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Abstract—Future X-ray astrophysics experiments require mul-
tiplexed readout of high fill-factor, kilo-pixel arrays of transition-
edge sensors (TESs), with very high spectral resolution over a
broad range of energies. In this paper we report on a prototype
kilo-pixel array of Mo/Au TESs readout with 8-column by 32-row
time-division multiplexing (TDM). This system is being used to
demonstrate the critical detector and readout technology for ESA’s
Athena X-IFU, and when complete will be used in laboratory as-
trophysics experiments. Our array and TDM readout have demon-
strated a combined full-width-at-half-maximum energy resolution,
including > 200 pixels, of: 1.95 eV for Ti-Kα (4.5 keV), 1.97 eV for
Mn-Kα (5.9 keV), 2.16 eV for Co-Kα (6.9 keV), 2.33 eV for Cu-Kα
(8 keV), 3.26 eV for Br-Kα (11.9 keV). The 1 sigma statistical errors
are ≤0.01 eV for all spectra. These results meet the broad-band
resolution requirements for X-IFU with margin.

Index Terms—X-ray spectroscopy, imaging array, multiplexed
readout, transition-edge sensor, Athena space telescope.
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I. INTRODUCTION

THE Advanced Telescope for High Energy Astrophysics
(Athena) is an ESA led X-ray telescope due to be launched

in the early 2030’s [1]. Athena was chosen to address the sci-
ence theme, ‘The Hot and Energetic Universe’ and will answer
questions related to the chemical and physical properties of hot
plasmas in the Universe. The X-ray Integral Field Unit (X-IFU)
is an instrument on Athena, with a field-of-view of 5 arcminutes,
that will provide high-resolution, imaging spectroscopy (2.5 eV
for energies up 7 keV) over the soft X-ray energy range (0.3-12
keV). The X-IFU will use a close-packed microcalorimeter
array of 3168 Mo/Au transition-edge sensors (TESs), under
development at NASA Goddard Space Flight Center [2]. TESs
are superconducting thin film thermistors that are operated (at
∼ 90 mK) in the highly temperature sensitive transition region
between the superconducting and normal states. Due to the limi-
tations on spacecraft mass and power, the X-IFU array requires a
multiplexed readout scheme. The preferred readout approach for
X-IFU is time division multiplexing (TDM) developed at NIST
(Boulder, CO) [3], [4]. TDM is a mature readout scheme that
has been fielded in many laboratory instruments [3] and flown
on a sounding rocket experiment [5].

In TDM, each DC-biased TES is inductively coupled to its
own superconducting quantum interference device (SQUID)
ammeter. Each first stage SQUID (SQ1) ‘row’ is activated in-turn
and measures the signal from its corresponding TES. The SQ1
outputs in a given ‘column’ are amplified by a second stage
SQUID series array (SAA) [6] and room temperature amplifier.
To linearize the SQUID output and increase the dynamic range,
the circuit is operated in a digitally fed-back, flux locked loop
(FLL). Further details of the TDM architecture can be found in
[3], [4]. The current TDM baseline for X-IFU is 96 columns each
with 34 rows (including 33 science pixels and 1 ohmic resistor
for independently tracking the gain of the readout chain.)

Over the past 5 years, improvements to the TES pixel de-
sign and the TDM architecture have enabled significant im-
provements in performance. In 2018 we carried out a series of
demonstrations using a prototype X-IFU kilo-pixel array and
TDM readout components. This experiment was instrumented
to read out 8-columns by 32-rows. Initially, this system was
in a ‘box-of-chocolates’ configuration to study different TDM
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design optimizations on the different physical columns [7]. At
that time the X-IFU baseline was 40-rows per column. The
32-row system was used to simulate 40-row TDM by measuring
the 32 physically distinct rows, with measurements repeated on
the last row 8 more times. In a 3-column by “40-row” demon-
stration, we were able to achieve a full-width-at-half-maximum
(FWHM) energy resolution of ΔEFWHM = (2.40 ± 0.01) eV at
an energy of 6.9 keV [7]. Since then, the multiplexer chips have
been further optimized specifically for X-IFU and the system
has been reconfigured to have identical TDM chips populating
all 8 columns. Once complete, this 252-pixel instrument will
be deployed at the Lawrence Livermore National Laboratory
(LLNL), Electron Beam Ion Trap (EBIT) facility as part of our
laboratory astrophysics program [8], [9]. The study of highly
ionized plasmas in controlled laboratory conditions provides
essential input to atomic models [10], which are used to support
of current and future satellite missions, including Athena. In
this paper we report on the broad-band energy resolution and
uniformity properties of the full 8-column by 32-row system.

II. DETECTOR AND READOUT DESIGN

A. Transition-Edge Sensor and Array Design

The Mo/Au TESs we are using as the baseline for X-IFU
differs from previous generations under study in two impor-
tant ways [2], [11]. Firstly, we have reduced the side length
of square TES from ≥ 100 μm to 50 μm, and secondly, we
have removed the perpendicular normal metal stripes used atop
the sensor for transition shape and noise control. Our previous
designs were significantly faster than necessary to achieve the
desired X-IFU count-rate requirement, which was in-turn more
constraining on the read-out design. These pixels also suffered
from localized regions in the current and temperature dependent
resistive transition, R(I,T), where the normalized derivatives α
= T/R �R/�T |I and β = I/R �R/�I |T would become extremely
large. These transition ‘kinks’ can impact performance and
affect uniformity in large format arrays (higher ‘excess’ detector
noise and introduce significant non-linearity) [11]–[13]. In TDM
readout, we electrically bias a column of TESs with a single
common applied voltage. Thus, to achieve the desiredΔEFWHM

uniformity when common biased we require a high degree of
transition-shape uniformity. Our studies on the role of stripes
in Mo/Au bilayer TESs suggest they greatly complicate the
physics of the device (introducing inhomogeneity in the current
and magnetic field distribution), which can make them more
susceptible to additional structure in the transition. The smaller
TES sizes without metal stripes have established a region of
parameter space that seems less susceptible to the kinks [13],
[14]. In the 2-d ballistic phonon limit the thermal conductance
to the heat-bath Gb scales linearly with the perimeter of the TES
on the SiN. Thus, the smaller TES size has also enabled slower
pixels better matched to the bandwidth of the read-out.

We use a 50 × 50 μm2 Mo/Au bilayer TES with a transi-
tion temperature of ∼90 mK. A thin (0.5 μm) silicon-nitride
membrane provides a weak thermal conductance to the 55
mK heat bath. The normal state resistance of these devices is
Rn ∼ 9 mΩ. Detailed characterization of a single pixel TES
of this same geometry (including α, β and noise spectra) can
be found in [14]. In our prototype kilo-pixel arrays the pixels
are fabricated on 250 μm pitch (slightly less than the 275 μm
assumed for X-IFU). The electroplated absorbers measure 240
× 240 μm2 with thickness 1.84 μm Au + 3.13 μm Bi. The

Fig. 1. (a) Schematic of TES pixel design. (b) Photograph of a kilo-pixel array.
252 pixels are connected to the bond-pads around the edge of the chip.

Au layer provides thermal diffusion of the X-ray energy to the
TES and the Bi layer provides additional X-ray stopping power
without adding significant heat capacity. The total heat-capacity
is C = 0.72 pJ/K, which is dominated by the Au absorber layer.
The absorbers are cantilevered ∼ 4.0 μm above the TES and
membrane, using 6 pillar-shaped supports. Two of these pillars
(of 5 μm diameter) make contact at the edges of the TES and
provide a strong thermal connection to the TES. The 4 additional
pillars (of 4 μm diameter) are positioned in the corners of the
membrane to provide further structural support. Fig. 1a shows
the layout of the TES pixel and Fig. 1b shows a photograph of a
kilo-pixel array. In this prototype, all the pixels are wired within
the interior of the array, and 252 pixels are further routed to the
bond-pads around the edge of the chip.

Typically, a large inductance (Lcrit) is used in series with
the TES to critically damp its response, slowing the rise of the
pulse (parameterized by the maximum change in current in the
TES circuit dI/dt|max, or ‘slew-rate’) and reducing the dynamic
range requirement for the readout. For these devices we have
found that the responsivity can become extremely non-linear
when operated close to critical damping, which in-turn degrades
ΔEFWHM. We have empirically found that operating with a total
inductance of L= 0.65 Lcrit, whilst biasing at∼ 0.1 Rn, provides
a combination of sufficient detector linearity with sufficiently
reduced slew-rate to provide optimum ΔEFWHM when readout
with TDM.

B. TDM Read-Out Design

The mutual input inductance Min, between the current in the
TES circuit and the flux at the SQ1, is an important design
parameter that trades the TES referred white readout noise floor
with the maximum allowable flux excursion at the SQ1 input.
In order to maintain stable FLL operation we require:

ΔΦ =
dI

dt
|maxMinNrowtrow ≤ ΔΦmax (1)

where ΔΦ is the flux excursion from the lock-point and ΔΦmax

≈ 0.3Φ0 is the maximum usable linear flux range of the SQ1.
The row-time, trow, is the time each SQ1 is activated before
switching to the next, which for X-IFU is 160 ns. In [7], using
TDM chips referred to as ‘mux18b’, we designed Min = 277 pH.
This was optimized to accommodate the peak slew-rate from
12 keV photons with dI/dt|max ∼ 0.3 A/s (the largest energy
of interest for X-IFU), whilst multiplexing Nrow = 40. Since
2018, the X-IFU baseline configuration has been reduced to
34 rows in a column. Thus, in our latest experiments we have
operated the system in its natural 32-row mode as opposed to
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Fig. 2. Shown left is a photograph of the 252-pixel detector assembly, read out
by 8-column by 32-row TDM. The detector sits atop the assembly, connecting to
the side panel via Kapton flex with superconducting Al traces. Each side panel
houses the TES bias and TDM readout circuitry for 2 columns. Shown right
(credit: D.R. Schmidt (NIST)) is a zoom-in of the array and X-ray mask, used
to block photons from pixels not connected to bond pads.

the pseudo-40-row mode in [7]. In TDM, the broadband white
readout noise level scales with the square root of the number of
rows (�Nrow) [15]. Thus, we would naively expect the readout
noise to be reduced from the 25.6 pA/�Hz that we reported in our
previous 40-row experiments [7] to 22.9 pA/�Hz for 32 rows.
However, improved filtering of the cryostat feedthrough lines in
combination with optimized SQUID design parameters (higher
junction critical current and higher junction shunt resistance
[4]) has enabled us to now achieve 20.2 pA/�Hz in these new
32-row measurements. Further improvements in readout noise
for X-IFU are likely when the SQ1 Min coupling is re-optimized
from 40-row TDM to 34-row TDM. Additional improvements
to the dynamic properties of the readout chain have been made
to increase the bandwidth and significantly reduce the malign
effects of settling transients due to the fast signals used to
switch between rows. This can affect the stability of the FLL
and degrade the readout noise during large flux excursions from
X-ray pulses. Various sources of electrical crosstalk, both within
a column and across multiple columns have also been reduced.
The reduction in cross-column crosstalk is critical to scale the
system beyond 8 TDM columns. Details of these TDM design
optimizations are discussed in [4]. The new multiplexer chips
we use here are referred to as ‘mux19a’ and have a measured
Min = 264 pH, similar to ‘mux18b’.

The total number of pixels able to be read out was 218
out of the maximum available 252. The missing pixels were
predominantly due to defects in the TES bias loop circuity
between the TES and the SQ1 input, including wire bonds and
superconducting flexible circuitry. Additionally, one SQ1 row
address line was open, which lead to a loss of eight pixels.
Experiments were carried out in a He3/He4 backed adiabatic
magnetization refrigerator (ADR). The 55 mK experimental
stage is an 8-column by 32-row ‘snout’ package developed at
NIST (see Fig. 2) [16]. The second stage SSAs are situated on
the 3 K temperature stage of the ADR.

III. RESULTS AND ANALYSIS

A. Transition Uniformity

To examine the transition shape and uniformity in the array we
measured the TES I(V) curves in multiple TDM columns. Fig. 3a.
shows the R(T) curves across the bias path derived from the

Fig. 3. (a) Resistance versus temperature curves for 30 pixels in a single TDM
column. (b) αIV versus R/Rn for the same 30 pixels. The 30 pixels are largely
indistinguishable from each other.

power balance equation I2R=Gb(Tn−Tb
n)/(nTn-1). The thermal

conductance on a single representative device was measured to
be Gb = 79 pW/K (with a temperature exponent of n = 3.45).
The I(V) curves are analyzed assuming an identical single shunt
resistor value (65 μΩ) for all pixels. The ADR bath temperature
was Tb = 53.7 mK. Data are shown for a single representative
column of pixels that span the center to edge of the array on one
side of the detector. Fig. 3b shows the αIV = T/R dR/dT as a
function of R/Rn for the same 30 pixels. The ∼ 2 mK variation
in TC is likely due to intrinsic variations in the Mo/Au bilayer
thickness over the array. Importantly, the αIV data are almost
indistinguishable from each other and show no evidence of fine
structure in the R-T curves such as ‘kinks’, which manifest as
large spikes in αIV. This is critical for achieving uniform pulse
and noise properties in large arrays.

B. Broadband Energy Resolution

The TES voltage bias for each column was adjusted to bias its
TESs at an average operating resistance of 10% Rn. We found
this gave slightly better performance compared to original 40-
row measurements of [7], which were taken at 11-12% Rn, whilst
still being consistent with the maximum slew-rate requirement
of ∼ 0.3 A/s for 12 keV X-rays. The high degree of uniformity
of both the TES transition properties and the bias circuit shunt
resistors meant that the standard deviation of the average bias
point was < ± 0.22% R/Rn over the eight columns. This level
of bias uniformity is well within the required specifications for
X-IFU.

We measured X-rays from a fluoresced-target source. Sepa-
rate spectral measurements were taken using high purity Ti, Mn,
Co and Cu disks and a KBr crystal. Measurements were taken
with an input count-rate of ∼0.25 cps/pixel. Pulse data records
were 41.9 ms long (8192 samples). As in [7], targeted coinci-
dence cuts removed specific victim-perpetrator crosstalk pairs.
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Fig. 4. Histogram of ΔEFWHM, measured at Co-Kα (6.9 keV), for all 218
pixels that generated spectra in the array. The average of resolution of pixels in
the main distribution is 〈ΔEFWHM〉 = (2.17 ± 0.10) eV.

Fig. 5. ΔEFWHM array heat map measured at Co-Kα. The region of 63 pixels
in each quadrant of the array that connect to the bond-pads are outlined. The
average ΔEFWHM obtained in each quadrant is indicated on the figure. The
top row of the detector suffered from excess broadening of the intrinsic detector
ΔEFWHM due to an absorber fabrication issue.

For all data sets <5% of events were rejected. The crosstalk
levels are consistent with the X-IFU requirements.

For each of the 218 TES pixels that produced X-ray pulses,
each triggered data record is digitally processed via the standard
optimal-filter technique [17]. Histogrammed spectra of filtered
pulse heights are then converted to energy via the recognition
of known emission lines. The photon energies are corrected
for uncertainty in the pulse arrival phase with respect to the
filter template due to trigger jitter. Additional corrections are
made to each pixel individually to account for drifts in the
detector gains over time (of typically a few eV). The resulting
energy histogram is fitted to the assumed line profile for each
Kα complex to determine the Gaussian energy response of
the TES pixel with the best-fit value of ΔEFWHM. A linear
local gain slope parameter is included in the fitting routine
to account for non-linearity in the energy gain scale. Fig. 4
shows the histogrammed energy resolutions of the 218 TES
pixels at the Co-Kα complex (6.9 keV). Excluding the seven
outlier pixels between ΔEFWHM = 2.7 and 3.2 eV the mean
resolution is 〈ΔEFWHM〉 = (2.17 ± 0.10) eV. The standard

deviation is similar to the average deviation obtained on the fitted
ΔEFWHM for each individual pixel ( ± 0.09 eV). This suggests
that the width of the distribution in Fig. 4 (excluding outliers)
is dominated by counting statistics and the intrinsic resolution
uniformity may be significantly better.

Fig. 5 shows a heat map of ΔEFWHM over the array. The
outlier pixels are located in the top physical row of the array.
The average measured pulse shapes for these pixels also showed
an anomalous, ∼10 ms long, secondary decay time constant,
suggesting more complex thermal behavior. Although this affect
is not fully understood, it is likely related to improper thermaliza-
tion of the photon energy in the Bi/Au. This particular wafer used
an experimental electroplating recipe, which we believe caused
this excess broadening in the intrinsic detector ΔEFWHM. This
recipe was subsequently discontinued, and the electroplating
process has more generally been optimized to achieve higher
quality Bi/Au films. This anomalous behavior has not been seen
in our devices since. The second and third row from the top of the
detector also showed similar characteristics in the pulse shape
and some evidence of broadened ΔEFWHM, albeit to a much
lower level.

By coadding the individual gain corrected histograms for each
pixel we can also obtain the fitted ΔEFWHM for the array as a
whole. Fig. 6(a-e) shows the coadded energy histograms for
the five different Kα fluorescent line complexes studied. The
top row of seven pixels that exhibited excess broadening have
been omitted (though, including these pixels only degrades the
coadded ΔEFWHM by ∼ 0.03 eV). In addition, seven pixels had
significantly faster rise-times than the others. This is thought to
be due to defects in the Nyquist inductor coils in the TES bias
circuit resulting in lower total inductance. These pixels could be
read out for energies ≤8 keV (Cu-Kα). However, at Br-Kα the
larger slew-rates of five of these pixels could not be accurately
tracked by the digital FLL. Thus, these pixels were rejected.
Three of these same pixels were also removed from the Mn-Kα
dataset because the gain of the FLL was not properly optimized
for those pixels on that data acquisition. The achieved best fit
ΔEFWHM for each line is then: 1.94 eV for Ti-Kα, 1.97 eV
for Mn-Kα, 2.16 eV for Co-Kα, 2.33 eV for Cu-Kα, 3.26 eV
for Br-Kα. The 1 sigma statistical error is ≤ 0.01 eV for all
spectra.

Since the broadband white readout noise level scales with
�Nrow, to the asses the pixel ΔEFWHM in the limit of low
readout noise, we have carried out a series of measurements with
Nrow=4. In this limit the white noise was between 8-10 pA/�Hz
and we estimate contributes∼ 1% to the totalΔEFWHM. Testing
a subset of 128 representative pixels at Co-Kα (excluding the
outlier pixels with known absorber issues) we found 〈ΔEFWHM〉
= (2.03 ± 0.14) eV. This suggests the multiplexed noise penalty
when increasing to Nrow = 32 is approximately 0.1 eV.

Fig. 6(f) shows ΔEFWHM as a function of energy for both
the original 40-row measurements of [7] and the 8-column by
32-row results reported here. The improvements in broadband
ΔEFWHM are attributed to the lower total readout noise, im-
provements in the dynamic behavior of the readout chain, and a
more optimized TES bias point. The dashed black line in Fig. 6(f)
shows the ΔEFWHM requirements for X-IFU, which require 2.5
eV up to 7 keV and 10 eV at 5 eV. It is currently assumed,
however, that in order to allow for performance margin and
considering noise sources only related to the detector and readout
subsystem we require <2.24 eV at energies up to 7 keV (shown
by the dashed blue line). Our results meet these more stringent
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Fig. 6. Coadded 8-column by 32-row spectra for (a) Ti-Kα, (b) Mn-Kα, (c) Co-Kα, (d) Cu-Kα and (e) Br-Kα (measured from K-Br.) The red dots are the
data points, the light blue lines are the natural lines shapes and the dark blue line is the fit to data. The fitted ΔEFWHM, number of counts and number of pixels
included in each spectrum are shown on the figures. The natural line shapes are from [18] for Ti and [19] for Mn, Co and Cu (we note that using the alternative line
shape profile of [20] to fit Cu- Kα gives a slightly different best fit resolution of ΔEFWHM = 2.42 eV). The Br line shape is derived from [21], [22], however the
α1/α2 peak intensities are re-normalized to account for the change in the Au absorber transmission at 11919 eV due to the LIII Au absorption edge. (f) ΔEFWHM

as a function of energy for the 1-column by 40-row measurements in [7] (black circles) and the new 8-column by 32-row results (red squares). The improved
ΔEFWHM is attributed to lower noise, improvements in the dynamic behavior of the readout chain and more optimized TES bias point. The dashed black line
shows the X-IFU instrument level resolution requirements, and the dashed blue line shows the currently assumed requirements considering only the detector and
readout subsystem and excluding margin.

requirements with some margin at 7 keV and substantial margin
for <7 keV.

The final ΔEFWHM margin requirements for X-IFU are yet
to be confirmed. However, noting that Min for the current mul-
tiplexer chips was designed to accommodate 12 keV photon
slew-rates for Nrow = 40, we have some margin in the dynamic
range to re-optimize Min for the current baseline of Nrow = 34.
Using 1 to re-scale Min to 34-row TDM, we predict the noise
would be reduced to 17.7 pA/�Hz and gain further resolution
margin (we estimate this would improve ΔEFWHM by 0.02 eV).

IV. CONCLUSION

We have demonstrated 8-column by 32-row TDM readout of
> 200 pixels in a prototype kilo-pixel array. Our results meet
the energy-range and resolution requirements for Athena X-IFU.
This laboratory instrument will now be calibrated and delivered
to LLNL EBIT for laboratory astrophysics experiments. For X-
IFU we are now fabricating full-scale 3168-pixel arrays and
developing the infrastructure to test all pixels with TDM readout.

REFERENCES

[1] D. Barret et al., “The athena X-ray integral field unit (X-IFU),” in
Proc. SPIE Space Telescopes Instrum. Ultraviolet Gamma Ray, 2016,
Art. no. 99052F.

[2] S. J. Smith et al., “Transition-edge sensor pixel parameter design of the
microcalorimeter array for the X-ray integral field unit on athena,” in
Proc. vol. 9905, Space Telescopes Instrum. Ultraviolet Gamma Ray, 2016,
Art. no. 99052H.

[3] W. B. Doriese et al., “Developments in time-division multiplexing of X-ray
transition-edge sensors,” J. Low Temp. Phys., vol. 184, pp. 389–395, 2016.

[4] M. Durkin et al., “Mitigating finite bandwidth effects in time-division-
multiplexed SQUID readout of TES arrays,” IEEE Trans. Appl. Super-
cond., submitted for publication.

[5] J. S. Adams et al., “First operation of TES microcalorimeters in space
with the Micro-X sounding rocket,” J. Low Temp. Phys., vol. 199,
pp. 1062–1071, 2020.

[6] R. P. Welty and J. M. Martinis, “Two-stage integrated SQUID amplifier
with series array output,” IEEE Trans. Appl. Supercond., vol. 3, no. 1,
pp. 2605–2608, Mar. 1993.

[7] M. Durkin et al., “Demonstration of athena X-IFU compatible 40-
row time-division-multiplexed readout,” IEEE Trans. Appl. Supercond.,
vol. 29, no. 5, Aug. 2019, Art. no. 2101005.

[8] G. V. Brown et al., “A brief overview of the fusion and astrophysics data
and diagnostic calibration facility,” in Proc. SPIE 7732, Space Telescopes
Instrum. Ultraviolet Gamma Ray, Jul. 29, 2010, Art. no. 77324Q, [Online].
Available: https://doi.org/10.1117/12.857555

[9] G. L. Betancourt-Martinez et al., “The transition-edge EBIT mi-
crocalorimeter spectrometer,” in Proc. Space Telescopes Instrum. Ultra-
violet Gamma Ray, 2014, Art. no. 91443U, [Online]. Available: https:
//doi.org/10.1117/12.2055568

[10] H. Collaboration, “Atomic data and spectral modeling constraints from
high-resolution X-ray observations of the perseus cluster with Hitomi,”
Pub. Astronomical Soc. Jpn., vol. 70, no. 2, Mar. 12. 2018, [Online].
Available: https://doi.org/10.1093/pasj/psx156

Authorized licensed use limited to: University of Maryland Baltimore Cty. Downloaded on January 13,2022 at 16:11:29 UTC from IEEE Xplore.  Restrictions apply. 

https://doi.org/10.1117/12.857555
https://doi.org/10.1117/12.2055568
https://doi.org/10.1093/pasj/psx156


2100806 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 31, NO. 5, AUGUST 2021

[11] S. J. Smith et al., “Uniformity of kilo-pixel arrays of transition-edge sensor
microcalorimeters for X-ray astronomy applications,” IEEE Trans. Appl.
Supercond., vol. 25, no. 3, Jun. 2015, Art. no. 2100505.

[12] S. J. Smith et al., “Implications of weak-link behavior on the performance
of Mo/Au bilayer transition-edge sensors,” J. Appl. Phys., vol. 115, 2013,
Art. no. 074513.

[13] N. A. Wakeham et al., “Effects of normal metal features on superconduct-
ing transition-edge sensors,” J. Low Temp. Phys., vol. 193, pp. 231–240,
2018.

[14] A. R. Miniussi et al., “Performance of an X-ray microcalorimeter with a
240μm absorber and a 50μm TES bilayer,” J. Low Temp. Phys., vol. 193,
pp. 337–343, 2018.

[15] W. B. Doriese et al., “Progress toward kilopixel arrays: 3.8 eV mi-
crocalorimeter resolution in 8-channel SQUID multiplexer,” Nucl. In-
strum. Methods Phys. Res. Sect. A, vol. 559, no. 2, pp. 808–810,
Apr. 2006.

[16] W. B. Doriese et al., “A practical superconducting-microcalorimeter Xray
spectrometer for beamline and laboratory science,” Rev. Sci. Instrum.,
vol. 88, no. 5, Apr. 2017, Art. no. 053108.

[17] J. W. Fowler et al., “The practice of pulse processing,” J. Low Temp. Phys.,
vol. 184, pp. 374–381, 2016. [Online]. Available: https://doi.org/10.1007/
s10909-015-1380-0

[18] C. T. Chantler, M. N. Kinnane, C.-H. Su, and J. A. Kimpton, “Character-
ization of kα spectral profiles for vanadium, component redetermination
for scandium, titanium, chromium, and manganese, and development of
satellite structure for z = 21 to z = 25,” Phys. Rev. A, vol. 73, no. 1,
Jan. 2006, Art. no. 012508.

[19] G. Hölzer, M. Fritsch, M. Deutsch, J. Härtwig, and E. Förster, “Kα1,2
and Kβ1, 3 X-ray emission lines of the 3d transition metals,” Phys. Rev.
A, vol. 56, no. 6, pp. 4554–4568, Dec. 1997.

[20] M. H. Mendenhall, A. Henins, L. T. Hudson, C. I. Szabo, D. Windover, and
J. P. Cline, “High-precision measurement of the X-ray Cu kα spectrum,”
J. Phys. B: At, Mol. Opt. Phy, vol. 50, no. 11, 2017, Art. no. 115004.

[21] M. O. Krause and J. H. Oliver, “Natural widths of atomic K and l levels,
kα X-ray lines and several KLL auger lines,” J. Phys. Chem. Ref. Data,
vol. 8, no. 2, pp. 329–338, Apr. 1979.

[22] J. A. Bearden, “X-ray wavelengths,” Rev. Mod. Phys., vol. 39, no. 1,
pp. 78–174, Jan. 1967.

Authorized licensed use limited to: University of Maryland Baltimore Cty. Downloaded on January 13,2022 at 16:11:29 UTC from IEEE Xplore.  Restrictions apply. 

https://doi.org/10.1007/s10909-015-1380-0

	PubDomainCoverSheet
	Performance_of_a_Broad-Band_High-Resolution_Transition-Edge_Sensor_Spectrometer_for_X-ray_Astrophysics
	Performance_of_a_Broad-Band_High-Resolution_Transition-Edge_Sensor_Spectrometer_for_X-ray_Astrophysics



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


