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Abstract—We have characterized a full-scale transition-edge sen-
sor (TES) microcalorimeter array as a milestone towards the 
demonstration of technology readiness level (TRL) 5 for the detector 
array for the X-ray Integral Field Unit (X-IFU) instrument on 
ESA’s future flagship X-Ray Observatory called Athena. We fabri-
cated a 90 mm full-scale prototype TES array and measured the 
properties and the performance in a newly developed platform in 
which up to 960 out of ~3,200 pixels can be read out. In this paper, 
we report on measurements of the uniformity of the transition tem-
perature and shape, the uniformity of the spectral energy resolu-
tions at 7 keV and 10 keV, the thermal crosstalk for the first, the 
diagonal, and the second nearest neighbors, and the energy sensitiv-
ities to environment perturbations for the magnetic field, the TES 
bias voltage, and the heat bath temperature.  
  

Index Terms—X-ray spectroscopy, superconducting device, im-
aging array, multiplexed readout, transition-edge sensor, Athena 
space telescope. 

I. INTRODUCTION 
HE X-ray Integral Field Unit (X-IFU) of European Space 
Agency’s (ESA) Advanced Telescope for High-ENergy 

Astrophysics (ATHENA) is an X-ray imager and spectrometer, 
which consists of an array of thousands of transition-edge sen-
sor (TES) microcalorimeters [1]. The TES utilizes the super-
conducting transition-edge of the sensor material for its very 
high sensitivity to temperature to enable very high energy reso-
lution, such as ~2 eV for 7 keV X-ray photons. At NASA 
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Goddard Space Flight Center, we are developing the TES array 
for the X-IFU to provide to the ESA. 

We are currently conducting the technology demonstration 
for Technology Readiness Level (TRL) of 5 [2], and for the first 
time we have developed a full-scale X-IFU brassboard proto-
type TES array for the demonstration. The main TRL-5 require-
ments to the brassboard detector array are: 

1. <2.086 eV full-width half-maximum (FWHM) at 7 keV 
for a sub-set of more than 100 pixels. 

2. <4 eV FWHM at 10 keV for a sub-set of pixels. 
3. ±0.4 eV uncertainty for 1.5–7 keV in the energy scale 

calibration for a sub-set of more than 100 pixels. 
4. Thermal crosstalk: 

• <0.04% for the first neighbor. 
• <0.03% for the diagonal neighbor. 
• <0.013% for the second and further neighbor. 

5. Sensitivity of the energy gain scale (𝐸) to the environ-
ment at 7 keV: 
• d𝐸/d𝐵 < 3 eV/nT for the magnetic field. 
• d𝐸/d𝑉bias < 15 meV/ppm for the TES bias voltage 

(𝑉bias). 
• d𝐸/d𝑇b < 0.15 eV/μK for the heat bath tempera-

ture (𝑇b). 
Although the baselined readout method for X-IFU is time-divi-
sion multiplexing (TDM) [3]–[5], these detector-level require-
ments are at the component level and should not include 
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contributions from performance degradation from the TDM. 
Therefore, all the measurements in this study were carried out 
either in a non-multiplexed way or in a slow and low-number 
TDM multiplexing. 

In this study, we will discuss the measurement results that 
demonstrate the ability to meet (1), (2), (4), and (5) of the above 
TRL-5 requirements. The requirement (3) is discussed in [6]. 

II. DETECTOR DESIGN AND MEASUREMENT SETUP 

A. X-IFU Detector Design 
The current baseline X-IFU detector consists of an array of 

2,376 TESs with a pixel pitch of 317 μm, tiled in a hexagonal 
shape covering a 5-arcminute field-of-view. Each TES is a 50 
× 50 μm2 Mo/Au bilayer and has a cantilevered Au/Bi absorber 
with an additional Au finish to increase infrared reflectivity, 
with the size close to the pixel pitch. The TES pixel design is 
optimized for the baselined readout method of TDM, and the 
baselined values are normal resistance (𝑅n) of 8.8 mΩ, heat ca-
pacity (𝐶) of 0.73 pJ/K at 90 mK, and thermal conductance (𝐺b) 
of 72 pW/K at 90 mK. More details of the TES design are dis-
cussed in [7]. With this pixel design, we have achieved com-
bined spectral energy resolutions 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), and 3.26 eV for Br-Kα (11.9 
keV) for >200 pixels with 8-column by 32-row TDM on a 32 × 
32 pixel array, which all meet the broad-band resolution re-
quirements [8]. 

The developed prototype TES array studied in this work has 
3,168 pixels, and 936 pixels of them are wired out to the bond-
ing pads sitting along the perimeter of a 90-mm hexagonal wa-
fer chip. The pixels are fabricated on 275 μm pitch. The TES 
bilayer is 42 nm Mo and 223 nm Au. The absorber size is 268 
× 268 × 4 μm3 with thickness 3.1 μm Bi and 1.3 μm Au. The 

number of pixels is larger, and the absorbers are slightly smaller 
and more densely packed than the current design of X-IFU since 
this version of prototype array is based on a previous baseline 
X-IFU. 

B. Measurement Setup 
The prototype array was measured in our 960-pixel platform, 

which is capable of 24-column × 40-row TDM readout. The 
cooler is an adiabatic magnetization refrigerator (ADR) backed 
by He3. The 55-mK detector assembly is hexagonally shaped 
and has six side panels. The 90-mm prototype TES array is 
mounted at the top surface as shown in Fig. 1. Each side panel 
can have up to 4-columns of the TDM SQUID-1 (SQ1) multi-
plexing chips and the Nyquist inductor (640 nH) chips mounted 
to it. The Nyquist inductor chip also carries the TES shunt re-
sistances (79 µΩ). The TES array and the side panels are con-
nected via Kapton flexes with superconducting Nb traces [9]. 

In this prototype a variety of slightly different designs of 
TDM SQ1 multiplexing chips [5] were used in the setup. Spe-
cial care was needed to ensure that the needed operating param-
eters of the different chips, such as the row switching voltage, 
were all the same where multiple columns were fed from single 
signal lines. The second stage SQUIDs [10] were placed at the 
3K temperature stage of the ADR. 

Due to the limited availability of the TDM multiplexing chips, 
we have so far populated 10 columns out of the 24 total columns 
available, which allows readout of up to 400 TES pixels. How-
ever, ~10 rows were not accessible due to defects in the wire-
bonds. In addition, ~100 TES pixels were also not accessible 
due to defects of the wire-bonds between the prototype array 
and the Kapton flexes. 

The low-noise analog amplifiers were provided by NIST [11]. 
The rest of the room-temperature electronics used in the meas-
urements are a single-channel analog flux locked loop (FLL) 
electronics and a commercial-off-the-shelf (COTS) version of 
TDM digital electronics, built by our group [12]. The TDM dig-
ital electronics consists of a Xilinx KCU105 Field Programma-
ble Gate Array (FPGA) evaluation board and 2 GSFC124 
ADC/DAC daughter cards. Each evaluation board can read out 
4-columns by 40-rows. As stated earlier, the TRL-5 demonstra-
tion does not require a multiplexed readout, and the require-
ments are defined for a non-multiplexed readout. Details of the 
TDM readout of these types of pixels in a 1k test array are re-
ported in [8]. Therefore, most of the measurements were per-
formed in a non-multiplexed way. For some of the measure-
ments, such as the spectral resolution measurement and the 
crosstalk measurement, were performed using a slow speed 
TDM, where the row time (𝑡row) is 800 ns, which is 5-times 
slower than the standard full-speed TDM, with the maximum 
number of 4 rows. This allows to reduce the impact of white 
readout noise, which scales as √𝑁row where 𝑁row is the number 
of rows, and noise from settling transients from the fast TDM 
row switching. 

 
Fig. 1. A photograph of the 960-pixel detector assembly. On the side panels, 
10 out of 24 total columns are populated for the readout of 400 pixels at maxi-
mum. The 90-mm detector wafer is kinematically mounted on the snout assem-
bly with 3 sapphire balls and Cu clips. The detector wafer and the readout cir-
cuits on the sides are connected via Kapton flex with superconducting Nb 
traces. 
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III. MEASUREMENT RESULTS 

A. Transition Uniformity 
 The TES transition temperatures in a low TES-bias current 

(~10 μA) were measured for 218 pixels. Fig. 2 (a) shows the 
heat map of the low-bias current transition temperatures and its 
histogram.   The mean transition temperature is 〈𝑇c〉=
(117.9±0.5) mK. Most pixels were uniform in 𝑇c, within ap-
proximately a 2 mK range. 

The compensating field for the offset field was also measured 
for each pixel during this measurement. We have seen a linear 

gradient of the offset field, −0.13 to −0.06 uT, from one side of 
the array to the other. In the following measurements, we have 
used the measured value in single pixel measurement and the 
averaged value for the pixels under test in multiplexed meas-
urement. 

We then measured TES 𝐼(𝑉) curves for 60 pixels, where 𝐼 is 
the TES current and 𝑉 is the voltage across the TES. Fig. 3 (a) 
shows the TES resistance (𝑅) as a function of the TES temper-
ature, derived from the power balance equation 𝐼)𝑅 = 𝐺b(𝑇* −
𝑇b*)/(𝑛𝑇*+,), where 𝑇 is the TES temperature, 𝑇b is the heat 
bath temperature, and 𝑛 is the exponent of power flow to the 
heat bath. The measured thermal conductance is uniform across 
the wafer, and the single representative thermal conductance is  
𝐺b = 86.58	pW/K at the TES transition temperature of 98.14 
mK with 𝑛 = 3.4 where G was determined from a series of I-V 
measurements at different bath temperatures [7]. The heat bath 
temperature for the transition curves shown in Fig. 3 (a) was 𝑇b 
= 55 mK. Fig. 3 (b) shows a plot the 𝑎IV = (𝑇d𝑅)/(𝑅d𝑇) as a 
function of the TES bias point 𝑅/𝑅n, where 𝑅n is the TES nor-
mal resistance. Despite the ~2 mK range of transition tempera-
tures, which is consistent with the low TES-bias transition tem-
perature measurement, 𝑎IV are largely indistinguishable show-
ing a very uniform pixel responsivity over a large extent of the 
array. 

 
Fig. 3. (a) TES resistances as a function of the TES temperature and (b) 𝛼IV 
as a function of 𝑅/𝑅n for 60 pixels. A few tiny ‘kinks’ seen in 𝛼IV are due to a 
noise in the measurement. 
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Fig. 2. (a) A heat map of the low TES-bias current transition temperatures for 
218 measured pixels (colored pixels). The pixels with the solid line are of the 
10 connected columns, covering a large extent of the array. The pixels with the 
dashed line are of the rest of the columns and therefore not connected. (b) The 
histogram of the transition temperatures for the measured 218 pixels. The mean 
is 〈𝑇c〉 = (117.9 ± 0.5) mK. 
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B. Spectral Energy Resolution 
The spectral energy resolutions (d𝐸) were measured at 7 keV 

(Co-Kα) at the TES bias point of 𝑅/𝑅n = 10% for 134 pixels. 
For each spectrum, we have collected ~10,000 pulses for the 
Co-Kα emission line and fitted the line model to obtain the 
spectral energy resolution. Fig. 4 (a) shows the heat map of the 
measured energy resolutions for 63 pixels across the large ex-
tent of the detector array. Fig. 4 (b) shows the histogram of the 
energy resolutions, and the mean is  〈d𝐸〉 = (2.13 ± 0.10) eV 
FWHM at 7 keV. For the given 2.086 eV FWHM at 7 keV re-
quirement, 75% of pixels are within this requirement 

considering the statistical error of ±0.1 eV for the individual 
spectral fitting. 

Since the energy resolution scales with 𝑇//), reducing the 
transition temperature of currently 95 mK at 10% 𝑅/𝑅n to the 
baselined 89 mK would improve the energy resolution by ~0.2 
eV, which would allow 95% of the pixels to meet the require-
ment even without considering the fitting statistical error. 

10 keV spectral energy resolutions at Ge-Kα were also meas-
ured at the same TES bias point of 𝑅/𝑅n = 10% for 15 pixels. 
The mean is 〈d𝐸〉 = (2.56 ± 0.07)  eV FWHM at 10 keV, 
which is much less than the 4-eV requirement. 

C. Thermal Crosstalk 
The thermal crosstalk was measured using 7 keV pulses. In 

this measurement, 1 pixel of one column was used as a ‘perpe-
trator’ and 3 neighbor pixels of another column were used as 
‘victim.’ Those 3 victims are (a) the first neighbor (FN) located 
below the perpetrator, (b) the diagonal neighbor (DN) located 
at the lower left diagonal from the perpetrator, and (c) the sec-
ond neighbor (SN) located below the first neighbor. 

The measured crosstalk signal includes all types of crosstalk 
that are the electrical crosstalk, which is mainly due to the in-
ductively coupled signal along the signal lines, the TDM-spe-
cific crosstalk, which is a crosstalk from a row to the next row, 
and the thermal crosstalk, which is a thermal crosstalk via the 
Si frame of the detector chip. Since we are running the TDM at 
the slow speed, the TDM-specific crosstalk is negligible, but 
the electrical crosstalk is non-negligible and generally domi-
nates the overall crosstalk, and therefore it needs to be canceled 
to extract the thermal crosstalk. To cancel the electrical cross-
talk, we have conducted two measurements, one with the posi-
tive and the other one with the negative polarity TES bias cur-
rents. In this way, two measurements exhibit opposite polarity 
electrical crosstalk (and the TDM-specific crosstalk) while 
keeping the same polarity for the thermal crosstalk, allowing to 
cancel the electrical crosstalk if we take the average of the two 
measured crosstalk signals. 

 
Fig. 4.  (a) A heat map of the spectral energy resolution at 7 keV for 134 
measured pixels (colored pixels). (b) The histogram of the spectral energy res-
olutions for the measured 134 pixels. The mean is 〈d𝐸〉 = (2.13 ± 0.10) eV 
FWHM at 7 keV. 
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Fig. 5.  The extracted thermal crosstalk signals for the first neighbor (blue), 

the diagonal neighbor (orange), and the second neighbor (green) shown along 
with the 7-keV perpetrator pulse shape (black/dashed) scaled by 10-3. All pulse 
heights were normalized to the 7keV pulse heights for the corresponding pixel. 
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Fig. 5 shows the extracted thermal crosstalk for FN, DN, and 
SN along with the perpetrator pulse scaled by 10-3, all normal-
ized to its own 7-keV pulse heights. The approximate levels of 
the thermal crosstalk are 0.008% for FN, 0.005% for DN, and 
<0.001% for SN. These all meet the requirements that are 
<0.04% for FN, <0.03% for DN, and <0.013% for SN. 

D. Environmental Sensitivity 
The sensitivities of the energy gain scale to the environmen-

tal perturbations for the magnetic field, the TES bias voltage, 
and the heat bath temperature were measured at 7 keV for 12 
pixels. For each measurement, we have collected ~2,000 pulses 
for the Co-Kα emission line, which makes the statistical error 
for the line energy centroid to be ~±0.06 eV. For the magnetic 
field, we have applied ±40 nT from the optimal magnetic field 
that makes the low-bias transition temperature the largest. For 
the TES bias voltage, we have varied ±0.55%. For the heat bath 
temperature, we have varied ±0.5 mK. These perturbations 
cause ±50—100 eV shift of the line energy centroid. 

Fig. 6 shows the shifts of the Co-Kα lines for a single repre-
sentative pixel for (a) the magnetic field, (b) the TES bias volt-
age, and (c) the heat bath temperature perturbations. For the 
measured 12 pixels, the mean sensitivities are 〈d𝐸/d𝐵〉 =
2.1 ± 0.1	eV/nT for the magnetic field, 〈d𝐸/d𝑉bias〉 = 11.7 ±
0.2	meV/ppm  for the TES bias voltage, and 〈d𝐸/d𝑇b〉 =
0.108 ± 0.002	eV/µK for the heat bath temperature, and these 
are all meeting the requirements, including the maximum sen-
sitivities of 2.3 eV/nT, 11.9 meV/ppm, and 0.118 eV/μK for 
d𝐸/d𝐵, d𝐸/d𝑉bias, and d𝐸/d𝑇b respectively. 

IV. SUMMARY 
We have fabricated the X-IFU full-scale prototype TES array 

and measured the properties and the performances of the array 
for the TRL-5 milestone. The array was measured on our 960-
pixel test platform and our results showed a uniform low-bias 
Tc distribution across the wafer, as well as uniform transition 
shapes and αIV. The mean spectral energy resolution at 7 keV 
for 134 pixels is 〈d𝐸〉 = (2.13 ± 0.10) eV FWHM. If the tran-
sition temperature is reduced to the baselined 89 mK, it is 

expected that 95% of measured pixels are meeting the require-
ment without considering the fitting statistical error. 10 keV 
mean spectral energy resolution for 15 pixels is 〈d𝐸〉 =
(2.56 ± 0.07) eV FWHM, which satisfies the requirement of 4 
eV with a large margin. We have also measured thermal cross-
talk and environmental sensitivity for the magnetic field, TES 
bias voltage, and heat bath temperature, and all the results meet 
the requirements. 
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same for the nominal heat bath temperature and the perturbated bath temperatures (±0.5 mK). 
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