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We develop an x-ray Ti/Au transition-edge sensor (TES) with an Au absorber deposited on the center of TES and
improved its energy resolution using the K-means clustering algorithm in combination with Wiener filter. We firstly extract
the main parameters of each recorded pulse trace, which are adopted to classify these traces into several clusters in the K-
means clustering algorithm. Then real traces are selected for energy resolution analysis. Following the baseline correction,
the Wiener filter is used to improve the signal-to-noise ratio. Although the silicon underneath the TES has not been etched
to reduce the thermal conductance, the energy resolution of the developed x-ray TES is improved from 94 eV to 44 eV at

5.9 keV.

Keywords: transition-edge sensors, energy resolution, K-means clustering, Wiener filter

PACS: 85.25.0j, 85.25.Am

1. Introduction

Superconducting transition-edge sensors (TESs) are ex-
tremely sensitive thermal detectors because of their sharp
superconducting-to-normal transition, which can be used to
detect photons from millimeter, near infrared through x-rays
and y-rays.!!! Large-format TES arrays with higher energy
resolution (AE) are widely used in the fields of astrophysics
and particle physics. For example, Athena x-ray observa-
tory proposed by ESA is planned to launch in the 2030s.
The x-ray integral field unit (X-IFU) on board of Athena
is a cryogenic imaging spectrometer based on several thou-
sands of TESs with AE better than 2.5 eV for photon energies
up to 7 keV.?! Ti/Au bilayer TES microcalorimeter exhibits
a AE of 2.0 eV@5.9 keV.P*! By reducing critical tempera-
ture (Tc) and pixel size, the best AE obtained up to date is
1.56 eV@5.9 keV.[*l A new process is developed to fabricate
Mo/Cu bilayer TESs by breaking vacuum and introducing a
patterning step between the deposition of the superconductor
and normal metal layers, which can tune 7¢ across a broad
range.’] TES fabrication process can be simplified by inte-
grating the sensor patterning with the deposition of Mo/Au/Au
trilayer films, and AE of 6.66 eV@5.9 keV is reported.[f A
4 x 4 Mo/Cu TES array integrated with a 2.4-pum-thick bis-
muth absorber has been developed for the free-electron laser
facility around ShanghaiTech University, which shows a quan-
tum efficiency of 70% and AE of 5.2 eV at 5.9 keV.” In
addition, the data acquisition and processing are also crucial
for obtaining better AE.'8] During the experiment, some false
traces are recorded due to interferences, SQUID flux jump,

fCorresponding author. E-mail: wzhang@pmo.ac.cn
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heat sink temperature drift, high energy particle, etc., therefore
it is necessary to discriminate them from the correct traces.

We have developed optical/near infrared superconducting
single-photon detectors based on titanium TES,!”! whose sys-
tem quantum detection efficiency is as high as 90% at telecom-
munication band. We further fabricate x-ray Ti/Au TES and
deposit an Au absorber on the center of TES by electron-beam
evaporation. Note that for the first step the silicon substrate
underneath the TES sensor has not been etched. We propose
to classify the recorded pulse traces into several clusters with
K-means clustering algorithm, among which the correct traces
are selected for the following processing. Then the baseline is
corrected, followed by Wiener filtering to improve the signal-
to-noise ratio, thus AE. As a concept of proof, we found
that the AE of the Ti/Au TES without deep reactive ion etch-
ing (DRIE) is improved to 44 eV from its original 94 eV at
5.9 keV.

2. Transition edge sensor and measurement
setup

Superconducting Ti (35 nm)/Au(50 nm) bilayer is de-
posited on the silicon substrate coated with a thin layer
Si0, using electron-beam evaporation in an ultrahigh vacuum
environment.'!% The active area ranging from 50 x 50 pum? to
200 x 200 um? is formed with lift-off process. A typical TES
is shown in Fig. 1(a), the Ti/Au sensor is 50 pm square, and
a 1.1-um-thick gold layer with dimensions of 30 x 40 pm?
is directly deposited on the Ti/Au sensor as the absorber.!'!]
Contact pads and wires are formed from a 150-nm-thick Nb
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film, whose critical temperature is 9.2 K, acting as Andreev re-
flection to prevent the relaxation of thermal energy. Note that
the silicon substrate is not removed by DRIE and the electron-
phonon interaction is the dominant energy relaxation mecha-
nism. As shown in Fig. 1(b), the Ti/Au TES and SQUID ar-
ray are mounted in a cooper block, and the TES is connected
to the input inductance of the SQUID array with a current
noise of 7 pA-Hz /2112
box is incident on the TES through a 0.5 mm hole. >°Fe nu-
cleus becomes ¥Mn and emits an x-ray photon. The emit-

I X-ray from a °Fe source in a Pb

X-ray TES

=

/Au sensor
Au absorber

Nb leads

Ipias

———

Rsn

ted x-rays are 90% Mn K (5.9 keV) and 10% >*Mn Kp
(6.5 keV).!"3] As shown in Fig. 1(c), the TES block is then
anchored to the FAA stage of an adiabatic demagnetization
refrigerator (ADR), whose base temperature is about 50 mK.
Figure 1(d) shows the schematic diagram of the readout cir-
cuit, where Rpar is the parasitic resistance and Igjas is the
bias current. A shunt resistor (Rsy) of 1.2 mQ integrated in
the SQUID chip provides voltage bias to the TES. The induced
pulse response is recorded by a Keysight Infiniium S-series os-
cilloscope with the data sampling rate of 125 Ms/s.

Fig. 1. X-ray superconducting TES and measurement setup: (a) photo of x-ray TES with the Au absorber on the center of Ti/Au TES,
(b) x-ray TES block integrated with SQUID, (c) measurement setup in ADR refrigerator, (d) schematic diagram of the readout circuit.

We measured the resistance transition curve and current-
voltage curves of the x-ray TES at different bath temperatures
(Toath)- Its normal resistance (Ry) is 46 mQ and critical tem-
perature (T¢) is 200 mK. The Joule power at 30% Ry is fitted
to the heat flow equation,!!! and the obtained thermal conduc-
tance G is 7.7 nW/K. All key parameters for this TES are listed
in Table 1.

Table 1. Main parameters of the x-ray TES.

Parameters Values
Normal resistance 46 mQ
Critical temperature 200 mK
Thermal conductance 7.7 nW/K

3. Pulse trace classification and baseline correc-
tion
We record 4000 pulse traces while the TES is biased at

21% Ry and Tyyg of 100 mK. 3Fe x-ray source has two main
emission peaks, which are Mn Ky at 5.9 keV and Mn Kp at

6.5 keV. The pulse height presents the energy of absorbed x-
ray photons. Figure 2 shows the energy spectra of originally
recorded pulse traces. AE (i.e., the full width at half maxi-
mum) is 94 eV for the 5.9 keV energy peak.

400

300 A

[ x AE =94eV@5.9keV

200

Count

5.7 6.0 6.3 6.6 6.9
Energy (keV)

Fig. 2. The energy spectra of directly recorded x-ray pulses.
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There are various noises or interferences during the exper-
imental process. Three major noises are considered: Johnson
noise and thermal fluctuation noise of the TES, and Johnson
noise of Rgpy.!!! In addition, the switch of our water chiller for
the ADR refrigerator might trigger the oscilloscope to produce
false pulses. The baseline might be shifted due to SQUID flux
jump. High energy particle will generate a pulse with high am-
plitude. Pile-up event can occur if two or more x-ray photons
are incident on the TES in a short time less than the recov-
ering time. Therefore, it is necessary to identify them and to
reject the false data before further processing. To reduce the
difficulty of data processing, we extract the main features of
each trace. As shown in Fig. 3, a typical pulse trace includes
the following features: pulse amplitude, baseline, rising edge
time (Tise ), falling edge time (Teay).

50 T T
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(=]
T

Amplitude
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no
=]
T

Output (arb. units)

Baseline
1 Shift
0 . . . . T . . . . .
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(=]

100

Fig. 3. Schematic diagram of response characteristics involved in K-
means clustering.

Table 2. Classification of recorded pulse traces.

Cluster Features Possible reason Percentage (%)
a interference water chiller on/off 2.2
b baseline up shifted SQUID flux jump 24.7
c baseline down shifted SQUID flux jump 27.7
d correct pulse trace 37.7
e pipe-up two x-ray photons incident in a short time 2.5
f extreme high amplitude high energy particle 4.7
g extreme large Tpyy photon incident on leads 0.5

We thus divide all recorded pulse traces into 7 classes us-
ing the K-means clustering algorithm!'# as shown in Table 2.
The clusters minimize the sum of the squared deviation of each
pulse traces from the mean in the cluster.!'>! It can be viewed
as the minimization of an objective function

K 4
SSE=Y Y Y (i —mij)?,
k

=1ieCy j=1

(D

where x;; is one of the extracted feature parameters (base line,
amplitude, Tyse and Tgy) of ith pulse trace, j=1,...,4, my;
represents the corresponding mean of /th feature parameter in
cluster Cy and is given by

Myj = — Z inja

"k iec, j=1

2)

where ny, is the number of traces in cluster Cy. Figure 4 shows
the iteration process to find the minimum of Eq. (1). At the
beginning, each trace is assigned to a cluster with a smallest
mean, then we calculate the new mean in each cluster. New
distance for each trace is then re-calculated and it will be as-
signed to a cluster with the new smallest mean. The calcula-
tion will stop if no trace is assigned to a new cluster.

Typical trace for each cluster is shown in Fig. 5 and the
corresponding possible reason is listed in Table 2. Clusters a,
e—g are small parts of the total traces and they are rejected.
We then correct the baseline for clusters b and ¢ and combine
them with cluster d. The histogram of pulse height is plotted

in Fig. 6. After rejecting the false traces and correcting the
base line, AE is improved to 76 eV at 5.9 keV. We found that
the K-means clustering algorithm will be effective to reject the
false traces if the cluster number and main features are easily
identified before the classification.

Extract main parameters of each trace

¥

Assign 7 clusters and their initial means

¥

Calculate the distance of each trace to the

h
mean
Assign the trace to the cluster with the
smallest mean
Calculate the new mean in each cluster
Yes
A trace is assigned to

a new cluster?

End

Fig. 4. Flow chart of K-mean clustering.
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Fig. 5. Typical traces found during the experiment process: (a) interference, (b) baseline up shifted, (c) baseline down shifted,
(d) correct pulse trace, (e) pipe-up, (f) extreme high amplitude, (f) extreme large Te,.

4. Noise reduction using Wiener filter

We further improve the signal-to-noise ratio with Wiener
filter.''®) Based on Fig. 6, we choose the pulse traces corre-
sponding to 5.9 keV to obtain the averaged pulses as the tem-
plate [S(¢)] (see Fig. 7). The falling time (or effective response
time) is about 20 ps, relatively fast in that the silicon substrate
is not removed. Each pulse has the form of H x S(¢) since we

assume that our superconducting TES detector works in its lin-

ear regime, where H is the height (or amplitude) of the pulse
trace. Then the pulse height is described as

H =Y D(t)xS(t), 3)

where S(r) is the optimal filtering template, and D(¢) the
recorded pulse response. The signal-to-noise ratio (SNR) is
calculated by

S
SNR = 20log — 4
og )
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where S and N represent the signal amplitude and root-mean-
square (RMS) noise, respectively. As shown in Fig. 7, after
applying the Wiener filter, the SNR is raised from 26 dB to
33 dB. The height distribution as a function of photon en-
ergy is shown in Fig. 8, and the obtained AE of this TES is
44 eV@5.9 keV.

400
0
3001
AE=T76eV@5.9keV
i
g
3 200
O
100
0 L s
5.7 6.0 6.3 6.6 6.9

Energy (keV)

Fig. 6. The energy spectra of x-ray pulses after correcting the baseline.
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Fig. 7. A typical response before and after Wiener filtering.
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Fig. 8. The energy spectra of x-ray pulses after Wiener filtering.

5. Conclusion

We have studied performance of an x-ray Ti/Au bilayer
TES with the Au absorber on the center of the senor with-

out etching the silicon substrate under the sensor. The ther-
mal conductance is 7.7 nW/K, and its recovery time is about
20 ps. By K-means clustering and Wiener filtering, the en-
ergy resolution is significantly improved, and it has increased
from 94 eV to 44 eV @5.9 keV, which can be further improved
by DRIE, reducing Tc by baking,!!”! and optimization of the
measurement setup.
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