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ABSTRACT
We present results obtained with a new soft X-ray spectrometer based on transition-edge sensors (TESs) composed of Mo/Cu bilayers cou-
pled to bismuth absorbers. This spectrometer simultaneously provides excellent energy resolution, high detection efficiency, and broadband
spectral coverage. The new spectrometer is optimized for incident X-ray energies below 2 keV. Each pixel serves as both a highly sensitive
calorimeter and an X-ray absorber with near unity quantum efficiency. We have commissioned this 240-pixel TES spectrometer at the Stan-
ford Synchrotron Radiation Lightsource beamline 10-1 (BL 10-1) and used it to probe the local electronic structure of sample materials with
unprecedented sensitivity in the soft X-ray regime. As mounted, the TES spectrometer has a maximum detection solid angle of 2× 10−3 sr. The
energy resolution of all pixels combined is 1.5 eV full width at half maximum at 500 eV. We describe the performance of the TES spectrometer
in terms of its energy resolution and count-rate capability and demonstrate its utility as a high throughput detector for synchrotron-based
X-ray spectroscopy. Results from initial X-ray emission spectroscopy and resonant inelastic X-ray scattering experiments obtained with the
spectrometer are presented.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5119155., s

I. INTRODUCTION

Soft X-ray spectroscopy is a powerful probe of local
electronic structure that is particularly well suited for studying

light-element and 3d transition-metal atoms in a broad range of
scientific contexts. One of the most prominent soft X-ray spec-
troscopy techniques, X-ray absorption spectroscopy (XAS), can pro-
vide element, site, symmetry, and spin selective information on the
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electronic structure of the samples studied. The technique has
been extensively developed and applied to numerous outstanding
problems involving transition-metal-centered compounds1 and
light elements.2 The core-hole-governed element specificity is par-
ticularly useful for studying lower concentrations of one element in a
larger matrix, such as active metal centers in bioenzymes,3 minority
active sites/intermediates in in-operando catalysis,4 interfacial trans-
formations during in-operando energy storage,5 and ultralow con-
centration of defects and dopants in semiconductors6–8 and other
materials. However, in the soft X-ray regime, the core-hole decay
is dominated by nonradiative processes, in particular, Auger tran-
sitions, and only ∼1% of the decays are radiative. The high yield of
Auger and secondary electrons and the ability to attain both high
energy resolution and large solid angles in electron detection9 have
driven total-electron-yield XAS (TEY-XAS) and partial-electron-
yield XAS (PEY-XAS) and other electron-detected spectroscopies
to dominate in the soft X-ray regime. Nevertheless, the powerful
insights that can be gained through studying radiative decays, both
in the direct decay channels via X-ray emission spectroscopy (XES)
and through inelastic loss analysis, e.g., resonant inelastic X-ray scat-
tering (RIXS), have attracted interest over the past decades as high
intensity 3rd- and 4th-generation lightsources have come online.
These facilities have allowed detailed electronic-structure character-
izations of condensed-matter phenomena such as element-specific
excitations of spins and magnons,10 mapping of partial density of
states of catalytically relevant adsorbates,11,12 spin dynamics, and
chemical-bond breaking and formation in solution.13

Traditionally, XES and RIXS studies via photon-based detec-
tion have been performed by wavelength-dispersive method uti-
lizing grazing-incidence diffraction-grating spectrometers,14 which
has a low efficiency but outperform other technologies in terms of
energy resolution. There have been continuous efforts to increase the
efficiency of spectrometers using variable line spacing (VLS) grat-
ings,15 reflection zone plates (RZPs),16,17 transmission Fresnel zone
plates (FZPs),18 or some other X-ray optics.19 Although significant
improvements have been made in terms of the acceptance angle,
these methods have not yet been demonstrated to simultaneously
provide high energy resolution and high efficiency that is sufficient
for RIXS measurements of ultra-low-concentration (sub-millimolar)
samples.

To address the need for a spectrometer with greater sensitiv-
ity, we have developed and successfully commissioned an energy-
dispersive soft X-ray spectrometer based on transition-edge sen-
sors (TESs) composed of Mo/Cu bilayers20,21 at the Stanford Syn-
chrotron Radiation Lightsource (SSRL) beamline 10-1 (see Fig. 1).
The TES spectrometer has a demonstrated full-array energy reso-
lution of 1.4 eV at 250 eV and 1.5 eV at 500 eV. This spectrom-
eter provides 2 × 10−3 sr collection solid angle and ∼0.2 detec-
tion efficiency. As a comparison, these parameters are, respectively,
about 10 and 3 times better than those of high-throughput VLS
grating spectrometers.22,23 The TES array also offers ∼50 times bet-
ter energy resolution than Fano-limited silicon drift detectors.24

The energy-dispersive nature of the TES brings another big advan-
tage; its energy resolution is not affected by the beam size on

FIG. 1. (a) Schematic diagram of beamline 10-1 at SSRL (BL 10-1). The dashed red arrow indicates the direction of the central cone of the synchrotron radiation. M0 and M1
are X-ray optics. (b) 3-dimensional rendering of the TES end-station at BL 10-1. The TES array is mounted at the end of a horizontal cold finger that is thermally anchored to
the coldest stage of an adiabatic demagnetization refrigerator (ADR). Samples are placed in the path of the X-ray beam using a vertical load lock chamber (not shown) and
a 4-axis manipulator. The samples are thermally and mechanically decoupled from the TES array. The XPS measurement system (not shown) is located on opposite sides
of the main chamber from the TES. (c) Simplified view (not to scale) of the sample-region geometry. The (leftmost) yellow bars, thick dark blue bars, three light gray bars,
and one green bar represent the 240-pixel TES array, the X-ray aperture array, three successive IR-blocking filters at 60 mK, 2.7 K, and 50 K, and a vacuum X-ray window
at room temperature, respectively. The filters and the window are commercially available from Luxel Co. The minimum achievable distance from the TES array to the center
of the sample is d ≈ 3 cm.
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samples. Thus, a large defocused beam can be used to minimize
radiation damage on the sample without degrading the detector
performance. These capabilities enable higher-throughput experi-
ments with expanded scientific reach. This paper outlines the per-
formance of the TES spectrometer as deployed at beamline 10-1 of
SSRL.

II. OVERVIEW OF BEAMLINE 10-1
The TES spectrometer is attached to the soft-X-ray spec-

troscopy end-station of beamline 10-1 of SSRL (BL 10-1). A
schematic diagram of the beamline is shown in Fig. 1(a). BL 10-1
is a mature experimental station that has been optimized for high-
throughput measurements. It offers an assortment of X-ray absorp-
tion detectors as well as photoemission capabilities. The main exper-
imental chamber at BL 10-1 is equipped with a PHI 15-255GAR
double-pass cylindrical mirror analyzer (CMA) for X-ray pho-
toelectron spectroscopy (XPS), a Channeltron electron multiplier
from Photonis for TEY-XAS or PEY-XAS, an IRD AXUV-100 Si

photodiode for total-fluorescence-yield XAS (TFY-XAS), and empty
ports aligned to the interaction point that can accommodate other
detectors (such as our TES array). As shown in Figs. 1(b) and 1(c),
the TES array is located perpendicular to the incident beam in the
horizontal plane. The other detectors have been placed in the for-
ward (upstream) part of the chamber. The top chamber has accom-
modations for surface-science preparations, including evaporators,
and is equipped with a gas-inlet leak valve, a residual-gas analyzer
(RGA 100 from SRS), and a quartz-crystal microbalance (QCM)
thickness monitors.

Beamline 10-1 is downstream from a 32-pole, 1.27-T wiggler
magnet (Bcenter ≈ 0.81 T) that generates a broadband spectrum of
X-rays with approximately 80% linear polarization and a critical
photon energy of 4.85 keV. The acceptance angle for BL 10-1
is 1.0 mrad (horizontal) × 0.84 mrad (vertical) with the center-
line at 2.0 mrad (horizontal). The beamline has a spherical-grating
monochromator (SGM) with two interchangeable gratings mounted
in a Rowland configuration with a movable entrance slit. One grat-
ing, with 600 lines/mm, provides monochromatic X-rays in the

FIG. 2. (a) Measured number of pho-
tons/s as a function of beam energy
for the two gratings at BL 10-1, with
beam entrance and exit slit openings of
40 μm. The estimated resolving pow-
ers (E/ΔEFWHM) of monochromatic X-ray
beam with the slit openings of 40 μm
are 1600 for LEG and 2300 for HEG,
and roughly scale with the inverse of
the sizes of the slit openings. Sharp
features near 280 eV and 530 eV are
due to absorption of X-rays by C and
O contaminants, primarily carbonyls on
mirror surfaces. (b) Literature values
for fluorescence yield of the K-edge
decay from light elements and the L-
edge decay from 3d transition met-
als and other period-4 elements.25 (c)
Theoretical transmittance of: a vacuum
X-ray window, a uniform 113-nm-thick Al
filter, a 102-nm-thick Al filter on a Ni
mesh with 10% fill factor, and the com-
bined stack of the vacuum window and
all three filters. Measured transmittance
curves (not shown) for each filter were in
good agreement with the theoretical val-
ues. (d) Predicted X-ray counts per sec-
ond (cps) at the TES detector array, tak-
ing into account filter transmittance, for a
sample-to-array distance of 4.5 cm, and
assuming 100% concentration for each
element noted in (b).
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energy range 200–600 eV. The second, with 1000 lines/mm, cov-
ers 500–1300 eV [see Fig. 2(a)]. The monochromatic beam is refo-
cused at the X-ray–sample interaction point by a toroidal mir-
ror, adjustable to yield on-sample spot sizes approximately from
0.7 × 0.7 mm2 to 1.5 × 1.5 mm2 under normal operating con-
ditions. The maximum energy-resolving power of the beam is
E/ΔEFWHM ∼ 5000. A small fraction (∼2%) of the beam is intercepted
upstream of the refocusing mirror by a reference sample consist-
ing of a set of thin-film transition-metal oxides that, including car-
bon contamination and higher-order contributions, offers distinct
energy-calibration features every 50–100 eV throughout the oper-
ating range. The intensity (I0) of the incident beam is monitored
via a drain current from an electrically isolated mesh with evapo-
rated gold (typically in the order of a few hundred pA), providing
a clean measure of the beam intensity that is used for normaliza-
tion and to estimate the absolute flux (separately calibrated by a
photodiode).

Samples are typically mounted onto the sides of an aluminum
square rod (1.9 × 1.9 × 11.4 cm3) that allows an effective total
mounting area greater than 100 cm2. The samples can be heated to
∼1000 K or cooled to ∼50 K in situ. Using liquid nitrogen to cool
the sample rod to ∼80 K is routine. The sample-mounting rod is
attached to the bottom of a 4-axis manipulator (Omniax from VAC-
GEN) with a positioning system, developed in-house, that provides
3-dimensional sample-position accuracy of ±100 μm when used
with standard calibration procedures. Once the calibration is com-
pleted, the computer-controlled positioning system allows hundreds
of samples to be automatically placed at the desired beam interac-
tion point. Each sample can be measured with a variety of detectors
without user interaction. The sample-mounting rod is electrically
isolated from the sample chamber via a sapphire plate, which allows
for sample drain currents to be measured as an additional TEY-
XAS yield. A load-lock system allows large sets of samples to be
exchanged into and out of high-vacuum conditions in less than an
hour for low-degassing samples.

In summary, SSRL BL 10-1 provides a powerful platform for a
wide range of soft-X-ray spectroscopy applications. The high degree
of automation at BL 10-1 enables data acquisition from hundreds of
samples with no user intervention. The state-of-the-art TES-based
spectroscopy described in this work, coupled with conventional XAS
and XPS, enables high sample throughput and unique capabilities in
the soft X-ray regime for XAS, XES, and RIXS.

III. OVERVIEW OF THE TES SPECTROMETER
The heart of the TES spectrometer is a 240-pixel array of

microcalorimeters.21 Each pixel in the TES array is a separate ther-
mal sensor that transduces the energy deposited by individual X-rays
into current pulses. Each pixel consists of a Mo/Cu TES deposited on
a silicon nitride membrane and covered by a 124 × 124 × 2.8 μm3 Bi
absorber that provides near-unity quantum efficiency for X-rays up
to 1.5 keV. Each pixel is masked by a 104× 84 μm2 aperture to ensure
that incident X-rays are not absorbed in the interstitial regions of
the TES array. Out of the total 240 pixels in our array, 222 pixels
are active (92.5% yield), which translates into a maximum detec-
tion solid angle of 2 × 10−3 sr for the whole array, subtended by the
apertures at a sample-to-array distance of 3.0 cm. The TES array is
mounted at the end of a cold finger that is thermally anchored to the

cold stage of an adiabatic demagnetization refrigerator (ADR) and
protrudes into the sample chamber at a 90○ angle with respect to the
incident X-ray beam, as shown in Fig. 1. The TES array is separated
from the sample chamber by a vacuum-holding X-ray window at
room temperature and three IR-blocking filters mounted at sequen-
tially lower temperature stages of the cryostat. The two innermost
IR filters are 110-nm-thick, freestanding Al films that are separately
mounted inside the ADR at 60 mK and 2.7 K. The third filter, a
100-nm-thick Al film, backed by a Ni mesh (10% fill factor), is
mounted at 50 K. Without the three filters, IR loading would keep
the TES array from cooling to its operating temperature. The filter
thicknesses were chosen to maximize the transmittance in the soft
X-ray band while keeping the transmittance in the IR band to an
acceptable level. The transmittance curves of the vacuum window
and the two types of Al filters (with and without mesh) are shown
in Fig. 2(c), along with the combined filter transmittance. Expected
total count rates of the TES for common elements in the soft X-ray
regime based on beam flux, fluorescence yield, and the transmit-
tance are shown in Fig. 2(d). In principle, the outermost vacuum
window could be removed before a run to achieve even higher collec-
tion efficiency for extremely dilute and/or damage sensitive samples.
This option is currently not in use due to vacuum safety and risk
mitigation reasons.

Each superconducting Mo/Cu TES in the microcalorime-
ter array has a critical temperature Tc ≈ 107 mK, with a steep
superconducting-to-normal transition, making the TESs highly sen-
sitive to small temperature changes. The TES chip is cooled to well
below the Tc of the devices using a commercial ADR that is temper-
ature regulated at 60 mK with σ = 6 μK stability. At this temperature,
the system provides ∼30 h of measurement time. A small bias voltage
is used to simultaneously maintain each TES in its superconducting-
to-normal transition. When an X-ray is stopped by one of the Bi
absorbers, the photon energy EX is deposited in the absorber and the
pixel undergoes a small temperature rise before cooling back to its
quiescent temperature [see Fig. 3(a)].

The small pixel heat capacity (∼1 pJ/K) ensures that even a
small amount of absorbed energy results in a precisely measurable
increase in both TES temperature and resistance. The change in
resistance causes a change in TES current |ΔITES|, which is measured
with a dc-SQUID (Superconducting Quantum Interference Device)
inductively coupled to the TES. In the present detector array, we typ-
ically observe 1/e rise-time and decay-time constants of ∼70 μs and
∼150 μs, respectively, with an additional long decay-time constant of
∼500 μs for EX ∼ 530 eV (O-K).

Signals from the TES array are multiplexed using a SQUID-
based time-domain multiplexing (TDM) technique,27 the most
mature technology used to date to read out large TES arrays.28 Multi-
plexed readout is used to reduce the number of cryostat wires needed
to connect room temperature electronics to the many-pixel detector
array on the cold stage, leading to a manageable heat load. Our 240-
channel (pixel) TDM is configured as 30 “rows” × 8 “columns.”29

Detector pixels that are read on the same TDM column are sequen-
tially read out in a switching interval of Ts = 160 ns. Pixels on the
same row are read out in parallel. The numbers of rows and columns
can be adjusted within their maximum parameters of 30 and 8,
respectively, using software controls. Decreasing the number of mul-
tiplexed pixels modestly improves energy resolution at the cost of
collecting area. For instance, as a smaller number of rows, NRows, is
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FIG. 3. (a) A typical X-ray signal detected by a single pixel of the TES microcalorimeter array. Absorption of a single X-ray photon induces a pulse in the TES current
(ITES) whose height is approximately proportional to the energy of the photon (EX). (b) Energy-pulse-height spectrum obtained from 20 min of runtime for 220 pixels of the
TES array subject to a 726 eV X-ray beam elastically scattered off a Au foil. The spectral shape is primarily Gaussian (blue dashed line) but has a small low-energy tail
which exponentially decays with a decay-constant of ∼26 eV. (c) Measured TES energy resolution (Gaussian FWHM) as a function of incident X-ray energy for two different
SQUID-readout multiplexing factors (NRows = 8 and 30), corresponding to 64 TES pixels and the full 240-pixel array, respectively. The per-pixel count rate of each data point
was in the range of 0.5–2 cps. (d) Observed FWHM of the resonantly excited Cu Lα emission line at ∼930 eV for the full TES array (left axis) and output per-pixel count
rate (right axis) as a function of input per-pixel X-ray rate. The dashed line is a guide-to-the-eye corresponding to the ideal case where the output rate is equal to the input
rate. The solid line is a fit to the data with rout = rine−rin(trec+tRTB), where rout, r in, trec, and tRTB are output rate, input rate, record length in time, and “return-to-baseline” time,
respectively.26 The fitting parameter tRTB was found to be ∼5.2 ms.

used (i.e., a smaller number of pixels are read out), high-frequency
read-out noise beyond the Nyquist frequency is less aliased into
the lower-frequency signal band, leading to an improved signal-to-
noise ratio.30,31 This effect will be further discussed in Sec. IV, where
we describe X-ray measurements performed using two different
multiplexing configurations.

We use custom software to configure detector-readout param-
eters such as the total number of channels connected, TES and
SQUID bias voltages, signal trigger conditions, and the number
of samples in a time record of the TES current (“record length”).
The data-acquisition software enables real-time monitoring that
provides a live map of trigger rates of all pixels, visualization of
individual X-ray pulses, pulse height vs time diagnostic plots, and
pulse-height distributions for each pixel. The TES spectrometer is
integrated with the beamline-control software. For a sufficiently low
trigger level, the total trigger rate as a function of incident X-ray
energy provides a first-order approximation of total-fluorescence-
yield X-ray absorption spectrum (TFY-XAS). TFY-XAS is available
in real time and serves as a highly useful diagnostic for properly
selecting the TES and beamline parameters for each experiment.

The data stream of multiplexed SQUID signals flows into a
data-acquisition PC at a ∼100 MB/s rate. Individual X-ray events
are captured by a software edge-trigger and written to disk with
a fixed total record length and a pretrigger length (typically 1/4
of the total record length). The user can freely choose the total
record length and the pretrigger length but since they affect critical
detector-performance parameters, there is a finite range of favored

record-length values. More specifically, for typical TES X-ray data,
the shorter the record length, the more the detector resolution
degrades from its maximum achievable resolution in the low count-
rate limit.26 As the count rate increases, however, more X-ray pulses
are rejected due to the pulse pile-up in the standard data process-
ing. Thus, the total record length can be carefully optimized for
each measurement to meet the balance between the required energy
resolution and the counting rate capability, but in many cases, it
is sufficient to use our typical value of ∼1500 samples (∼7.5 ms)
per record, which is long enough so as not to significantly affect
energy resolution while providing descent a counting rate. We are
currently investigating novel ways to analyze shorter record lengths
and maintain excellent energy resolution for individual X-ray pulses.
A systematic study of detector performance as a function of both-
the input X-ray count rate and record length will be reported in a
separate paper.

Each X-ray pulse signal is analyzed offline using a Wiener opti-
mal filter, which is known to provide the best estimator of energy
of X-ray pulses for TES detectors in the presence of noise.32,33 The
noise spectral density is measured separately without incident X-rays
(dark signal) once every ADR cycle (∼30 h), at the beginning of base
temperature regulation. To enable a practical implementation, the
TES noise is assumed to be stationary within the same ADR cycle.
Although the temperature of the cryostat is kept constant to within
several μK rms, the TES current-signal “baseline” (detector current
in the absence of X-rays) often experiences an hour-scale fluctua-
tion or drift that corresponds to as much as ∼0.5 eV/h. We use the
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pretrigger region of each X-ray pulse to empirically correct for such
pulse-to-pulse variations in the signal baseline.34 Each pixel of the
TES spectrometer is individually energy-calibrated at the start of an
ADR cycle using a reference sample producing known X-ray lines.
Only after each pixel is energy calibrated can a summed spectrum of
all live pixels be obtained. TES signal processing will be discussed in
more detail in Sec. V.

IV. PERFORMANCE OF THE TES SPECTROMETER
Key characteristics of the TES spectrometer include its energy-

response function, gain linearity, energy resolution, and maximum
count rate. A typical TES X-ray pulse measured by a single TES of
the spectrometer array is shown in Fig. 3(a). Figure 3(b) shows the
response to monoenergetic X-rays that is summed over the whole
array. As can be seen in the figure, the detector response is mostly
Gaussian but has a non-Gaussian component in the form of a low
energy tail, which is thought to be due to incomplete thermaliza-
tion of the X-ray energy that is absorbed in the 2.8-μm-thick evap-
orated Bi absorbers attached to the TES pixels. Yan et al. recently
made progress in electroplating Bi absorbers that are free of such
low energy tails.35 We hope to take advantage of this development in
a future upgrade of our TES spectrometer.

The energy resolution of the TES spectrometer as a function of
energy was obtained by measuring monochromatic X-rays elastically
scattered off of a gold film deposited on a silicon wafer. The results
are summarized in Fig. 3(c). The detector resolution was calculated
by taking the FWHM of the Gaussian part of the measured energy
spectrum of the monochromatic X-rays and subtracting the theoret-
ically expected FWHM of the incident X-ray beam in quadrature.
The measurement was done with two different multiplexing factors
(NRows) of 8 and 30. An NRows value of 8 reads out 64 pixels (8 × 8),
while an NRows value of 30 reads out the whole array (30 × 8). As can
be seen in the Fig. 3(c), NRows = 30 results in non-negligible degra-
dation of the detector energy resolution compared to the case of
NRows = 8. The difference can be explained by the increase of SQUID
read-out noise by a factor of

√
NRows, a characteristic of TDM.30,31

Also to be noted in this plot is the degradation of energy resolu-
tion with increasing energy, especially in the case of NRows = 30. The
approximately linear trend implies that the main source of degra-
dation is electrical crosstalk between channels whose strength is
expected to increase with both mean energy of X-rays and NRows.
This study shows a trade-off between energy resolution and detec-
tion efficiency (collecting area), especially at higher energies. Thus,
the best strategy is to maximize NRows, while keeping the energy
resolution within the requirement of each experiment.

The count-rate capability of the TES spectrometer is primarily
determined by the decay time of X-ray pulses, which is set by the
detector design and operating temperature. The time it takes for a
TES pixel to return to its quiescent temperature after the absorption
of an X-ray varies from pixel to pixel and is typically a few millisec-
onds. A representative X-ray pulse is shown in Fig. 3(a) that takes
∼2.9 ms for the pulse to decay to the 0.1% level of the pulse max-
imum. A count-rate study of the TES spectrometer was performed
using a Cu metal foil mounted at 45○ with respect to the incoming
monochromatic X-ray beam of ∼948 eV. Due to the strong fluores-
cence yield of the Cu Lα line, the TES was able to detect as many
as ∼50 000 X-rays/s on the whole array at a sample-to-array distance

of 45 mm. The rate of X-rays impinging on the TES was adjusted
by moving the TES spectrometer away from the sample. The input
count-rate dependence of the spectral energy resolution and the out-
put count rate for 6 different sample-to-array distances are shown in
Fig. 3(d). Output count rate is defined as the number of X-ray pulses
per second per pixel that pass basic pile-up and pulse-shape cuts. The
input count rate was calculated by counting all the X-ray pulses in
each record, including any secondary pile-up pulses. Figure 3(d) can
be easily converted to more practical trigger-rate dependence curves
using the relation between the trigger rate and input count rate as
discussed in the supplementary material. For example, the second-
highest input rate of 105 cps/pixel corresponds to a trigger rate of
58 Hz/pixel. As the incoming X-ray flux increases, the energy reso-
lution degrades, mainly due to crosstalk between neighboring pixels.
The output count rate initially increases, but then drops for incom-
ing X-ray flux larger than ∼60/s/pixel. Note that the exact trends
of energy resolution and output rate depend on the details of the
cuts used for the data analysis since the level of detector noise and
stability can vary.

V. TES ENERGY CALIBRATION AND STREAMLINED
DATA-TAKING

We have developed an efficient and streamlined data-
acquisition procedure that maximally utilizes the 30-hour-long ADR
thermal cycle while minimizing TES systematic errors. The proce-
dure is illustrated in Fig. 4(a). In a single ADR cycle, we record a
noise dataset, multiple energy calibration datasets (∼20 min each),
and science datasets. The noise dataset is taken at the beginning of
the ADR cycle, before the X-ray beam is allowed into the sample
chamber. 10 s of data acquisition time is sufficient to obtain a smooth
noise spectral density used to construct an optimal filter for each
pixel.

In the first calibration dataset (Cal1), a monoenergetic X-ray
beam is used to fluoresce a reference sample comprised of various
elements with known emission-line energies in the range of inter-
est. After initial calibration, measurements of science samples (Sci1,
Sci2, . . .) are done. Science operation continues for the duration of
the ADR cycle, aside from brief interruptions every several hours for
additional calibration runs (Cal2, Cal3, . . .). These periodic calibra-
tions, performed under the same conditions as the first calibration
(Cal1), allow us to compensate for slow temperature fluctuations of
the detector system and monitor the energy calibration overall. Fur-
ther corrections to account for fine-scale energy-gain fluctuations
over the entirety of the data run (∼10–30 h) are dealt with empir-
ically by tracking common emission lines. Once the temperature
fluctuations are corrected, gain curves are created from each pixel
in the Cal1 dataset and applied to all the other datasets to convert
their optimal-filtered pulse-heights to energy. Because the gain curve
is a nonlinear function of pulse-height, we interpolate between the
calibration points using a spline, following Fowler et al.36

During calibration, we typically fix the sample-to-array dis-
tance at 4 cm and use beamline monochromator entrance- and exit-
slit openings of 50 μm. These conditions yield a total TES array
count rate of ∼2000 Hz. 20 minutes of data acquisition provides well-
defined energy calibration peaks for each TES pixel. The calibration
spectrum shown in Fig. 4(b) was obtained using the high-energy
grating on BL 10-1 and an incident X-ray energy of 1000 eV. For
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FIG. 4. TES energy calibration: (a) Analysis flow diagram showing the data acquisition procedure during a single ADR thermal cycle. Circled numbers indicate the order of
the data processing. The optimal filter is built ( 1⃝) and applied to all calibration and science data ( 2⃝). The drift correction information is calculated ( 3⃝) and applied to all
the data ( 4⃝). The energy-calibration information is calculated ( 5⃝) and applied to all the data ( 6⃝). (b) XES spectrum taken with the TES array (211-pixel spectra combined)
and a calibration sample containing several elements excited by an incident 1000 eV X-ray beam. The highest-energy peak corresponds to elastically scattered X-rays at
1000 eV. When energy calibration beyond the Cu emission lines is needed, another calibration sample containing Zn is used. The compositions of two most commonly used
calibration samples can be found in the supplementary material. (c) TES gain curve for two pixels, showing generic quartic dependence. The results shown are typical for
most pixels of the array. Circles and triangles correspond to calibration points: C-K, N-K, O-K, Fe-Ll, Fe-Lα, Fe-Lβ, Ni-Lα, Ni-Lβ, Cu-Lα, Cu-Lβ, obtained using an incident
1000 eV X-ray beam. The points at (0, 0) assume no TES response for zero energy input and the highest-energy points correspond to the incident beam energy. Marker sizes
are larger than 0.5% experimental uncertainties. (d) “Leave-one-out cross-validation test”36 shows a calibration accuracy of better than 0.1 eV. The red dots, black boxes,
and whiskers correspond to the median, 25th–75th, and 10th–90th percentiles of pixel-to-pixel distribution at each calibration point, respectively. The box and whisker for the
carbon line (not fully shown) span −0.9 to 0.9 eV and −1.7 to 1.6 eV, respectively. (e) Peak-shift rates (black triangles) before gain drift correction and average peak shifts
(red circles) after drift correction, obtained from six 12-min measurements of the calibration sample spread over a 4-h period. The first dataset (Cal1) was used to calibrate
all the six datasets, and drift correction information was obtained with the first and the last datasets combined. The error bars for the peak shifts and the peak-shift rates
represent the standard deviation of peak shifts and the 1σ fitting error of peak-shift rates.

science measurements that use the low energy grating, we typically
excite the multielement calibration sample at ∼450 eV. The second
harmonic of the low energy grating provides excitation of the oxygen
line with sufficient intensity to be useful. The Cal1 dataset enables
us to create a pulse template and a detector gain curve for each
pixel. As shown in Fig. 4(c), the gain of individual pixels increases

with energy following a roughly quartic dependence. Pulse templates
and measurements of the noise-spectral-density are obtained at the
start of every ADR run. This measurement is important because the
local magnetic field environment can change from one thermal cycle
to the next. Figures 4(d) and 4(e) show the overall accuracy and
stability, respectively, of our standard calibration, which are both
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good to below 0.1 eV. We are currently refining our measurement
and analysis strategy in order to minimize the effects of fine-scale
drifts to achieve undegraded accuracy and precision over the entire
ADR cycle. More frequent measurements of secondary calibration
datasets is considered as a solution for this issue.

VI. PERFORMING XES, XAS, AND RIXS WITH A TES
ARRAY

Our TES spectrometer can be used on BL 10-1 for X-ray emis-
sion spectroscopy (XES), X-ray absorption spectroscopy (XAS), and
resonant inelastic X-ray scattering (RIXS). In an XES measurement,
a monochromatic X-ray beam impinges onto the sample with an
energy equal to (resonant XES) or greater than (nonresonant XES)
the absorption edge to be measured. The TES spectrometer then
records X-rays emitted by the sample over the full detector energy
sensitivity band. TES-based XES is essentially a static measurement.
By contrast, XAS/RIXS measurements are made by systematically
sweeping the incident X-ray beam energy across element-specific
absorption edges in a sample. In XAS/RIXS, each recorded X-ray
event is assigned to a monochromatic incident X-ray energy based
on its timestamp.

To demonstrate the high sensitivity and broadband multi-
edge XES capability of the TES spectrometer, we show in Fig. 5
the nonresonant emission spectra for two samples: N-doped
(∼1%) graphene (on Si substrate) and dry photosystem-II (water-
plastoquinone oxidoreductase, PS-II), excited by monochromatic
X-rays of 440 eV and 1100 eV, respectively. The red highlighted
regions in the XES spectra correspond to the N-K and Mn-L emis-
sion lines of the samples, respectively. These brief diagnostic mea-
surements took less than an hour and utilized the full TES array
with a known energy resolution of 1.5–1.8 eV in this energy range
[see Fig. 3(c)]. Even these low-statistics data show how the TES
spectrometer can be very effective at measuring weak signals in the
presence of substantial background.

For many sample sets, it is important to measure emission-line
shifts smaller than the resolution of the TES.37 Simply increasing
measurement time to reduce statistical uncertainties is not sufficient
due to detector gain instability. But this limitation can be mitigated
by performing XES measurements alternately on multiple samples

in a set, thereby reducing systematic uncertainties in determining
the small energy shifts. Initial results obtained with iron-based pho-
tosensitizer samples showed the power of this method.38 The results
from these measurements will be reported separately.

When combined with traditional XPS (X-ray photoelectron
spectroscopy) overview scans, TES-based XES can provide com-
plementary information about a sample’s elemental composition
as a function of depth. Conventional XPS can be used to mea-
sure sample concentrations as small as 0.5%, but the technique only
provides depth information of ∼5 nm. By contrast, TES XES can
provide <0.1% concentration sensitivity and probes depths up to
50–100 nm.39

Also shown in Fig. 6 is the full RIXS plane for a sample of frozen
aqueous K3[Fe(CN)6] solution. The measurement and analysis for a
subset of these data were fully detailed in Ref. 40. In a RIXS mea-
surement, an XES spectrum is obtained at each SGM energy setting.
These XES spectra are combined to create a 2-dimensional RIXS
plane of sample X-ray emission energy vs incident monochromatic
X-ray energy. Partial-fluorescence-yield XAS (PFY-XAS) informa-
tion can be derived from the RIXS data by summing the X-ray counts
in the RIXS map for each monochromatic incident energy, as shown
in Fig. 6.

A close look at the L-edge RIXS data of 3d transition metals
reveals a powerful capability of the TES spectrometer. As shown in
Fig. 6, when a core-hole is created during a RIXS measurement, two
modes of fluorescent core-hole decay exist, one corresponding to the
dominant 3d→ 2p transition, and the other to 3s→ 2p core-to-core
transition. Both transitions are simultaneously measured by the TES
due to its broadband spectral coverage. Summing over the two dif-
ferent energy ranges results in two different types of the PFY-XAS
spectrum as shown in Fig. 6. Although the 3d→ 2p spectrum has the
same overall shape as the true XAS spectrum, the weight of the spec-
tral features can be different because the fluorescence yield depends
on the final state angular momentum. As previously reported,40,41

the 3s → 2p spectrum is known to better represent the true absorp-
tion. Although the 3s → 2p decay channel has 5–10 times lower
intensity than the 3d→ 2p decay, the TES is sensitive enough to pro-
vide a high signal-to-background spectrum. Another feature of the
TES-based RIXS associated with its broadband coverage is that in
some samples, an inverse PFY (IPFY) spectrum can be obtained with

FIG. 5. XES spectra for (a) low concentration light atoms
in a 2-dimensional material (N-doped graphene, ∼1% of a
monolayer concentration) and (b) low concentration transi-
tion metal in a biomatrix (Mn in a dried PS-II). The right
figures show magnified views of the region between two
dashed lines in the left figures, respectively.
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FIG. 6. Resonant inelastic X-ray scattering (RIXS) map of K3[Fe(CN)6] obtained by the TES and spectra derived from the RIXS map. The XAS plot based on TFY (top right)
is the sum of the RIXS map intensities along the emission-energy axis while the IPFY (bottom left), 3s→ 2p PFY (bottom center), and 3d→ 2p PFY (bottom right) are the
sums of the RIXS map within the emission-energy ranges (dashed boxes) of 460–540 eV, 600–640 eV, and 690–740 eV, respectively. The top plot is the sum of the RIXS
map along the incident-energy axis. Incident beam energy was swept with 0.1-eV increments.

no added collection time. IPFY is known to provide a spectrum very
close to the true absorption spectrum.42 The IPFY spectrum shown
in Fig. 6 was obtained by summing the RIXS data around the K-edge
of oxygen instead of the L-edge of the iron. The intensity of the IPFY
signal depends on the relative concentration of the oxygen and iron
in the sample.

When measuring a radiation-sensitive sample whose oxida-
tion state is easily affected by the incident X-ray beam, it is of
critical importance to ensure the measured spectra are free of
damage-induced spectral changes.43 In our RIXS measurements on
radiation-damage sensitive samples such as Fe3+(CN)6 (see Fig. 6),
we raster-scan the sample using a sawtooth pattern such that the
X-ray beam strikes different points of the sample to control the dose
received by each particular region of the sample surface. We itera-
tively adjust the incident radiation dose using the beamline entrance
and exit slits and/or by decreasing the measurement time per sample
spot location. Ideally, this results in no noticeable difference between
TES PFY-XAS spectra obtained throughout the entire measurement
process. Radiation damage control in our TES-XES measurements is
yet to be implemented.

The dark-count-free nature of the TES is another distinct
advantage in XES and XAS/RIXS of extremely dilute samples. In
grating-based spectroscopy, in spite of its excellent energy-resolving
power, the signal-to-noise ratio (SNR) can be degraded from that of
the background-free case due to dark current noise of the photode-
tector used for counting diffracted photons. Typically, CCD (charge-
coupled device) or MCP (microchannel plate) with extremely low

dark current noise are used as the photodetector, but if the sig-
nal to be measured is weak compared to the statistical fluctuation
of dark counts summed over the region of interest (ROI), the SNR
can be non-negligibly degraded. In TES-based spectroscopy, due to
its pulse-shape-discrimination capability, any record triggered by
a spurious signal such as electromagnetic interference or electrical
noise can be rejected. Although cosmic rays and environmental radi-
ation can produce X-ray-like background signals in the TES, their
event rate is negligible. Thus, the SNR of a weak signal is simply
the square-root of the number of photons collected in the ROI. One
exception is nonresonant XES where a strong peak might exist on
the high-energy side of ROI, in which case the low-energy tail of the
higher-energy peaks would degrade the SNR of the weak peak. For
instance, the N spectra in the inset of Fig. 6 is sitting mostly on the
low-energy tail of the O-K emission peak. In our TES, the level of
the low-energy tail drops to ∼0.1% of the height of the high-energy
peak at 100 eV below. This kind of background is nonintrinsic to
the TES and can be eliminated in future devices as discussed in
Sec. III.

VII. CONCLUSION
We have commissioned a new and versatile soft X-ray spec-

trometer at BL 10-1 of SSRL. The heart of the spectrometer is a
240-pixel array of superconducting Mo/Cu TESs with Bi absorbers.
The array offers full-array energy resolution of 1.5 eV FWHM at
500 eV and effective count rates ∼2000 cps under normal operating
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conditions. This performance is comparable to what was obtained
in the laboratory before it was deployed at SSRL. The fully instru-
mented new spectrometer has already enabled important science
experiments on a variety of samples including, e.g., hemoglobin,
carbon nanotubes,39 and Li-ion battery materials.44

The relatively large solid-angle and excellent energy sensitivity
provided by the new spectrometer make the system especially useful
for dilute and/or damage-sensitive samples. In this paper, we have
presented results from initial XAS/RIXS and XES measurements
on such samples. We also demonstrated that in L-edge XAS/RIXS
the broadband spectral coverage of our spectrometer can provide
simultaneously measured PFY-XAS spectra for the L-edge in three
different modes, namely, the 3d → 2p and 3s → 2p transitions and
the IPFY. The combined information from the three spectra can
be used to understand and correct for self-absorption or saturation
effects that traditional fluorescence yield measurements often suffer
from.

The BL 10-1 TES system has also served as a test-bed for other
TES spectrometers for synchrotron and X-ray free-electron laser
end-stations such as the 240-pixel TES that was recently commis-
sioned at the resonant soft X-ray scattering end-station BL 13-3 of
SSRL (to be described elsewhere) and a future, more capable instru-
ment at the liquid-jet end-station of LCLS-II.45 Our efforts to make
the BL 10-1 TES more efficient and user-friendly through improved
experimental protocols also benefit these other systems.

In parallel to our efforts at the end-stations, we are also working
in the laboratory to develop new TES arrays and read-out systems
by incorporating the most recent advances in the TES technology.
Through this effort, the BL 10-1 TES array will be upgraded in
the near future to have an increased (∼50%) collecting area while
maintaining or improving energy resolution and per-pixel counting-
rate capability (speed) as well as improved detector-response func-
tion (reduced low-energy tail). To this end, we have redesigned
the individual TES microcalorimeters46,47 and adopted new sensor-
fabrication processes,35 demonstrating promising initial results. We
are also actively developing new microwave-SQUID based multi-
plexing read-out48 and supporting electronics49,50 that would pro-
vide ∼100 times more bandwidth for both faster sensors and large
arrays. A case study on how the new TES spectrometer will perform
in the extremely high brightness condition at LCLS-II will be avail-
able in a separate publication.51 These upgrades and developments
will greatly enhance the scientific impact of both TES spectrometers
at SSRL and the forthcoming one at LCLS-II.

SUPPLEMENTARY MATERIAL

See the supplementary material for the relation between the
trigger rate and the X-ray rate and the composition of two different
calibration standards.
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