaction between
the excited electron and the valence electrons, thereby strengthen-
ing the coupling to the system. This can lead to a charge-neutral
excited final state with the creation of elementary excitations like
dd (on the order of 1 eV), charge transfer (a few eV), exciton (hun-
dreds of meV to a few eV), plasmon (sub-eV to tens of eV), magnon
(below 1 eV), and phonon (a few tens of meV) excitations, identified
as energy loss features in RIXS spectra.’ In practice, so-called RIXS
maps can be recorded, where an emission spectrum is measured for
each incident photon energy with a given energy interval and in the
energy region of interest. Therefore, RIXS maps contain compre-
hensive spectroscopic information: partial fluorescence yield (PFY)
absorption and emission spectra at and away from resonance(s).
However, recording full RIXS maps often requires extended acqui-
sition times because of the intrinsically low fluorescence yield in
the soft x-ray regime. Together, XAS, XES, and RIXS provide
complementary access to unoccupied states, occupied states, and
low-energy excitations, respectively. Therefore, they form a pow-
erful toolbox for investigating the electronic structure of complex
materials.

So far, most soft x-ray XES and RIXS spectrometers are wave-
length dispersive (WD) spectrometers, where x rays emitted from
the sample are diffracted by gratings before being collected by a
position sensitive detector [Fig. 1(a)]. This type of spectrometer can
reach an energy resolution on the order of a few hundred or even
tens of meV.””"” However, even for the state-of-the-art grating based
RIXS spectrometers, considering the sample’s low fluorescence yield
on the order of tenths of a percent to a few percent in the case of
light element K-edge and transition metal L-edges, the solid angle of
the spectrometer, the grating efficiency, and the detector efficiency,
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the ratio of incident photon flux to detected photon flux is on the
order of 10'°. To compensate for this low overall collecting effi-
ciency, XES and RIXS techniques have needed high flux beamlines
(>10" ph/s) and have so far been largely limited to the study of bulk
or high-concentration systems.

These limitations have motivated the development of alter-
native detector concepts that increase collecting efficiency while
maintaining useful spectral resolution. A very promising approach is
the use of Transition Edge Sensors (TES),'*" which do not include
any dispersive optical elements [Figs. 1(a) and 1(b)] and are char-
acterized by a high collecting efficiency [Fig. 1(c)]. TES exploits the
abrupt resistance variation with the temperature at the critical tem-
perature of a superconductor (Fig. 2). Historically, TESs have been
largely used for astrophysical measurements and, more generally, for
applications where the source is faint or extended. To our knowl-
edge, five TES x-ray spectrometers for XAS, XES, and RIXS have
been deployed at synchrotron facilities: at APS 29-ID'° and later
moved to SSRL 13-3,'7 at SSRL 10-1,'¥ at APS 1-BM-C,"” at NSLS-II
SST-1,'* and at SPRING-8 BL37XU.”

Here, we describe a new state-of-the-art TES-based spec-
trometer installed as a permanent end station at the Berliner
Elektronenspeicherring-Gesellschaft ~ fiir ~ Synchrotronstrahlung
(BESSY II) synchrotron facility. The detector includes the latest
generation of sensors for improved energy resolution and increased
solid angle, a readout based on microwave SQUID multiplexing that
enables operation at count rates up to ten times higher than those of
previous TES readout technologies, and an operating temperature
in the mK range achieved with a dilution refrigerator (DR) for high
performance stability over hours of measurements.

After presenting the basic principle of the TES technology,
we describe the characteristics of the spectrometer and of the
dedicated sample chamber. The combined spectrometer-sample-
chamber is installed on the relatively low photon flux (10" -10"
ph/s), full polarization controlled elliptically polarized undulator
with spherical grating monochromator UE52-SGM beamline. All
characteristics of the setup are optimized for XES measurements
on low-dimensional and low-concentration beam-sensitive systems.
These include atomically thin materials such as van der Waals
monolayers and engineered heterostructures, impurity-level sys-
tems such as Kondo impurities, gated quantum devices, and dilute
molecular systems, including frozen-solution catalysts and proteins.
These systems have been largely unavailable to XES and RIXS con-
ducted with conventional WD spectrometers. The combination of
large collecting efficiency, broad energy acceptance, and compatibil-
ity with ultra-high-vacuum environments therefore enables exper-
iments that are difficult or impossible with conventional grating
spectrometers. The performance of the setup and the first scientific
test cases are presented.

Il. TES SPECTROMETER
A. Principle of a TES

A TES is a thermometer that is used here as a microcalorimeter
to measure the energy of single quanta—in the present case, x-ray
photons.”! Invented by Langley in 1878 to measure the sun’s infrared
radiation witha 107> K temperature uncertainty,j7 2
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FIG. 1. Overview of common soft x-ray XES spectrometers. (a) Basic scheme of WD spectrometers. (b) Basic scheme of TES spectrometers for synchrotron applications.
(c) Collecting efficiency (see text) vs resolution for the different kinds of soft x-ray photon detectors. WD spectrometers with high resolution and low collecting efficiency
are primarily dedicated to bulk systems. ED spectrometers like silicon drift detectors (SDDs) and charge-coupled device (CCD) detectors have 2-3 orders of magnitude
higher collecting efficiency but do not reach the energy resolution for most soft x-ray XES applications. TES spectrometers present a coarser resolution than WDs but with
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FIG. 2. Principle of a single TES for photon detection. (a) The sensor is electrically biased at the edge of the superconducting (SC) to normal metal (NM) transition at the
critical temperature T¢. (b) Schematics of the TES device and electrical bias circuit. (c) Typical response of an arriving photon (blue is for a higher energy photon than red).

calorimeters consist of an absorber with heat capacity C, in thermal
contact with a thermal bath of temperature T and a thermometer.
In the case of a TES, the thermometer is a superconducting film set
at a temperature T ~ T¢, where T¢ is the critical temperature of
the superconductor [Fig. 2(a)]***” (due to self-heating, the thermal
bath [Fig. 2(b)] is set below T¢). Here, the temperature dependence
of the resistance is very strong, such that the TES used here, with a
heat capacity of 65 f]/K, can distinguish yK-scale differences in the
heating caused by varying energy depositions.

The basic principle of a TES is depicted in Fig. 2. In the voltage-
bias mode, a voltage, Uy, is applied to the TES, and the TES
resistance, Rrgs, is measured by measuring the TES current, I'1gs.”
An incoming photon results in a slight and fast increase of the
sensor’s temperature AT and, therefore, in an increase of the resis-
tance AR, resulting in a decrease of Irgs through the TES. This
mode is the most stable operation mode due to a sensor temperature
self-regulation giving a negative electrothermal feedback, where the
temperature decrease due to the decrease of I'1zs almost compensates
the photon-induced temperature increase. The combination of the
negative electrothermal feedback and the thermal contact with the

cryogenic bath determines the time for the TES to return to thermal
equilibrium, which is on the order of ms.

The TES is connected to an inductance so that a small current
variation due to an incoming photon induces a small magnetic-flux
variation. A radio frequency superconducting quantum interference
device (rf-SQUID) is used to measure the magnetic flux variation.

Figure 3(a) shows a single sensor. The TES thermometer (right
side) is comprised of a Mo-Au bilayer, which enables us to control
the critical temperature of the film. The Mo layer is patterned into
two parallel 6 x 90 yum? long Mo wires (the long direction is par-
allel to the direction of the current flow), which are coated with a
30 x 90 um” layer of Au, which helps to suppress the critical tem-
perature of the film to 51 mK.”® The entire device is suspended on
a silicon nitride substrate that provides thermal isolation from the
bath. The TES is in thermal contact with a 250 x 250 um? large
x 250 nm thick Au x-ray absorber. We refer to the combination of
the TES and the x-ray absorber as a “sensor” or “pixel”. The oper-
ating temperature of the sensor is 51 mK, which is an equilibrium
temperature between the power dissipation due to the bias cur-
rent and the power flow across the silicon nitride membrane, which
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FIG. 3. TES array detector and integration in the dilution refrigerator. (a) Single
sensor unit. (b) TES array chip consisting of 248 sensor units. (c) Microsnout,
including the TES array chip, the aperture chip, the bias circuit, and the microwave
SQUID multiplexed readout circuit in a compact geometry. (d) Final assembly of
the spectrometer, including the mu-metal shielding, the filters and membrane, and
the dilution refrigerator, with the microsnout being placed inside the shielding,
behind the membrane.

provides the limiting thermal link to the bath temperature, set to
25 mK. The materials and geometry of the present setup are opti-
mized for the detection of photons in the energy range 250-1000 eV,
adequate for the beamline characteristics.

B. TES array

To compensate for the slow temperature decrease back to
the set point and to increase the detection solid angle, the full
detector comprises 248 identical pixels arranged in a 1 x 1 cm?
array. An Au-coated silicon mask is employed to prevent pho-
ton incidence between sensors [Fig. 3(b)]. The array is located in
the so-called microsnout, which also includes the bias circuit and
the microwave SQUID multiplexed readout in a compact geometry
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[Fig. 3(c)]. In contrast to previous generations of TES detector pack-
aging, this geometry allows upgrades to several microsnouts for an
enhanced collecting efficiency. The microsnout is in thermal contact
with a dilution refrigerator having a minimum base temperature of
9 mK, which allows the array to be kept at a bath temperature of
25 mK with 20 4K rms temperature stability using a PID temperature
controller. Two concentric mu-metal cylinders and an aluminum
housing of the microsnout ensure the thermal and magnetic shield-
ing. To allow x-ray transmission while protecting the TES from
stray optical and infrared light, the TES array is shielded by a series
of three thin-film aluminum windows mounted at 25 mK, 4 K,
and 40 K. These filters suppress infrared radiation and attenuate
photons with energies below ~250 eV. An outer window consist-
ing of a mesh-supported aluminum/polymer membrane separates
the spectrometer’s inner vacuum from that of the sample chamber.
Figure 3(d) shows the completed assembly of the spectrometer.

C. Microwave SQUID multiplexing

The multiplexed readout, i.e., the use of only one or a few
amplifiers shared by all sensors, aims to reduce the amount of cables
at the cold stage in order to reduce both heat load and complex-
ity. Beyond the established time domain multiplexing (TDM)?” and
frequency domain multiplexing (FDM)*® readout technologies, the
present TES array incorporates the latest generation of microwave
SQUID multiplexing (umux) to further reduce the cabling and,
therefore, the heat load, and allows better scalability as well as con-
tinuous sensor monitoring. We describe here the basic principle of
this approach. A detailed description of TES ymux is given by, e.g.,
Becker et al.”’ and Mates et al.”’

As depicted in the pmux readout scheme [Fig. 4(a)], each
TES/rf-SQUID unit is inductively coupled to a high-quality
microresonator with a resonance frequency in the 4-6 GHz
range, itself capacitively coupled to the feedline. Resonators have
a bandwidth of 1 MHz (FWHM) with a separation of 7 MHz,
which is enough to avoid cross-talk between neighboring TES/rf-
SQUID/microresonator subcircuits.”’ Therefore, each subcircuit
defines an independent channel for postprocessing.

The RF signal is amplified by a high electron mobility tran-
sistor (HEMT) placed at the 4 K flange of the dilution refrigerator
and by a RF low-noise amplifier at the 40 K flange before it is
sent to the RF in/out unit. This unit first scans the full frequency
range to identify the resonance frequencies (tones) of each chan-
nel. Figure 4(b) shows the forward transmission coefficient module
S21(dB)|* = [logio(Vour/Vin)|* vs frequency. From the capacitive
coupling with the feedline, each microresonator acts as a short to
ground when fed with its eigenfrequency, leading to a power dissi-
pation through the feedline. Therefore, each tone appears as a dip
in the transmission spectrum. Eigenfrequencies are stable over sev-
eral weeks or even months. Therefore, this procedure is typically
performed only after each DR warm-up/cool-down cycle. Once the
eigenfrequencies are identified, the RF in/out unit acts as a tone
generator.

An incoming photon causes a change in current through the
TES, which changes the flux detected by the rf-SQUID. However,
an rf-SQUID response to magnetic flux is approximately sinusoidal,
with a period equal to the magnetic flux quantum @y = h/2e ~ 2.07
x 107"> Wb and is therefore degenerate and nonlinear in flux. We
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FIG. 4. Microwave SQUID multiplexing. (a) Simplified #mux readout circuit (see text).?% (b) |Sy|? vs frequency response of half of the TES array. Each dip corresponds to
the eigenfrequency of one resonator coupled to a sensor. (c) Sinusoidal response of an rf-SQUID (blue) to a periodic sawtooth magnetic flux (green) created by the voltage
ramp [see in (a)]. The additional magnetic flux created by an incoming photon induces a phase shift in the sinusoidal response (red). (d) lllustration of a pulse with the
steady state flux ramp response, before or long after an incoming photon (blue) and out-of-phase oscillation in the presence of the additional photon-originating magnetic
flux (red). The pulse shape is reconstructed from the phase recording at short time intervals during a pulse duration.

use flux ramp demodulation, where each rf-SQUID is inductively
coupled to a sawtooth flux ramp producing a sine oscillation of all
the resonators’ eigenfrequencies [Fig. 4(c)].*> The additional mag-
netic flux from the TES on the rf-SQUID due to an impinging
photon generates a dephasing of the periodic oscillation that is lin-
ear with flux as long as the slope of the ramp exceeds the slew rate
of the input signal. The measurement of this dephasing allows the
reconstruction of the pulse shape [Fig. 4(d)]. The RF multiplexing
allows this operation for each channel simultaneously. It has a low
heat load and low noise since it allows the simultaneous readout of
all channels with a simple cabling configuration: one common volt-
age source for the TES bias, one common flux ramp, and one RF
feedline.

D. Advantages of TES x-ray spectrometers

A TES offers four main advantages over WD XES spectrome-
ters, which are as follows:

(1) The TESs detect photons and their energy over the whole
area of the pixel, independently of the approach angle, since
AT (and AR) depends on the photon energy. Therefore,
a TES allows emission spectroscopy without the need for
any optical element. It is, therefore, by definition, an energy
dispersive photon detector.

(2) From the geometry of the TES, each photon hitting (and
heating) the absorber is detected without, e.g., reflection. In
addition, TESs do not have a threshold like avalanche pho-
todiodes. These characteristics result in an extremely high
quantum efficiency of 99% for photons with an energy of
700 eV and 93% for photons with an energy of 1 keV in the
present instrument. This high quantum efficiency combined
with the large solid angle results in a high collecting effi-
ciency'* CE(E) = QE(E) - T(E) - Q - N, where QE is the
quantum efficiency, T is the transmission through the outer

membrane and the inner aluminum membranes,'® Q is the
solid angle of a single TES, and N is the number of TESs
in the array. During the measurements presented here, the
sample-detector distance was 85 mm, corresponding to a
solid angle of 8.7 x 107° sr per sensor and 2.1 x 107 sr for the
full array. This corresponds to approximately two orders of
magnitude larger angular acceptance than conventional grat-
ing spectrometers.”” TES arrays typically have two to three
orders of magnitude higher collecting efficiency compared to
WD spectrometers [Fig. 1(c)], considering the pile-up effect
discussed below.

(3) TES spectrometers have a large detection energy range,
which allows the observation of features from different ele-
ments and orbitals simultaneously. The TES presented here
is designed to simultaneously collect photons in the energy
range of 250-1000 eV, determined by the transmission of
the aluminum membranes at the low energy side and by the
flux and resolution characteristics of the beamline at the high
energy side. Relatively low-resolution soft x-ray WD XES
spectrometers can reach a spectral energy range of 200 eV
with a resolution of a few tenths of eV,° while the energy
range of spectra shrmks to a few eV for high-resolution WD
spectrometers.”

(4) Finally, a focused beam on the sample is not necessary, and a
beam of a few mm? does not diminish the TES spectrometer’s
performance. It does, however, reduce the beam damage on
sensitive samples.

These four main advantages make TES array spectrometers
particularly adapted for low-concentration multielement beam sen-
sitive systems. To fully exploit these capabilities for measurements
on low-dimensional and dilute systems, a dedicated ultra-high-
vacuum sample environment was developed and is described in
Sec. 111.
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Ill. SAMPLE ENVIRONMENT
A. Sample chamber

The ultra-high vacuum (UHV) sample chamber is designed to
perform XAS, XES, and RIXS experiments on the systems defined
above. Specifically, the target systems include (1) low-dimensional
solid state systems like impurities in solids, mono- and few layers
of van der Waals materials, nanostructures, and molecules adsorbed
on surfaces; and (2) millimolar concentrations of molecular systems
like bioinspired molecular catalysts and proteins in frozen solutions.
In the following, we describe the sample chamber dedicated to such
systems.

It is divided into three main sections vertically arranged
[Fig. 5(a)]. The bottom pumping section includes a turbopump and
an ion pump in order to reach a pressure in the 10™° mbar range.
The middle measurement section includes the beamline port and
the spectrometer with a scattering angle of 90°. The top section is
dedicated to sample transfers from a load-lock and basic sample
preparation capacity. The sample transfer system is compatible with
a custom-built low-temperature suitcase for anaerobic transport of
frozen solution from a glove box to the cooled sample holder in the
UHYV chamber, as well as with conventional UHV suitcases. A pho-
tograph of the spectrometer-sample chamber ensemble is shown in
Fig. 5(b).

During preparations and measurements, samples are mounted
on a custom multi-purpose sample holder system [Fig. 5(c)] attached
to a vertical cryostat. The sample holder system consists of ten sam-
ple slots for conventional flag-style sample plates. The upper sample
slot allows full temperature control of samples in the 10 to 300 K

dilution refrigerator

transfer / prep. section

load-lock
measurement section

pumping section
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temperature range and is therefore dedicated mainly to studies on
systems with peculiar temperature-dependent properties or with
low-temperature phases of interest. The middle position with eight
sample slots, two on each of the four sides of the sample holder,
allows spectroscopy on samples held at 70 K or at room tempera-
ture. This part is especially designed for the measurements on many
samples at intermediate low temperatures, like molecular systems in
frozen solutions. The lowest position includes an additional electri-
cal contact to allow, i.e., gate voltage-dependent measurements of
quantum devices”* " at 70 K or at room temperature.

A custom helium closed-cycle cryostat is used in order to
keep samples at a cooled and stable temperature during week(s)-
long beamtimes without the need for liquid nitrogen or liquid
helium. The cryostat is mounted on a fully motorized manipulator,
which allows X, Y, Z, and 6 fine sample positioning. The Z stroke
enables translation from the upper transfer/preparation section to
the middle measurement section.

B. Beamline

The performance of the spectrometer-sample chamber assem-
bly is closely linked to the characteristics of the hosting beamline.
The setup is installed as a permanent station at the UE52-SGM
beamline branch with an elliptically polarizing undulator as the
insertion device for full polarization control of the incident beam
and with a photon flux of 10''-10"2 ph/s in the TES operational
energy range 250-1000 eV."’

The setup shares the beamline branch with a second experi-
mental station,*! which is placed at the beamline focal point. The

10K

gating

FIG. 5. Sample environment and full setup. (a) Sample chamber. Gray: sample cryostat and manipulator; green: sample transfer and sample preparation section; purple:
suitcases-compatible fast-entry load-lock; blue: measurement section; and orange: pumping section. (b) Full setup photograph including the sample chamber and the
spectrometer. (c) Low- and full temperature-controlled multi-sample holder, drawings, and photograph of the holder. Upper single sample position: T = 10-300 K with 0.1 K
temperature control via a heater placed behind the sample. Middle eight-sample positions for T = 70 K or room temperature. Lower single sample position for T = 70 K or
room temperature with an additional connection for applied voltage-dependent experiments.
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TES is positioned 1 m away from the focus, resulting in a beam
spot size of 6 mm (horizontal) x ~1 mm (vertical, depending on the
beamline slit opening). The horizontal beam dimension can, how-
ever, be reduced if needed using inline baffles placed between the
two end stations, for example, when having several small samples on
a single sample plate.

IV. OPERATION, CHARACTERIZATION,
AND PERFORMANCE

After describing the detector and experimental environment,
we now characterize the spectrometer performance in terms of cal-
ibration procedure, energy resolution, count-rate capability, and
long-term stability. The data from the TES array are processed using
an optimal filter analysis method.””*’ As a first step before actual
measurements, the filter is constructed by measuring the detector
noise (pulse-free data) and an “average” pulse shape for each sensor.
The noise data are acquired by recording a few seconds of continu-
ously triggered data with the beam shuttered. Then, to construct the
average pulse shape model, the beam shutter is opened, and pulses
are recorded for all sensors for about 1 min using the same edge
trigger method that is used to acquire scientific data. The acquisition
time for this step is about 1 min. Then, the noise and pulse shapes
are used to compute an optimal filter for each sensor that is applied
to all subsequent data. This procedure is typically conducted before
each energy calibration.

The energy calibration is performed by recording an XES spec-
trum of a powder sample containing a mixture of graphite, boron
nitride, Fe;O3, NiO, and CuO with an incident energy above the
Cu L-edge (952.3 eV). The XES spectrum [Fig. 6(a)] presents the
C Kay at 277 eV, the N Ka; at 392.4 eV, the O Ka; at 524.9 eV,
the Fe Lay; at 705 eV, the Ni La; » at 851.5 eV, and the Cu La;; at
929.7 eV emission peaks.'""* The optimally filtered pulse height vs
energy is measured and fitted using a spline function for each sensor.
Examples of calibrations for two sensors are presented in Fig. 6(b).
Based on this calibration procedure, we evaluate the intrinsic energy
resolution of the spectrometer across the accessible photon-energy
range.

Figure 6(c) shows the signal corresponding to single photons of
varying energies absorbed by a single sensor. The photon creates a
pulse characterized by a fast increase of the detected signal, followed
by a decay in the ms to a few ms range, depending on the sensor.
Increasing the incoming photon energy results in an increase in the
pulse height, accompanied by a slight change in the pulse shape.

The performance of the setup is illustrated by the energy res-
olution vs the energy of the incoming photons, the change in the
measured photon rate and energy resolution as a function of the
incoming photon flux, and the stability of features over time.

The energy resolution vs incoming photon energy is estimated
by measuring the FWHM of the elastic scattering feature from a gold
thin film on a silicon substrate with vertical polarization for a set
of energies ranging from 260 to 890 eV. The results are described
in Fig. 7(a). Each detected photon is characterized by its energy,
and the detection time is characterized by the array and the detect-
ing channel. Sensors can slightly differ in their intrinsic detection
rate and intrinsic energy resolution as well as in the accuracy of
the measured energy with respect to the nominal incoming pho-
ton energy. The latter depends on the quality of the calibration and
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FIG. 6. Energy calibration. (a) XES spectrum acquired on the powder mixture for
emission peak assignment. hv = 980 eV, linear horizontal incoming beam polar-
ization. Acquisition time is 30 min. (b) Example of energy vs pulse height spline fit
for two sensors. (c) Pulse profile of one sensor’s response to a series of incident
photons with energies of 300-900 eV.

can be improved by, e.g., increasing the proximity of the features
of interest to the calibration lines by having more elements and,
therefore, more emission lines in the calibration mixture. Accord-
ingly, Fig. 7(a) summarizes the results obtained using three different
evaluation methods to estimate the resolution: the co-added sum,
the unweighted, and the weighted FWHM. For the co-added sum
approach, the FWHM is fitted from all sensors, including their indi-
vidual slight deviation from the perfect case in energy calibration,
which broadens the sum of elastic scattering features and their dif-
ferent intensities. For the weighted method, the FWHM is fitted for
all sensors independently, disregarding the energy shift from the
calibration error but weighted by their respective detected photon
counts before summing. For the unweighted method, the FWHM
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FIG. 7. Instrument performance. (a) Energy resolution vs incoming photon energy. Dots are the total resolution; crosses are the intrinsic spectrometer resolution with the
quadratic component of the beamline resolution subtracted. Blue, orange, and green are the co-added, unweighted, and weighted (see text) energy resolutions of the full
array. Red, purple, and brown are the co-added, unweighted, and weighted energy resolutions of the 20 best-resolution sensors. (b) Count rate saturation characteristics.
Blue: Detected counts per second vs incoming flux. The dotted line is a guide to the eye and represents the idealized saturation-free limit, valid at low photon flux. Orange:
Co-added elastic peak FWHM vs incoming flux. [(c)—(e)] Evolution of the energy center, FWHM, and intensity, respectively, of the C, N, O, Fe, Ni, and Cu emission peaks

in Fig. 6(a) vs time over 10 h. The error bars are the uncertainty of the Gaussian fits.

is also fitted for all sensors independently but with an equal con-
tribution for all sensors before summing, normalizing the detected
photon count differences. In Fig. 7(a), we show the results for the full
array and for the twenty sensors with the best resolution (colored
circle dots). The corresponding resolutions, subtracting the contri-
bution of the beamline energy resolution, are also shown (colored
crosses).'® The black dots are the average over all methods, and the
gray area defines the uncertainty.

We measure a resolution of 0.7-1.7 eV in the region
260-890 eV, with an almost linear increase with the energy. The

twenty best channels present a ~10%-20% better resolution than
the full array, with the best intrinsic resolution below 0.8 eV aver-
aged over the twenty best sensors, for incident energies below
500 eV. Interestingly, we observe that the difference between the
co-added (blue) and the unweighted (orange) points differs more
at the energy range extrema. In addition, we observe a coars-
ened resolution below 300 eV, which we attribute to the broad
C emission peak in the calibration [see Fig. 6(a)]. This highlights
the importance of the calibration process to successfully com-
bine the spectra from different sensors. These measurements were
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performed before fine optimizations for mechanical and electrical
noise reduction.

In addition to spectral resolution, the maximum useable pho-
ton rate is another key performance parameter of TES spectrome-
ters. Pulse pile-up effect at high photon flux can occur due to the
ms to few ms fall time back to the operating temperature after an
incoming photon [Figs. 2(c) and 6(c)]. To characterize the pile-up
response of the spectrometer, we measured the detected count rate
and FWHM of the elastic line when illuminating a bulk copper tar-
get with an incoming photon energy hv = 550 eV, tuning the photon
flux via the beamline exit slit.

Figure 7(b) shows that the detected counts linearly increase,
followed by a deviation of the count rate when increasing the incom-
ing photon flux. The low photon flux side corresponds to the case
of the absence of pile-up, where each photon from the target is
counted when hitting a sensor and, therefore, defines the ideal detec-
tion rate of the array, as shown by the dotted line. At about 10 000
detected counts per second, the pile-up starts. This count rate lim-
itation defines the dominant constraint on acquisition efficiency in
high-flux conditions rather than detector transmission losses. The
readout software has three modes for photon detection (trigger-
ing), which change how pile-up events are handled. In one case,
if a second triggering occurs within one pulse record, two shorter
length records are written. A second mode consists of discarding the
record when two triggers are detected, i.e., to write nothing to disk.
A third mode is to write one regular-length record that contains
both events, which can later be cut in analysis.*> We are operating
in the second detection mode. Therefore, the increasing deviation
from the ideal rate corresponds to the increasing number of rejected
events. The FWHM of the elastic peak increases with the photon
flux. This increase occurs before the deviation from the ideal case of
the detection rate. Therefore, during experiments, a balance between
a reasonable detection count rate and energy resolution must be
found. In practice, during experiments for which a high resolution is
crucial, a detected count rate of 2000-5000 counts per second is set
by tuning the beamline openings. It must be noted that the tuning
of the incident photon flux was performed by tuning the beamline
horizontal opening slit. Therefore, the vertical beam size at the sam-
ple position is larger for higher flux (from a few tenths of mm for
the lowest flux to 4 mm for the highest). In addition, the bulk copper
target has an extremely high fluorescence yield compared to the low-
dimensional and low-concentration systems for which the setup has
been designed.

Another important parameter for practical synchrotron opera-
tion is the long-term stability of the detector response. Earlier gen-
erations of TES detectors at synchrotron facilities included adiabatic
demagnetization refrigerators (ADR), which have limited stability of
spectral features over time due to temperature variations and neces-
sitate regular recalibration and drift corrections.'® The stability is
defined as the deviation in energy, FWHM, and amplitude with time
of a given spectral feature. Instead of an ADR, the present setup uses
a DR to keep the detector at its operating temperature. To character-
ize the stability, we performed repeated XES spectra of the calibra-
tion mixture (Fig. 6) right after a calibration. Figures 7(c)-7(e) show
the evolution of the energies, FWHM, and amplitudes over time
of the seven emission features depicted in Fig. 6. Each data point
time corresponds to the beginning of a XES acquisition. We observe
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an energy stability better than 0.1 eV over almost 10 h, without
the monotonic drift observed with ADR-based TES. Similarly, we
observe no loss of energy resolution over time. We note a decrease
in the amplitude of emission features, which we attribute to beam
damage to the mixture over such an extended exposure time. There-
fore, in practice, only one calibration at the beginning of a beamtime
shift is a priori necessary. Having established the spectrometer per-
formance, we now illustrate its capabilities through representative
measurements on low-dimensional and dilute systems.

V. EXAMPLES OF XES MEASUREMENTS
A. Monolayer h-BN

Hexagonal boron nitride (h-BN) is an insulating van der Waals
(layered) material with a crossover from an indirect bandgap of
5.95 ¢V in bulk to a direct bandgap of 6.1 eV in the monolayer case.*®
Within single layers, boron and nitrogen atoms are sp* bonded
to form a 2D hexagonal lattice (honeycomb structure) comparable
to graphene. XES at the boron and nitrogen K-edges was used to
detect exciton and plasmon excitations in the scattering process at
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FIG. 8. Test experiment on the monolayer h-BN system. (a) RIXS-map at the N
K-edge (3-h acquisition). (b) Single emission spectra acquired at hv = 401, 408,
and 415 eV [see the white lines in (a)]. Spectra are shifted vertically for clarity (1-h
acquisition for each spectrum).
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resonance and to probe the influence of the materials around sin-
gle layers."” " Here, to demonstrate the capabilities of the setup to
perform XES on atomically thin materials with acquisition times
compatible with synchrotron beamtime operation, we performed
measurements at the nitrogen K-edge on a monolayer of h-BN on
SiO;, capped by graphene.”””

The results are presented in Fig. 8. The RIXS-map in Fig. 8(a)
presents two main features: the elastic scattering line (Eem. = Einc.)
and constant emission-energy lines in the range Ee.,. = 385-395 eV,
at and above threshold at Ej,.. ~ 400 eV. Single XES spectra at Ej.
= 401, 408, and 415 eV are shown in Fig. 8(b). Spectra acquired
for Ein. > 415 eV show no significant change in shape due to
strong phonon-exciton coupling in h-BN.”" Close to resonance,
XES presents features at 394, 392, 390, and 396 eV. The energy
of these features does not depend on the incident energy and has
thus been interpreted as fluorescence lines attributed to the radiative
decay from the valence band, explaining the line shape related to the
valence p-DOS."”"*

The RIXS-map in Fig. 8(a) and XES single spectra in Fig. 8(b)
were acquired in 3 and 1 h, respectively, which demonstrates the
capacity of the setup to perform measurements at the atomic mono-
layer limit in a reasonable time and, due to the relatively low photon
flux needed, without beam damage.

B. Sub-millimolar Kz[Fe(CN)s] in frozen water solution

While the previous example demonstrates measurements at the
atomic monolayer limit in a solid-state system, the following exam-
ple illustrates performance in the extreme case of sub-millimolar
molecular concentrations. As a second example, we present in
Fig. 9 the extreme case of Fe L-edge XAS and RIXS measure-
ments of a 0.5 mM concentration ferricyanide Ks3[Fe(CN)s] solu-
tion system.'*"" The pure compound was diluted in water and
frozen with liquid nitrogen before transfer to the sample cham-
ber using a custom UHV vacuum low-temperature suitcase, which
allows the transport and pumping of frozen solutions at liquid
nitrogen temperature. After attaching the suitcase to the load-
lock and pumping, the sample plate is transferred to the sample
holder in the main chamber. These experiments were performed
at a temperature of 70 K. A series of spectra was acquired dur-
ing 10 h and summed. No loss of frozen solution was observed.
The comparison of spectra in the acquisition series shows low beam
damage.

The partial fluorescence yield (PFY) XAS spectra shown in
Fig. 9(b) are derived from the RIXS map in Fig. 9(a) by integrat-
ing emission energy regions vs the incident energy. The La + Lf
as well as the Lo PFY-XAS are characterized by the two split L;
and L, main features at E;, gy = 710 and 723 eV, respectively.
The characteristic 706-710 eV splitting due to the presence of a
hole in the t,; manifold is clearly visible in the RIXS map, the La
+ Lp as well as the La PFY-XAS. The feature at 705.8 eV and at
the vicinity of 710 eV correspond to 2p — 3d transitions while the
feature at 712.3 eV corresponds to a 2p — CN(7") transition.”
Both absorption and emission spectra present a reasonable signal
to noise ratio.'** This example demonstrates the capability of the
setup to perform RIXS experiments on sub-millimolar molecular
systems, a concentration regime not accessible using WD spectrom-
eters in a reasonable acquisition time. These example measurements

ARTICLE pubs.aip.org/aip/rsi

740

0 counts 10

730

720

710

700

Emission energy [eV]

690

B8 P T T
700 715 720 725 730 735 740

Incident energy [eV]

400 .

Counts

P

S
NS

1] . ...
Jg‘ 200 . e
.| 3

S A :”.‘f.

100 . : "‘ o

s 3 A e .
et Ot Y s
0 PR s

150
9100 <
[ v
S .
3 :
O

ey
Rota Y]
N PR PNtV =S EN S
700 705 710 715 720 725 730 735 740
Incident energy [eV]

FIG. 9. Test the experiment on the frozen 0.5 mM concentration of K3[Fe(CN)s] in
water. (a) RIXS map at the La and L3 energy regions. (b) PFY XAS derived from
the RIXS map. The Lo + L3 spectrum includes the emission region 680-740 eV.
The Lar spectrum includes the emission region 700-712 eV. The LB spectrum
includes the emission region 712-724 eV. The acquisition time is 10 h with
horizontally polarized light.

highlight the versatility of the instrument across a broad range of
sample classes and concentration regimes.

VI. CONCLUSION

The next-generation of TES array XES spectrometer commis-
sioned at BESSY II, based on microwave SQUID multiplexing read-
out and DR cryogenics, demonstrates unprecedented performance
in terms of collecting efficiency, energy resolution, saturation, and
stability. The presented instrument enables XAS, XES, and RIXS
investigations of low-dimensional and low-concentration systems,
so far unexplored with soft x-ray XES and RIXS techniques, includ-
ing atomically thin materials, impurity-level quantum systems,
nanostructures, gated devices, and dilute molecular and protein sys-
tems. The sample environment of the setup allows the transfer and
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preparation of such systems with precise temperature control from
10 K to room temperature. Further developments of the setup in
terms of sample preparation and magnetic circular dichroism in
emission (RIXS-MCD), > for which additional magnetic shielding
around the detector is already present, are envisaged.
Fundamentally, the development of TES arrays for synchrotron
applications represents a new paradigm for XES and RIXS instru-
mentation, not competing with WD spectrometers in terms of reso-
lution power but complementary to them. Following this aspect, the
use of TESs for XES, which probes the filled valence bands in solids
and the density of low-lying excited states in atomic and molecu-
lar systems,”” even allows so-called RIXS band-mapping.”® There-
fore, XES performed with TESs becomes complementary to angle-
resolved photoemission spectroscopy (ARPES), offering element-
and orbital-selective access to occupied electronic states, even on
insulating samples. Finally, it opens the route to XES and RIXS
experiments on physical systems so far only accessible to ARPES.
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