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ABSTRACT

We have succeeded in operating a transition-edge sensor (TES) spectrometer and evaluating its performance at the SPring-8 synchrotron
x-ray light source. The TES spectrometer consists of a 240 pixel National Institute of Standards and Technology (NIST) TES system, and
220 pixels are operated simultaneously with an energy resolution of 4 eV at 6 keV at a rate of ~1 c/s pixel . The tolerance for high count rates
is evaluated in terms of energy resolution and live time fraction, leading to an empirical compromise of ~2 x 10° ¢/s (all pixels) with an energy
resolution of 5 eV at 6 keV. By utilizing the TES’s wideband spectroscopic capability, simultaneous multi-element analysis is demonstrated for
a standard sample. We conducted x-ray absorption near-edge structure (XANES) analysis in fluorescence mode using the TES spectrometer.
The excellent energy resolution of the TES enabled us to detect weak fluorescence lines from dilute samples and trace elements that have
previously been difficult to resolve due to the nearly overlapping emission lines of other dominant elements. The neighboring lines of As Ka
and Pb La2 of the standard sample were clearly resolved, and the XANES of Pb La2 was obtained. Moreover, the x-ray spectrum from the small
amount of Fe in aerosols was distinguished from the spectrum of a blank target, which helps us to understand the targets and the environment.
These results are the first important step for the application of high resolution TES-based spectroscopy at hard x-ray synchrotron facilities.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020642

. INTRODUCTION

X-ray absorption (XAS) and x-ray fluorescence (XRF) or x-
ray emission spectroscopy (XES) are powerful techniques to mea-
sure distribution, chemical state, and local structure of elements.
Therefore, they play essential roles in various materials analyses. For
example, diagnostics for trace elements are conducted by measuring
the energy spectrum of fluorescent x rays. Instruments for perform-
ing x-ray spectroscopy are primarily categorized into wavelength-
dispersive or energy-dispersive spectrometers. XAS of trace
elements has typically been conducted using Si or Ge-based energy-
dispersive x-ray detectors. The typical energy resolution of these
detectors is about 120 eV in the hard x-ray energy region (>4 keV),
which is fundamentally limited by statistical variation of the number
of electron-hole pairs created by x-ray photon absorption. However,
that resolution is insufficient to fully distinguish the nearly over-
lapping K and L emission lines of elements in this energy regions
(<15 keV), which hinders the ability of trace element analysis to
effectively measure natural or otherwise complicated samples. In
cases where it is necessary to resolve closely spaced emission lines,
a Bent Crystal Laue Analyzer (BCLA) is used in combination with
energy-dispersive x-ray detectors.' The energy resolution of this sys-
tem is several tens of eV. However, XES measurements require a
high energy resolution, less than 10 eV, and are therefore normally
conducted using a wavelength-dispersive bent multi-crystal analyzer
spectrometer. The detection efficiency of the BCLA was limited due
to narrow acceptance angle and low diffraction efficiency of the ana-
lyzer crystals. The analyzer crystals need to be changed depending
on the energy region of interest. Recently, multi-crystal spectrome-
ters based on intersecting Rowland circles have been developed and
they enhanced the solid angle and the detection efficiency (e.g., Refs.
2 and 3). In such a system, the detectors and the crystals need to be
located at a certain distance from the sample, which has a limit to
increase the efficiency and the bandpass of the energy range.

These situations demand high-efficiency energy-dispersive x-
ray detectors having an energy resolution less than 10 eV. The first
technology to deliver this type of performance came in the form
of semiconductor type microcalorimeters operating at 50 mK. To
achieve a high energy resolution, operating the detectors at such low
temperatures is essential since the creation energy of the pairs (e.g.,
~eV for electron and hole pairs in semiconductors and ~meV for
Cooper pairs in superconductors) and the thermal noise decreases.

Recently, the semiconductor type microcalorimeters, such as the
Soft X-ray Spectrometer (SXS) on the x-ray astronomical satel-
lite called ASTRO-H (Hitomi)," succeeded in solving several issues
related to vibration from the cryogenic system’ and achieved an
energy resolution of 4.5 eV at 6 keV in a space environment. Its high
energy resolution clearly resolved ionized iron lines and revealed
that the hot plasma stored in the galaxy cluster has a low turbulent
pressure.” Although there is now a great deal of accumulated expe-
rience using semi-conductor x-ray microcalorimeters, their high
impedance limits the increase in the number of pixels for practical
use, and hence, the collection area is fundamentally limited because
the heat capacity, and therefore the size, of a single pixel is also
limited by its required energy resolution.

A promising alternative candidate is the superconducting
transition-edge sensor (TES).” Since a way of stabilizing the TES
within its narrow transition region was formulated in the mid-
1990s,” the technical details and physical nature of these devices
have been intensively studied, with strong demand from both on-
ground and space applications.” Thanks to these advances, the TES
has been chosen as the detector technology for the future Euro-
pean x-ray observatory called ATHENA,'’ which is planned to have
an array of more than 3000 sensors. However, in order to success-
fully integrate a TES array into other systems in an experiment, the
spectrometer design must overcome several difficulties, including
suppressing mechanical vibration, isolating electrical interference,
shielding against magnetic fields, and synchronizing its timing with
other systems. The National Institute of Standards and Technology
(NIST) has developed a mature 240-pixel TES spectrometer, which
was applied to nuclear physics research at Japan Proton Accelerator
Research Complex (J-PARC) ' and succeeded in measuring fluores-
cence lines from a Kaonic atom,'” achieving stable performance even
in the challenging environment found at the accelerator. The TES
can be applied to a diverse area of scientific problems by changing
its design, e.g., thickness or size of TESs and absorbers, to cover
a wide range of energies and celestial or terrestrial x-ray sources.
For example, the TES can be applied as a particle detector to search
for dark matter via inelastic scattering'’ or to measure the mass of
neutrinos."”

Today, TES x-ray spectrometers are operated for several differ-
ent applications, e.g., at the Stanford Synchrotron Radiation Light-
source beamline 10-1 (BL 10-1)," at the Electron Beam Ion Trap
(EBIT) at NIST,'® for resonant soft x-ray scattering at the Advanced
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Photon Source,'” for particle-induced x-ray emission (PIXE),"* and
for ultrafast time-resolved x-ray emission spectroscopy on a table-
top."” However, compared to these applications, which are either
targeted at soft x-ray science or tabletop experiments in relatively
small laboratories, the potential of TESs for applications at hard
x-ray synchrotron facilities has not been explored. Although there
were successful reports of using a crystal analyzer system to mea-
sure the x-ray absorption fine structure (XAFS) in the hard x ray,
it was not ideal for several reasons: crystals were designed for each
energy of emission lines and needed precise adjustment each time,
the available energy resolution was moderate, and the measurable
energy range was narrow.’ TESs can contribute to the reduction of
the alignment time, improve the energy resolution, and expand the
energy coverage. Note that although both technologies will progress,
the advantage of using TES is that it does not require reflection at the
crystals and hence relaxes spatial constraints. Here, we will present
the commissioning of a new TES spectrometer at the beamline
BL37XU at SPring-8, Japan.”’ The light source of BL37XU can pro-
vide hard x-ray photons with an energy range of 4.5 keV-18.8 keV
by using first harmonic x rays of the undulator, which is suit-
able to measure a sample via Ka lines from relatively heavy metals
and L-lines from rare earth elements. The fluorescence-mode X-
ray Absorption Near-Edge Structure (XANES) of dilute elements in
various samples was difficult to measure using conventional detec-
tors, such as the Silicon Drift Detector (SDD). Here, we obtain the
XANES signal of a dilute aerosol sample that did not work well with
the SDD detector. In this paper, we present in detail the setup and
data processing procedure, performance of each pixel of the TES,
and its application to the simultaneous multi-element analysis of
XANES of heavy elements and dilute samples.

Il. EXPERIMENTS

A. Detector setup

A quasi-monochromatic x-ray beam emitted from the
SPring-8 standard undulator (period = 3.2 cm and Bmax = 0.78 T)

ARTICLE scitation.orgljournal/rsi

was monochromatized to a certain energy (5 keV-37 keV) using a
Si(111) monochromator. BL37XU is a hard x-ray undulator beam-
line in Spring-8 that is mainly used for studies of x-ray micro-/nano-
spectrochemical analysis such as XRF/XAFS imaging, wavelength-
dispersive XAFS, depth-resolved XAFS, and XRF holography. The
flow of the incoming x rays in the BL32XU is shown in Fig. 1(a).
Two horizontal deflecting mirrors are placed downstream of the
monochromator in order to eliminate higher harmonics and to
obtain a focused x-ray beam in the horizontal direction. There are
several slits with mechanically movable remote motors, which can
reduce the intensity of the beam. The relative energy resolution
of the incident x-ray beam, AE/E, is ~2 x 10™*, which is propor-

tional to , /O-grystal +02,,.» Where Oyl is the Darwin width of the
monochromator crystal (e.g., 20 yrad-60 urad at 14 keV-5 keV)

and Opeam is an angular divergence of incident x-ray beam (e.g., 5
urad with a slit width of 200 ym and 40 m away from the source).
Thus, the effect of operating the slits on the energy resolution of
the incident x-ray beam could be at most 3%, ~0.04 eV at 6 keV.
Samples and the x-ray windows on the sample side used for both
the SDD and TES spectrometer are exposed to ambient air at room
temperature.

Since a TES makes use of a thermal process as a measure of
photon energy, the speed of the relaxation of the heat deposited in
the x-ray absorber limits the response time. In general, this type of
detector is difficult to tune to work as fast as an SDD that works by
electromagnetic interaction. We used several slits along the beamline
to suppress the beam intensity. The vacuum jacket of the cryostat
or the Dewar, whose size is 33 x 22 x 66 cm’, is mounted on a
movable support structure. This flexibility enables us to tune the x-
ray intensity by two orders of magnitude. The setup is presented
in Fig. 1. The sample was set at 45° with respect to the incident
x ray. The fluorescence that escapes from the surface of the sam-
ple is transmitted to the TES array. Since the SDD has a larger
effective area, it is positioned to receive photons from the back-
side of the sample. Two ion chambers are used for the measurement

a
@ . Double crystal monochromater Si (111)
SPring-8 (inclined configuration)
BL37XU &4
undulator =
%—--—%“‘E’ e
7 Yy

Energy range : 5 - 37 keV
Photon flux : 10'2 - 10'3 photons/s

-
3
=
£
o
=
S

Be 150 pm @300 K

Al/Pb shield box

High-order light removal mirror / I AL S 1 @50 K
(horizontal deflection) |_ 57 | CAl'Spum @3 K

/

TES cryostat Al mylar 10um

Be 25 um @100 mK

TES array

FIG. 1. (a) Overview of the experimental setup at BL37XU at SPring-8. The TES is set at the front side of the sample at an angle of 45°, while the SDD is on the opposite
side. (b) The picture of the setup. The TES cryostat is covered with an aluminum box with a lead shield inside to prevent stray light from reaching the detector.
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of intensities of an incident x ray (Ip) and a transmitted
x ray (Iy).

Each TES consists of a superconducting bilayer of thin Mo and
Cu films. An x-ray absorber of 4 ym thick Bi is deposited on top
of the TES. Each pixel has an active area of 320 x 305 um?, which
is determined by a gold-coated 275 p-thick Si aperture chip placed
on top of the TES array, which prevents x rays from hitting the
array outside of the x-ray absorbers; otherwise, x-ray heating of the
substrate could deteriorate the energy resolution. The holes of
the aperture chip are patterned by dry etching to have the same shape
as the TES absorbers, so it does not obscure the x rays passing from
the holes to the TES array. The total active area of the 240-pixel array
is about 23.42 mm?.

The detectors are cooled through a combination of a pulse tube
cooler (Cryomech PT407 with a remote motor) and an adiabatic
demagnetization refrigerator (ADR). Cooling from room tempera-
ture takes 17 h, plus an additional 1 h to cycle the ADR. This results
in a TES bath temperature of 75 mK + 4 yKrms. The ADR also pro-
vides an additional cold stage at 500 mK, where some of the readout
electronics are mounted. The TES pixels are then electrically biased
to their superconducting critical temperature of T¢ ~ 100 mK.

Since the normal resistance of the TES is on the order of
~10 mQ and its change caused by the x ray is on the order of ~mQ,
the signal needs to be read out by a low-impedance amplifier, such
as a superconducting quantum interference device (SQUID). The
voltage fed back to the feedback coil coupled to the SQUID is pro-
portional to the time derivative of the resistance initiated by the
absorption of an x ray. Details of the room temperature electron-
ics are summarized in Ref. 21. The TES array uses a time-division-
multiplexing readout system, which samples the current signal of the
240 sensors by dividing them into 8 SQUID columns. The sampling
time of each sensor is 7.2 ps (=240 ns x 30 pixels), and thus, the effec-
tive sampling rate is 139 kHz. A record of 1024 samples (=7.3728 ms)
was captured for each x-ray event. This length is changeable to any
value in the software so that it can be chosen to match the length
of the x-ray pulses. Unlike with an SDD, obtaining optimal energy
resolution from a TES requires the application of a matched fil-
ter (optimal filter)” to the detector signal. Currently, the room-
temperature hardware writes the entirety of these records for every
trigger event to a storage disk at high speed, and the off-line soft-
ware is used to do post-processing of pulse-shape analysis to achieve
the best possible energy resolution. This implementation of saving
the x-ray pulses causes the data quantity produced by the TES to be
larger by three orders of magnitude than that of a SDD.

The x-ray absorber and TES are cooled at the coldest stage of
the ADR. There are four windows between room temperature and
the cold stage that are intended to reduce IR/vis/UV light on the
TESs while transmitting most x rays: a 10 ym aluminized mylar and
25 ym Be at 50 mK, 5 ym Al at 3 K, 5 ym Al at 50 K, and a 150 ym
Be window at the vacuum shield at room temperature. The detec-
tion efficiency is shown in Fig. 2. The 50 mK shell is made of the
Al superconducting magnetic shield except for the x-ray window,
although Al in the aluminized mylar might work to some extent.
The distance of the TES to the sample is 15 cm. In this setup, the
air outside the evacuated cryostat absorbs x rays more than the fil-
ters. The quantum efficiency of 4 ym-thick Bi is ~80% at 6 keV and
~20% at 13 keV, while it increases to ~40% above the L-edges of Bi.
There are two limiting factors on the largest detectable energy: the
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1.0+

0.8 1

2 0.6 1
f=1
2
2
4
9 0.44
0.2
—-—= Air 15 cm (10°Pa) —-- Be 175 um —— Total
—== Al10 um —— Bi4um
0.0
2500 5000 7500 10000 12500 15000 17500 20000

Energy (eV)

FIG. 2. The theoretical quantum efficiency of the TES is shown. The transmission
of air (15 cm, 10° Pa), Al filters (5 ym at 3 K and 5 um at 60 K), Be windows
(150 um at 300 K and 25 ym at 100 mK), the photo-absorption efficiency of the
4 um-thick Bi absorber, and the total efficiency are shown in blue dotted, yellow
dotted, green dotted, red solid, and purple solid lines, respectively.

temperature of TES increases above T¢ due to the huge thermal
input from x rays and the input signal to SQUID exceeds its lin-
ear range. The limit also depends on the bias voltage applied to the
TES. We set the bias voltages to keep ~20% of the normal resistance
of TES at T¢. Using the setup, photons below about 18 keV can be
measured with the system.

The TES, which is a thin film in an intermediate phase between
the normal and superconducting state, is sensitive to small magnetic
fields, so a few percent of the Earth’s magnetic field could deterio-
rate the sharp edge of the transition. There are two magnetic shields
made of a high permeability metal at the 50 K and 3 K shells and a
shield made out of a type I superconductor at 50 mK. The shield-
ing effect is locally weak at the apertures for x rays since they are
made of thin filters. Therefore, if there is a leak of a magnetic field
along the incoming x-ray path, it could worsen the performance
of the detector. However, at the BL37XU at SPring-8, the detector
worked without any empirical sign of magnetic interference through
the apertures.

B. Energy resolution

The limit of the energy resolution of a TES is proportional to
the temperature of the detector and the square root of heat capac-
ity, while the total energy range is positively correlated with the heat
capacity. The thickness and size of the x-ray absorber is designed to
meet the scientific requirement for a particular experiment. The TES
used in this experiment was optimized for the detection of 6 keV
x rays. In an actual measurement, the energy resolution does not
reach the theoretically derived value. This is because, as is typical
in other low-temperature detectors, electrical and magnetic inter-
ference or mechanical micro-vibration can increase additional noise
terms. This is one of the technical challenges of the application of
the TES. Reproducing the best detector performance when the spec-
trometer is moved from one place to another requires a detailed
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design of the TES system and the method for integrating it into the
facility.

In our case, based on the experiment led by the High-
resolution Exotic Atom x-ray spectroscopy with Transition-Edge
Sensor (HEATES) collaboration,” the electrical interface of the vac-
uum chamber and the detector system was designed to be electrically
isolated from both the pulse tube’s compressor and the equipment
of the beamline when it was installed. When we confirmed the basic
performance in our laboratory, the compressor was electrically iso-
lated from the cryostat. However, in practice, this configuration may
not be the best due to the different grounding conditions. In SPring-
8, we found that the temperature fluctuation of the 75 mK stage was
4 yKrms when the TES was grounded to the ground of the beamline,
whereas the fluctuations increased by an order of 2 when floated. The
isolation transmitters, which transfer electric surges by magnetic
coupling, and the power stabilizers, which are capable of suppressing
high frequency and regulating voltage automatically, were inserted
into the power lines of the TES system. During commissioning, this
configuration gave temperature fluctuations of ~4 yKrms and no
additional noise components in the detectors. Note that this config-
uration means that the compressor of the pulse tube, the SDD, and
other electronics in the beamlines were connected to TES through
a low impedance, and thus they could affect the performance of the
TES if any of them are not properly grounded.

The energy resolution is evaluated using **Fe isotopes in this
configuration. Although the Kal and Ka2 of Mn can be modeled
with two lines when it is in a neutral gaseous state, as a solid, the
emission spectrum must be fitted with a model consisting of a sum of
eight Voigt functions, which is empirically derived by using crystal
spectrometers.”” The TES is assumed to have a Gaussian response.
However, the Bi absorber is known to have a low energy tail, so the
tail effect is taken into consideration according to Tatsuno et al.”®
The low energy tail is caused by the trapping of some of the heat car-
riers along grain boundaries in the evaporated Bi absorber. Recently,
this issue has shown to be solved by using bismuth electroplated
onto a Au seed layer, which increases the bismuth grain size, which
nearly eliminates the low energy tail.”” The typical amount of the tail
in our TESs is ~20% at 6 keV, and the exponential decay length is
~20 eV. The energy resolution of each pixel is measured by including
Gaussian broadening and the low energy tail in the response func-
tion and presented as a physical pattern of the detector in Fig. 3.
The energy resolution is expressed as full width at half maximum
(FWHM) throughout this paper. Some of the pixels were not electri-
cally connected or not biased due to physical or electrical problems.
These energy resolutions are equivalent to the best values obtained
by this instrument at the J-PARC hadron environment.

We measured the energy resolution as a function of energy
using the beam. We used a film of Pb to elastically scatter differ-
ent beam energies and obtained the energy resolution by fitting the
line with a Gaussian profile. The result is shown in Fig. 4. The count
rates were set at ~1 kc/s (all pixels) at energies above 6 keV; the max-
imum beam intensity available at 5 keV produced a count rate of
only 220 ¢/s (all pixels) for the current setup. In contrast to Fig. 3,
the outlier values in Fig. 4 could be caused by high count rates
due to Bragg reflection in the materials, although this needs further
investigation.

This degradation in energy resolution at higher energies is
believed to be caused by non-linearity of the transition curve of the
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FIG. 3. The map of the energy resolution of the TES pixels. This map reflects the
physical location of each pixel, with each sensor’s energy resolution is shown on
its position. The color bar linearly scales with the energy resolution. The pixels that
were not operated are not colored. The location of pixel A is indicated with the
arrow.

TES and their readout system. One non-linear effect is that the resis-
tance of the TES is non-linear as a function of temperature, which
is more significant as it gets closer to the normal resistance. The
change in resistance is read out and amplified by SQUIDs, which are
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FIG. 4. The energy resolution at different energies obtained by elastic scattering
from a Pb target. The box extends from the lower to upper quartile values of the
energy resolutions in 220 pixels, with a horizontal line at the median. The upper
whisker extends to the last datum less than Q; + R x 1.5, while the lower whisker
extends to the first datum greater than Q1 — R x 1.5, where Q; and Q; are the
upper and lower interquartile and R = Q; — Q. Beyond the whiskers, data are
considered outliers and are plotted as individual points.
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operated in the feedback mode called a flux-locked loop to linearize
its output; however, the output voltage becomes slightly non-linear
as the size of the input signal increases. These effects cause the pulse
size to grow more slowly than the photon energy, which leads to a
degradation in energy resolution. These non-linear effects also cause
the pulse shape to change with the photon energy. Since the optimal
filtering algorithm is based on the assumption that the signals are
proportional to energies and the noise is stationary, the non-linear
effects in a realistic environment could violate this assumption. This
is why the energy resolution degrades at higher energies and has to
be experimentally evaluated.

C. Energy calibration

The relation between pulse height and energy is determined
with Cr Ka, Co Ka, Cu Ka, Cu KB, Ge Ka, Ge KB, Br Ka, and Br
Kp. They are generated by fluorescing a pellet of Cr,03, CoO, CuO,
GeO;, and KBr using a supporting agent of boron nitride with a
beam energy of 14 keV. The example of an energy scale from pixel
A is shown in Fig. 5. The data points are fitted with a third-order
B-spline in log-log space, which does not pass through the origin.
The nonlinearity of the TES response becomes more pronounced
at higher energies due to the TES’s approach to its normal-state
resistance at the top of higher-energy pulses. We created energy cal-
ibration curves for each pixel at every ADR recycle. The gain of the
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FIG. 5. Top panel: the energy spectrum of calibration sources taken from a single
pixel A. Bottom panel: the obtained relation of pulse height and energy from pixel A.
The red points are emission lines from Cr, Co, Cu, Ge, and Br, and the approximate
calibration curve is overlaid. The inset shows, for the Cu Ka line, the summed
spectrum over 220 pixels (black points) and the fitted line profile (red solid line).
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system drifts by ~0.01% over ~10 h. It is caused by the variation
in the temperature of the second stage of the ADR from roughly
500 mK to 1 K over 24 h, which affects the gain via multiple inde-
pendent mechanisms. The gain drift is strongly correlated with the
pretrigger (256 samples before the trigger), and thus, most of the
correlation between the pulse height and the pretrigger is removed
by the “drift correction” step.”’ After this correction, the effect is
reduced to a scale of about 1 eV over 10 h after the ADR recycle
and can often be further reduced with a correction based on a slowly
varying function of time. If we assume that this effect adds in quadra-
ture with other sources of the energy resolution, then we might
expect it to degrade a 10 h long co-added spectrum from a detector
with a 5 eV resolution to one with a 5.1 eV resolution. More careful
treatment is required for longer measurements or when the absolute
energies of emission lines is a goal of the measurement. In this appli-
cation, a typical measurement duration is less than 2 h, so the effect
of the gain drift is small. Additionally, the dependence of filtered
pulse heights on the exact pulse-arrival time needs to be corrected,”
although the arrival time contributes less than does gain drift to the
energy resolution because the sampling rate is fast enough to track
the rising profile of the pulse. After applying these corrections, con-
verting pulse heights to energy via the best-fit calibration curve for
each pixel and adding the histogrammed counts for all pixels, we
obtain the final emitted x-ray spectrum. The inset in Fig. 5 shows
the Cu Ka line, which is well-fit to the Holzer line shape™ convolved
with a Gaussian line shape and an exponential low-energy tail.

D. High rate tolerance

The decay time constant of our TESs is about 1 ms. In order to
qualitatively assess the degree of pileup, we define the pileup frac-
tion: fpr(x) is the ratio of P(k > 2, x) to P(k > 1, x), where P(k, x) is
the Poisson distribution function, x is defined as the mean number
of input x rays for a pixel per one record time Ty, and k is the inte-
ger number of photons per Ts. The mean number of x rays per pixel
per record time is related to the input x-ray rate per pixel, r,as x = r
x Ts. Then, the pileup fraction, f pf(x), is expressed as

Z,P(kx) 1-(1+x)e™
2 P(kx)  1-e*

fpf(x) =

1 1, 4

=X % +0(x"). (1)
The pileup fraction is plotted as a function of 7 in Fig. 6 with a nom-
inal T (=7.37 ms), as well as with an order of magnitude higher and
lower values for comparison. When r = 10 ¢/s pixel™ or 2200 c/s
220 pixels™', the pileup fraction is ~3%; while when r = 100 c/s
pixel™!, the pileup fraction is larger than 30%. Thus, the input x-
ray rate is adjusted in the range below r ~ 10 ¢/s pixel ™. When the
pulse decay time constant is longer, such as in a gamma-ray TES,
which might have a ten-times slower decay time than an x-ray TES,
the limit would be lowered by an order of magnitude. In contrast,
a faster TES is better unless the shorter readout time worsens the
energy resolution.

In this experiment, we discard data records in which there
is more than one x-ray arrival. However, in some applications of
microcalorimeter arrays, the detection efficiency is a critical enough
parameter that more effort is made to recover pileup events. One of
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FIG. 6. The theoretical pileup fraction (%) vs incoming x-ray count rate per pixel.
The pileup fraction for the nominal T is shown as a black solid line. For reference,
the pileup fractions for data-record lengths that are ten times shorter and longer
than the nominal length are shown in green and blue dashed lines, respectively.

the advanced examples is implemented in the onboard pulse shape
processor (PSP) in the ASTRO-H SXS. The program in a real-time
OS can subtract a template waveform from the primary pulse and
estimate the pulse shape of the subsequent event. Their system can
detect two events that are separated by more than 2 ms, provided
that the two adjacent pulses have a pulse amplitude contrast of a fac-
tor of 1/30 or more.”” The ratio of the rise time of an x-ray event to
the sampling time sets the calculation speed of this triggering algo-
rithm. This ratio is similar in ASTRO-H (~4 ms to 80 us) and our
detector (~0.4 ms to 7.2 ys), so the ASTRO-H algorithm would work
for our detector. Another method for the detection of nearly coin-
cident events is described.”” However, the energy resolution of the
secondary events will deteriorate due to both the non-linearity of the
pileup x-ray pulses and inaccuracy of the subtraction of the primary
x-ray pulse. To put the secondary-event analysis into practical appli-
cation, a significant effort such as that done for ASTRO-H XS is
necessary. We discarded pileup records to simplify the analysis, but
further studies on the pulse processing could improve our detector’s
throughput.

In this experiment, we evaluated the performance of the detec-
tor vs the input x-ray count rate. A film of MnO, was illuminated
by a 6.6 keV beam, with seven different beam intensities that pro-
duced rates of triggered data records, summed over the 220-pixel
TES array, between 400 ¢/s and 12000 c/s. Figure 7 (top panel)
plots the rate of triggered data records vs the flux of x rays inci-
dent on the sample. We sorted the data records into two cate-
gories: good and bad. Data records in the “good” category contain
only a single x-ray arrival, while the “bad” data records include
records that contain multiple piled-up x-ray arrivals, failed oper-
ation of the flux-locked SQUID for the readout of TES, and any
other anomalously shaped pulses. The “total” record rate is the
sum of the good and bad record rates. As the input count rate
increases, the fraction of bad data records increases. The plot also
shows the rate of good data records in an energy window around the
Mn Ke line.
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Bottom panel: the live time fraction, fiye time., is plotted as a function of an estimated
x-ray input rate per TES, r.

The true input count rate of x rays per TES pixel is r = plo,
where Iy measures the beam flux incident on the sample via the cur-
rent in an ion chamber and p is a proportionality coefficient. Our
spectrometer does not measure r directly. Instead, we measure the
rates of triggered data records, '. The record rates of good, bad, and
Mn Ko are defined as #’ go0d; 7'bad> and 7' ymn. We phenomenologically
estimated the detection efficiency by modeling the obtained data in
Fig. 7 (top panel) using the following equations:

Total = %Tsrr =Dr (c/spixel "), (2)
Tgood = D’r (c/s pixel ), (3)
Tbad = Tiotal — Tgood  (c/s pixel '), (4)
o = kréood (c/s pixelfl), (5)

where r = 9.2 x 107%I, and k = 0.78, whose coefficients are obtained
by comparing the data in Fig. 7 with the equations. They are over-
laid in Fig. 7 (top panel). Figure 7 (bottom panel) shows the live-time
fraction, flive time = r'good/r, or the fraction of input x rays that pro-
duce good data records vs the estimated x-ray input rate over the
TES array. The dead time fraction, a fraction of time during which
the TES pixel cannot write a data record that contains only one x-ray
arrival, is written as 1 — fiive time-

High count rates also affect the energy resolution. Figure 8
shows the energy resolution as a function of the TES trigger rate.
The energy resolution is obtained by removing the bad events and
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then fitting the spectrum of each pixel to the line shape of Mn Ka.””
The energy resolution worsens with the increase in the count rate
due to crosstalk among the TES pixels, which was not removed in
this analysis. A shorter record length could improve the energy res-
olution at higher count rates, although an energy calibration would
need to be carefully performed.’’

lll. RESULTS
A. Simultaneous multi-element analysis

To demonstrate the capabilities of the TES at BL37XU in
SPring-8, a NIST standard reference glass (NIST SRM 610)”” is used
as a target. Figure 9 shows the spectra of SRM610 as measured by the
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TES and the SDD. The TES spectrum is a sum of 220 pixels accu-
mulated for 10 min, while that of the SDD is from 0.5 min. The
difference in the count rates is due to geometrical effects and
the materials between the detector and the target. The spectrum
of the SDD in Fig. 9 is composed of several sharp peaks. Since the
energy of K lines is approximately proportional to the square of the
atomic number, Z, the Ko complexes in the energy range of 4 keV-
13 keV occur every few hundred eV. The intensity ratios of the K«
and Kf lines are about 10 to 1, although their rates are weakly depen-
dent on the chemical composition. The L lines from high Z elements
complicate the line identification in the spectrum. As shown in the
spectra in the inset of Fig. 9, the spectrum of the SDD around the Ni
K lines appears to be a single peak, while the TES can resolve L lines
from Yb, Ho, and Lu in addition to the Ni K lines.

To fit the spectrum with an estimated one (so-called model),
the relevant physical processes including fluorescence emission, the
photo-absorption, and the detector response are calculated to pro-
duce an expected spectrum. The free parameters to generate the

expected spectrum are the Gaussian energy resolution of the TES,
the exponential low-energy-tail fraction of the TES response, the
constant level of the background, and the abundance of each ele-
ment in the composition of the reference glass. The number of the
free parameters is three plus the number of the elements. The line
energies and the intensity ratios are fixed to the reference value
obtained from xraylib.”> This simplifies a parameterization of the
model, reduces the computational time, and enables us to estimate
the relative abundance.

The geometry is approximated by assuming that the sample is
at 45° to both the beam and the TES. The x-ray intensity of fluores-
cence lines just outside the sample is calculated as follows: (1) The
incident x-ray, Ei, = 14 keV, is photo-absorbed along at the depth of
x from the surface of the sample. (2) An x-ray fluorescence photon
is emitted at x. (3) The fluorescence x rays are subject to photo-
absorption within the sample itself. (4) The remaining photons can
escape from the sample to the air. We define 0*"(E) as the photo-
absorption cross sections for x rays with an energy of E, oi' (E) is the
x-ray fluorescence cross section for a given atomic number I and an
excited state of a, and p = ¥ ip; is the sum of the number density over
the element i. The intensity of the fluorescence line from an element

FIG. 9. The wideband spectra of
SRM610 taken with TES and SDD. The
bin sizes for the TES data and the SDD
data are 1 eV and 10 eV, respectively.
The energy of the x rays illuminating the
target was 14 keV. The TES spectrum
was created by summing over all pixels
and integrating for ten minutes (solid
red). The SDD spectrum was created
from half a minute’s data and overlaid
in the plot by multiplying by a factor of
0.4 for visual clarity (dashed blue). The
inset shows an example of the detailed

10000

comparison, where the TES can probe
Yb, Ho, and Lu, which the SDD could not
resolve due to the presence of strong Ni
K lines.
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i and an excited state « is a function of the energy of the input beam
Ein and the energy of fluorescent x ray E,, which is expressed as

o d —0™" (Ein)px o
(B ~ [ (Noe ot (Ei)pi)
x {70 EIPy gy (6)

where Ny is the number of incident x-ray photons and d is the depth
of the sample. /47, the solid angle of the detector from the sample,
is included if the absolute value of the count rate is needed. The first
factor of the integrand corresponds to the number of 14 keV x-ray
photons, which reach a depth of x from the sample surface. The sec-
ond factor represents the amount of x-ray fluorescence induced by
the 14 keV x-ray within the depth of x ~ x + dx. The escape prob-
ability of fluorescence x-ray photons is calculated using the third
factor.
By performing the integral, Eq. (6) reduces to

. o (En)pi
(0*'(Ein) + 0**(Ea))p

This represents the relative intensity of each transition. Since the
thickness of SRM610 is about 1 mm and its density is 2.65 g/cm’
according to Ref. 34, the exponential term can be ignored because it
becomes almost zero, e.g., when the total (i.e., photoionization and
Rayleigh and Compton scattering) attenuation cross section of iron
ore(E) (cm*/g) as a function of an energy E is considered for expla-

[1- G (g)

2
nation, the exponential terms become ¢~ (SkeV)x0.1(g/em) ¢ 002

and ¢ 7 (14kV)X0U(Eem®) 0 001, The intensities of all the transi-
tions are calculated and summed up to obtain the resulting model
spectrum. Here, the model spectrum means that the spectrum of
x rays escapes from the SRM610 target. The abundance of the ele-
ments, not the amplitudes of the individual lines, is floated in the
fit. The transmission of the Al and Be filters, air, and the photo-
absorption efficiency of the Bi absorber are taken into account, as

ARTICLE scitation.orgljournal/rsi

shown in Fig. 2. Note that the scattered photons in the air are not
negligible in the background spectra.

We fit the spectrum with the sum of the lines of known ele-
ments. The fit is done by comparing the model to the obtained
spectrum and looking for the minimum of the residuals by chang-
ing the model parameters. The best-fit model and the residuals
between the data and the model are shown in Fig. 10. There
still remain some residuals between the spectrum and the model,
which are probably due to uncertainties in the detector response
and the line shape of some of the emission lines. Since the rela-
tive statistical errors in the spectrum are smallest near the peaks
and are larger in the tails, the fitting to minimize the residuals
divided by the statistical errors tends to converge to obtain the line
intensities.

The resultant abundance ratio as a reference to Fe obtained
from the best-fit model in Fig. 10 is shown in Fig. 11. The large num-
ber of photons creates small statistical errors, so the uncertainties of
the fit are dominated by a systematic error. To obtain a rough esti-
mation of systematic uncertainties, several representative lines are
individually fitted in a narrow energy range around each line cen-
ter. The results of the local fits are plotted in Fig. 11. The difference
of the results between the global fit and the local fits gives a rough
reference on the level of uncertainties. The reference value and its
uncertainty of SRM610 are also plotted in Fig. 11. The fitting results
are more or less consistent with those in the reference. The merit of
the TES is to measure both light and heavy elements simultaneously
in the hard x-ray band. Furthermore, resolving the lines can reduce
the risk of misinterpreting the lines, and hence, the accuracy of the
measurement is improved.

B. XANES of heavy elements—As and Pb

Mapping a local area at the ym scale using XRF with a focused
micro-x-ray beam is an important method to determine the distri-
bution of trace and toxic elements in the ground, plants, and other
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FIG. 10. Top panel: the example of simul-
taneous multicomponent fits for the XES
of TES. The XES of TES and the best-
fit model components are shown. Each
element is plotted in different colors and
line styles. Middle panel: the residual
between the data and the model. Bottom
panel: the ratio of the residuals, which is

(data — model)/model.

Residual
o

Ratio
o

5000 6000 7000 8000 9000 10000

Energy (eV)

11000

Rev. Sci. Instrum. 92, 013103 (2021); doi: 10.1063/5.0020642
Published under license by AIP Publishing

92,013103-8


https://scitation.org/journal/rsi

Review of

Scientific Instruments

m  global fit @ local fit » reference
*
1.2
[ |

© 10T S R S B R R

1 1
Q * l
P L t [ ]
£ 0.8 ~
o] I
= *
8
& 0.6 *
©
kel
o
=}
ﬁ 0.4

* *
0.2 "

ér Mn Fle Ni du Als Sé Bla "ll"l Plb
Element

FIG. 11. The abundance ratios to Fe obtained by fitting the TES spectrum including
the quantum efficiencies in Fig. 2 and the self-absorption in Eq. (3) are shown in
red (global fit) and blue (local fit), respectively. The reference values are shown in
green, where the uncertainties in the reference are plotted with arrows.

forms of life, since the method can be directly applied to these sam-
ples under ambient conditions. In particular, coupling XRF with
x-ray absorption fine structure (XAFS) spectroscopy has made it a
powerful tool, since we can obtain species of the elements, which is
the essential information to understand the environmental behav-
ior of toxic elements. Among the various toxic elements, arsenic
(As) and lead (Pb) are the most important elements in terms of
their health risks and wide occurrence in the earth’s crust (e.g., Ref.
35). These two elements frequently co-exist in specific environments
such as in sulfide mine tailings and coal (e.g., Ref. 36), which war-
rants studying the environmental chemistry of the two elements in
the same systems (see the works of Brown et al.” and Liuand Luo™®).
Lead has also been important in terms of its atmospheric pollution
and as a potential risk to health.”” However, determination and spe-
ciation of the two elements in the same sample can sometimes be
challenging when using XRF and XAFS due to the difficulty in the
separation of As Ko and Pb L emissions, since the energy resolution
of an SDD is not sufficient to resolve the lines.

To overcome the difficulty of using an BCLA, XRF, and XAFS,
using a TES is an important option. We scanned SRM610 across
the Pb L3 edge to demonstrate how the TES can contribute to
the chemical diagnostics of heavy elements in complicated com-
pounds. Figure 12 shows the seven snapshots of the TES spectrum
of As and Pb when the beam energy sweeps from 12970.3 eV to
13138.2 eV. The sweep time is 60 s over the Pb L;-edge energy,
with 30 s in the pre/post-edge region. There are four emission lines
in this band: 10508.0 eV, 10543.7 eV, 10449.5 ¢V, and 10551.1 eV
corresponding to As Ka2, Kal, Pb La2, and La1.

When using an SDD, the Pb Lo and As Ka lines may severely
interfere with each other, which sometimes prevents Pb mapping
using La in the presence of abundant As (e.g., see Liu and Luo™).
In this case, Pb L can be used for the speciation of Pb by sweep-
ing x rays around the Pb L,-edge. However, the Pb L,-edge energy
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FIG. 12. X-ray emission spectra of the TES spectrometer with seven different x-ray
energies illuminating a sample of SRM610 across the Pb L3-edge (13 035 eV). The
XESs are the seven snapshots of continuous data taken with TES when the bean
energy sweeps from 12 970.3 eV to 13 138.2 eV. The energy scale of TES slightly
varies from scan to scan due to calibration uncertainties and remaining gain drift
even after a routine drift correction. When the input x-ray energy is below the Pb
L3-edge, only As Ka1 and Ka2 are present. As the energy increases, Pb La1 and
La2 become prominent. As a reference, the spectrum as measured by an SDD
when the input x-ray energy is above the Pb Ls-edge is overlaid with a dashed
line.

(15200 eV) is identical to that of Rb K-edge (15200 eV), both of
which are commonly found in relatively high concentration (aver-
age concentrations in the upper continental crust of Rb and Pb
are 112 mg/kg and 20 mg/kg, respectively; see the work of Taylor
and McLennan'”), which can cause another interference. Hence, it
is prudent to focus on Pb La2, which is ~50 eV away from As K
lines, to map Pb by XRF. Figure 13 shows XANES of the Pb L;-edge
(13035 eV) measured by the TES. The statistical errors are calcu-
lated from the Poisson error of the number of counts in one step
in the incident beam energy. The counts are divided by I, during
each step and subtracted from the mean before the pre-edge region,
and the XAFS spectrum is normalized at the post-edge region, the
so-called “flat” region. The same is applied to other XAFS spectra.
The detection limit of Pb La2 depends on the statistical uncertainty
rather than systematic uncertainties on the contamination of neigh-
boring lines. The selective detection of Pb La2 is difficult using an
SDD due to its low energy resolution. As shown in Fig. 12, the XRF
spectrum measured by SDD is a smeared sum of four peaks of As
Kal, As Ka2, Pb La2, and Pb Lal.

Pb L3-edge XANES is sensitive to the valence state of Pb, either
Pb(II) or Pb(IV), and its coordination environment. The XANES of
PbO, PbSOy4, and PbO, are overlaid as references in Fig. 13. The
presence of any peaks or shoulders in the pre-edge region (small
shelf in the blue line at 13040 eV in Fig. 13) is indicative of Pb(IV)
due to the electron transition from 2p to 6s, since the 6s orbital is
empty for Pb(IV). The absence of such characteristics in the spec-
trum in Fig. 13 suggests that the 6s orbital is filled in this sample.
Thus, the Pb in the sample is likely to have its origin in Pb(II).

Rev. Sci. Instrum. 92, 013103 (2021); doi: 10.1063/5.0020642
Published under license by AIP Publishing

92,013103-9


https://scitation.org/journal/rsi

Review of

Scientific Instruments

1.29 }  TES (10400 -- 10475 eV) }
—— PbO
1.01 —— PbSO,

—— PbO;
0.8 1

0.6 1

0.4 A

0.2 1

0.0 1

I0-normalzied TES counts / flat

—-0.21
1296012980 13000 13020 13040 13060 1308013100 13120 13140
Beam Energy (eV)

FIG. 13. The XANES of Pb La2. The counts in 10400 eV-10475 eV of TES are
divided by Iy counts, the mean below the pre-edge is subtracted, and the result
is normalized at the post-edge (flat) region. The error bars refer to the statistical
errors. The XANES taken from reference samples of PbO, PbSQO4, and PbO,, are
overlaid in red, blue, and green, respectively.

The use of TES enables us to measure Pb Lz-edge XAFS by
detecting Pb La2 when the statistical errors from the tails of As K«
lines and the background are smaller than the signal from Pb La2.
Note that the speciation of As using its K-edge XAFS does not inter-
fere with Pb, since the absorption edges of Pb are higher than As
K-edge. However, there is a huge demand for the speciation of Pb in
the presence of As. Thus, fluorescence XAFS using a TES is worth
considering as an option for a next-generation synchrotron facility.

C. XANES of a dilute sample—Fe

Another application of the TES is to measure samples where
the material of interest is very dilute. The high resolution can help
resolve the signature of the elements of interest from the background
and mitigate the risk of misinterpreting the spectra. Here, we chose
a sample containing Fe (iron) in aerosol collected above the sea as a
target for demonstration.
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Iron is abundant in the Earth since it is the most stable nucleus
of all the elements. It also plays an important role in controlling the
Earth’s environment. For example, the amount of Fe at the surface
of the ocean affects the number of phytoplankton, which is related
to the uptake of CO,, and thus has implications for global climate
change.”""* One of the important sources of Fe at the ocean sur-
face is aerosols containing various species of Fe that originate from
natural and anthropogenic sources.””** The Fe species is important
since highly soluble Fe species are preferentially dissolved in seawa-
ter and utilized by phytoplankton.”** Although XAFS is an effective
method to measure the speciation of iron,"”*" precise measurement
of marine aerosols is challenging since the amount of the aerosols
above the sea is about three orders of magnitude lower than that
collected on land.

The aerosol specimen was prepared in the same way as
described in Ref. 49. The aerosol sample was collected during the
R/V Hakuho-maru KH-17-3 cruise in the subarctic North Pacific.
The aerosols were separated into six size-fractions, and one of them
(size fraction: 0.49 pm-0.95 ym) was used for the analysis. Since the
amount of the collected samples is very small, an acid-washed poly-
tetrafluoroethylene (PTFE) sheet (Naflon tape, thickness = 0.2 mm,
Nichias Co., Ltd., Japan) was used to minimize contamination from
the sampling filter. Details on the preparation methods of the PTFE
filter are described in Ref. 50. The amount of Fe of the sample
was several ng of Fe per 1 cm? filter, which is measured by induc-
tively coupled plasma-mass spectrometry (ICP-MS, Agilent 7700)
after acid digestion of the aerosol sample based on our previous
work.” Since we could not eliminate the contamination from Fe in
the filter or the beamline, we took data from the aerosol sample on
the PTEE filter and from a PTFE filter without an aerosol sample
(a blank target).

The input energy ranges were 7086.9 eV-7180.4 eV for the
aerosol and 7087.2 eV-7165.2 eV for the blank target to sweep from
the pre-edge energy of Fe-K to the post-edge energy. The TES count
rate was adjusted to be around 2 kc/s (array) by adjusting the slit
when the beam energy is set at the post-edge region. Figure 14 shows
the XES of the aerosol sample and the blank target, which are cre-
ated by using all the time during the sweep just to clarify the dif-
ference in the spectra. The two XESs are normalized by integrating
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FIG. 14. The XES of TES taken from the aerosol sample (red) and the blank target (black). The data are accumulated during the period of the input x-ray sweeping from
7086.9 eV to 7180.4 eV for the aerosol and 7087.2 eV-7165.2 eV for the blank target, respectively. For comparison, the XES of SDD taken from the same sample is plotted
in blue when the beam energy is fixed at 7131.58 eV. The vertical axis of TES is the counts per 1 eV bin divided by the Iy intensity, while that of SDD is multiplied by an

arbitrary factor for clarity. The inset shows a magnified view at the Fe Ka lines.
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the counts/Iy, where both are a function of the beam energy. The
excess of the weak lines from Ca, V, Cr, Mn, and Fe come from the
sample. The width of the beam energy sweep is 93.3 eV (=7180.4 eV-
7086.9 eV) for the aerosol, and the Bi escape peaks seen at 4600 eV-
4700 eV are broad due to the sweep of the input energy. The same
feature is seen in the XES of the blank target. For reference, the XES
of SDD taken at a beam energy of 7131.58 eV is shown in Fig. 14.
The interference of scattered x rays at the Fe region is more severe in
SDD.

Figure 15 shows the XES of the two targets as the beam energy
was swept across the Fe K-edge energy. The entire range of the
scan is divided into ten segments and shown in different colors in
Fig. 15. For reference, the count rate of the TES in the 6330 eV-
6430 eV range for the aerosol specimen was 455¢/60 s when the
beam energy was 7086.9 keV and 1327¢/60 s when the beam energy
was 7180.4 eV. For the blank target, count rates were 183¢/30 s at
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7087.2 keV beam energy and 308¢/30 s at 7165.2 eV, and I did not
significantly change during the sweep, which means that the counts
from background Fe K lines were 25¢/30 s (=308¢/30 s-183¢/30 s).
The difference in the integration time (60 s for the sample and 30 s
for the blank) is due to a schedule constraint. The energy resolu-
tion of the spectra in Fig. 15 is estimated from a valley between Fe
Kal and Fe Ka2. A similar approach is used with manganese (see
Fig. 7°"). This is a practical way of estimating the energy resolu-
tion because calibration uncertainties and cross talk and operational
environments of the TES could cause failure of the fitting due to
unexpected tails around the peaks. For the current measurement, a
typical statistical error in each spectral bin is larger than a few per-
cent, which means that it is difficult to assess chemical shifts of a
peak energy, typically below 1 eV.”* Also, another desirable analy-
sis is to obtain the information on resonant inelastic x-ray scattering
(RIXS),” although the statistical errors due to the high background
and a limited number of photons hinder further analysis. A larger
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FIG. 15. Top panel: the Fe Ka1 and Ka2 spectra of the aerosol specimen for ten
different beam energies, which are specified in the legend by different colors. The
error bars refer to the statistical errors on the number of photons per energy bin.
Bottom panel: the same measurement as above repeated for the blank target.
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FIG. 16. Top panel: XANES spectra of the aerosol sample, the blank target, and the
difference of the two are shown in red, blue, and green, respectively. The horizontal
axis is the x-ray energy of the beam, while the vertical axis is the TES counts in
the 6360 eV-6420 eV range normalized by /y. Bottom panel: the same as above
with the spectra normalized to their mean values at the higher end of the energy
range.
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effective area with more pixels and lower background would enable
further improvement in application.

The XANES spectra are created by plotting the sums of the
counts in TES from 6360 eV to 6420 eV and normalizing by Io.
The difference of the dead time fraction during the scan is corrected
by using the good and bad event fractions, which are almost con-
stant at ~3% across the input energy. Figure 16 shows the XANES
spectra of the aerosol specimen, the background, and the differ-
ence between the two. The subtraction is performed in the unit of
counts per Io. This is based on the assumption that the background
is scaled by Iy, which is valid assuming that the spatial distribu-
tions of the scattered, absorbed, and transmitted photons do not
change over the specimen. The assumption is only valid when the
specimen is thinner than the total attenuation length. However, if
the specimen is thicker than the total attenuation length, it could
change the irradiation environment, and thus, the background esti-
mation using the blank target would be more difficult. The aerosol
sample is almost invisible to the unaided eye, so it is in the former
case.

The XANES of TES is compared to several possible references
in Fig. 17, including XANES data of hematite, ferrihydrite, fayalite,
and biotite that we obtained by ourselves in the transmission mode
at the PF BL-12C in KEK. Hematite measured at both KEK and
SPring-8 is used for calibration between the two beam lines. The
energy of a pre-edge peak, corresponding to 1 s to 3d/4p transition
of hematite, is 7111.2 eV as indicated by a vertical line in Fig. 17.
This is used as an energy calibration of the beam energy. Of the ref-
erence spectra, the TES spectrum seems closest to that of biotite. It
is confirmed by conducting the least-square fitting of the XANES
spectra, and the spectrum measured by TES is best fitted by that
of biotite. Biotite is abundant in mineral dust aerosols with a low
Fe solubility, which could be a reasonable scenario for the source of
this sample. By reducing contamination of Fe from the filter or the
beamline and by estimating the background as above, the TES can
be a powerful tool to investigate dilute quantities of Fe species in
aerosols.

2.59 ---- hematite Fe,03 R
---- ferrihydrite T SN

7090 7100 7110 7120 7130 7140 7150 7160
Input Energy (eV)

FIG. 17. Fe K-edge XANES spectra of reference compounds and the aerosol
sample measured by the TES: hematite (blue), ferrihydrite (orange), fayalite
(green), biotite (red), and the TES spectrum (black). The vertical axis is a nor-
malized XANES spectra with constant offsets. The vertical line refers to 7111.2 eV,
corresponding to 1s to 3d/4p transition of hematite.
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IV. SUMMARY AND DISCUSSION

The performance of a TES-based spectrometer for high energy
resolution x-ray spectroscopy has been successfully demonstrated at
the third generation synchrotron facility SPring-8. The TES spec-
trometer used was a NIST 240 pixel TES, which is a stable and
technically mature instrument, and has therefore been deployed for
many experiments worldwide. The utility of the TES for a partic-
ular XAFS application needs to be determined by considering the
requirements for the energy resolution and the photon statistics in
the region of interest. These parameters are not solely determined
by the design of the TES spectrometer; the integration of the TES
into the beamline and the sample under study also affect the count
rates measured by the TES and consequently affects the energy res-
olution. The accuracy of the energy scale, which is necessary to
measure the chemical shifts, depends on the availability of calibra-
tion lines in the scientific region of interest. Calibration lines must
be produced with sufficient photon statistics for an accurate mea-
surement, and effort in post-processing is required to meet specific
calibration requirements. Therefore, successful application of a TES
spectrometer at a synchrotron facility involves a series of collabo-
rative and continuous efforts to optimize the performance of the
detector and the accelerator to accomplish a particular scientific
goal.

The performance of the TES spectrometer was studied over the
energy range 4 keV-13 keV using a Mn target with varying count
rates and a Pb target with varying beam energies. The energy res-
olution is ~5 eV FWHM at 6 keV at total count rates of <2 kc/s
(array), which increases to a few tens of eV above 10 keV. Although
there is still room for improvement in the energy resolution, we
have demonstrated the ability of TES to simultaneously detect mul-
tiple elements in a standard sample. There are many lines that can
be successfully separated by the TES, even with the current energy
resolution. Figure 18(a) summarizes the number of emission lines
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FIG. 18. (a) Distribution of the energy differences between one line and the next.
The vertical scale is the number of fluorescence lines per 3 eV bin. The blue, red,
and green ones refer to the samples in E < 4 keV, 15 keV > E > 4 keV, and
E > 15 keV/, respectively. (b) Simulated spectra of Mn and Eu using natural widths
given an energy resolution of 5 eV. The efficiency shown in Fig. 2 is included,
although it does not change the relative intensity within the narrow energy range.
The mass fraction of Mn to Eu is 1:0.01 (black), 1:0.001 (blue), and 1:0.0001
(green).
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as a function of the energy gap between lines using data from the
X-ray Data Booklet compiled by Lawrence Berkeley National Lab-
oratory.”* Only the strongest lines for atomic numbers 3 < Z < 95
are included: Kal, Ka2, K1, Lal, La2, L1, LB2, Lyl, and Mal,
which result in a total of 700 emission lines. The lines are divided
into three energy ranges: <4 keV, 4 keV-15 keV, and >15 keV. The
number of pairs of lines with an energy difference larger than 20 eV
is 74 out of 198 pairs of lines in E < 4 keV, 155 out of 257 pairs
in 4 keV < E < 15 keV, and 228 out of 243 pairs in E > 15 keV,
respectively. As an example of a realistic application, expected spec-
tra of Mn and Eu are shown in Fig. 18(b). This assumes a study
on rare earth elements in a natural sample. The efficiency shown
in Fig. 2 is included in the calculation, and the lines with natural
widths are convolved with an energy resolution of 5 eV without a
tail component. The mass fraction of Eu has changed from 0.01%,
0.1%, and 1% of Mn. The detection of Eu could be possible when
its mass fraction is larger than 0.1% of Mn, although it could be
more difficult as it is smaller. Therefore, although there are many
lines that can be distinguished by the energy resolution of the TES in
the hard x-ray energy range, the requirements on experiments must
be carefully assessed for each sample. One must consider the energy
resolution, photon statistics, accuracy of the energy calibration,
and the relative intensities of different atoms around the region of
interest.
We have also demonstrated the measurement of XANES from
Fe in a dilute environmental sample. In a practical application, Fe
is one of the most difficult elements for the measurement because
Fe is present in many of the support structures in both the beam-
line and the TES system. As shown in Fig. 14, the continuum of
the background spectrum is almost the same as that of the sam-
ple. In this particular case, the difference between the spectrum of
the sample and that of the blank target, which are normalized by
I, can be identified as the excess of the weak lines from Ca, V, Cr,
Mn, and Fe in the sample. Even if the value of Iy is not accurately
known, the normalization factor can be estimated by comparing
the background continuum level. The method is only valid when
the target is very thin in terms of the total attenuation length, e.g.,
1/0%e(6 keV) ~ 0.012 (g/cm?) and 1/0ke(14 keV) ~ 0.014 (g/cm?).
When the target is thick, it should change the shape of the back-
ground continuum and the relative intensities of the emission lines.
In such a case, the absolute value of I can be a unique reference for
the comparison. However, setting the same level of I for both the
sample and the blank is operationally difficult. If the input x-ray rate
at the absorber of the TES when a beam energy is in the pre-edge
region is adjusted to be the same for both the sample measurement
and the blank, the time for the measuring the blank could be longer
than that when the beam intensity is optimized. In other words, once
the setup is optimized without the sample, the input rate for the
thick sample would be too large. Furthermore, if background lines
originate somewhere along the beamline, such as in the pipes of the
beamline that are made from alloys of Fe or chromium, the assump-
tion that the background is scaled by Iy may not hold. Although
more systematic studies are needed to assess methods of background
subtraction for thick samples, it is still the case that identifying the
origin of the background components is aided by the high energy
resolution of the TES, resulting in a better understanding of the
environment of the experimental setup.
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Development of TES technology is ongoing and will lead to
performance improvements in terms of the number of pixels, the
effective area, and the energy range of the sensor arrays. One of
the breakthrough methods that has seen rapid progress in recent
years is the readout of TES signals via microwave SQUID multi-
plexing,”””® which enables us to read about hundreds of pixels with
only a few coaxial cables required to run from the cold readout
stage to the room temperature electronics. Microwave multiplexing
also provides a significant increase in the available readout band-
width, enabling the readout of larger arrays and faster signals. Real-
time processing capabilities are also under development, which are
needed for the TES to be widely accepted by the x-ray science com-
munity. Future space applications or other remote instruments will
require practical solutions, e.g., a space-flight compatible electron-
ics”” in terms of the detailed assessment on the digital electron-
ics. When new technological developments enable more TES pix-
els and the energy resolution approaches the practical limit (~eV),
the TES will find new applications in the study of the spatial and
steric microstructure and for high-resolution XANES analyses such
as RIXS™ and the measurement of chemical effects.”” Our results are
useful as a benchmark of the performance of the current generation
of TES spectrometers at a hard x-ray synchrotron facility.
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