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HEATES collaboration (J-PARC E62) 
�2

Nuclear physicists +  TES experts  +  Astro-physicists

- High-resolution Exotic Atom x-ray spectroscopy with TES -

HEATES collaboration
�2

Nuclear physicists  +  TES experts  +  Astro physicists

71 collaborators in total

High-resolution Exotic Atom x-ray spectroscopy with TES
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RikkyoU, TohokuU

NIST 

INFN-LNF, Politecnico di Milano
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KU Leuven 

University of Zagreb 

Lund University
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Science goal: Hadron physics with K- 

‣ Hadron physics 
• Hadron = meson(qqbar) and baryon(qqq)

• How are hadrons formed  

from quarks and gluons?

• How are hadrons form nuclei?


‣ K-(anti-Kaon) could be a good probe 
• lightest particle with a strange quark

• KbarN is strongly attractive in I=0

• Nuclear state of a K- and two protons could exit 

as a new form of matter

• K- might play an important role in neutron stars

• Need more precise data for basic interactions

�3

!" # K-
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X-ray spectroscopy of Kaonic atom
�4

- Replace e- with K-  

→Kaonic atom


- K- wave function overlaps  
with a nucleus 
at tightly-bound states


- Perturbation 
by the strong interaction


- Unique probe for K--nucleus 
strong interaction

K- 3He K- 4He

X-ray energy 6.22 keV 6.46 keV

Shift < 1 eV (expected)

Width 2~5 eV (expected)

3d

2p Strong 
interaction

Nuclear absorption

X-ray

Width : Γ2p

Shift : ΔE2p
(Coulomb 

only)

e� mass : me = 0.511 MeV/c2

K� mass : mK� = 493.7 MeV/c2

x1000 mass→x1000 X-ray energy



T. Hashimoto@LTD18

NIST TES for kaonic atom experiment 

๏ Mo/Cu + Bi 4um 

(85% eff.@6 keV)


๏ 240 pixels, 23 mm2


๏ 30 x 8 TDM readout


๏ HPD102 cryostat

�5

□ Integrate with a cryogenic target system


□ In a charged-particle rich environment


□ Low science X-ray rate (~200/week=~1/hour)


□ Absolute energy calibration to 0.1 eV precision

photo credit:
D.R. Schmidt, NIST
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HEATES project
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2013    Start collaboration with NIST 
   LTD15: S. Okada

2014    Demonstration experiment @ PSI, Switzerland 
   (pionic atom)

2015    LTD16: H. Tatsuno

2016    Commissioning with K- beam @ J-PARC, Japan

2017    LTD17: T. Hashimoto

2018    Physics data taking for K- atom @ J-PARC

2019    LTD18: This talk

H. Tatsuno et al., Jour. Low Temp. Phys., 184(3), 930-937, 2016.
S. Okada et al.,  Prog. Theor. Exp. Phys. 2016, 091D01, 2016.

T. Hashimoto et al., IEEE Trans. Appl. Supercond. 27(4), 1-5, 2017.

Poster#61   S. Yamada 
Poster#203 H. Tatsuno 
Poster#243 R. Hayakawa
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J-PARC: Japan Proton Accelerator Research Complex 
�7

Kurume
(LTD17)

Tokyo

Narita

J-PARC
(Tokai, Ibaraki)

J-PARC provides high-intensity proton beam

MR: 30 GeV, ~55Tppp, 1.6 km ring (cf. 7 TeV, 27km@LHC) 

The	22nd	J-PARC	PAC 

Neutrino Beam 
to Kamioka 

Hadron Hall 



T. Hashimoto@LTD18

J-PARC: Japan Proton Accelerator Research Complex 
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Kurume
(LTD17)

Tokyo

Narita

J-PARC
(Tokai, Ibaraki)

J-PARC provides high-intensity proton beam

MR: 30 GeV, ~55Tppp, 1.6 km ring (cf. 7 TeV, 27km@LHC) 

The	22nd	J-PARC	PAC 

Neutrino Beam 
to Kamioka 

Hadron Hall 

K1.8 

K1.8BR 

T1 target 
K1.1BR 

KL 

proton
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tadashi.hashimoto@riken.jp

K-  beam

Lead
shield

Cu degrader (~270 mm)
Beam detectors

X-ray generator

Liquid Helium target system
(Helium-4 refrigerator)

TES
ADR

cryostat

-0.9GeV/c
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K-He setup
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TES

Liq. 3/4He

system

K- beam

lead shields

Cu degrader

SDD

X-ray tube
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X-ray generator

TES 
cryostat

K-  beam

K-He

x-rays

He target 
cryostatSDD

TES 
50mK snout

Liq. 3He or 4He 
target cell

calib.

x-rays



T. Hashimoto@LTD18

Modification for a larger solid angle

✓ Solid coverage: x1.5

✓ X-ray transmittance at 6 keV: 64%→95%

�12

~250μm Si ~50μm Si
+10μm Au x 2

50K

3K

50mK

Aperture
array

Helium target

@1.4K

φ40, Be 250μmt

φ17.5, Al 5 μmt

φ17.5, Al 5 μmt

φ17.5, Al 5 μmt

Helium target

@1.4K

φ40, Be 250μmt

φ24, Be 25μmt

φ22, Be 25μmt + Al-Mylar for Meissner shield

φ30 None

NIST standard J-PARC optimized
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TES & He target cell
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TES

Liq. He

target cell

He target

cryostat

TES

cryostat

K-  beam
Φ75 x 90 ~ 400 mL
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Target region with shield, MLI, SDDs
�14
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Long-term operation of cryogenic systems
�15

Stable operation for one month 
(28 He refills &  27 mag cycles)

3He 4He4He

H
e 

ta
rg

et
TE

S
beam time

performed Liq. He refilling & magnet recycle once a day
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In-beam energy calibration

✓ X-ray tube was always ON during the experiment

✓ Run-by-run (2 hours), pixel-by-pixel calibration

�16
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X-ray tube

w/ Cr, Co, Cu foils

Cr

Co
Cu

1 run, 1 pixel, ~ 2 hour exposure 

Kα

Kβ

Kα

Kβ

Kα

Kβ

K-3He K-4He

interest 
region

CrCu Co

H. Tatsuno et al., Jour. Low Temp. Phys., 184(3), 930-937, 2016.
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Effect of charged particle hits
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Charged
particle

If charged particle hit on the Si substrate,
heat will spread out throughout the array,
making small bump signals in many pixels

If charged particle hit on the detector pixel,
it deposits ~10 keV energy (Bi 4um), which 
become severe background in the spectrum

Charged
particle

Poster#61 S. Yamada,    Poster#243 R. Hayakawa

Pulse height distribution in the array
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Charged particle identification

‣ No difference in the primary pulses between X-rays and charged particles 

‣ If we look at neighboring pixels, we can reject half of the charged particles

�18

primary 
(chan 129)

neighbor2 
(chan 155)

neighbor1 
(chan 171)

neighbor4 
(chan 161)

neighbor3 
(chan 139)

 Poster#243 R. Hayakawa
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Shorter record length to avoid pileup

✓ Thermal cross talk bumps deteriorate resolution

✓ Minimize chance to have pileup bumps

�19

Photo credit :
D.R. Schmidt, NIST

Charged
particle

X-ray

1c
m

Photo credit : J. Uhlig

short record length

post_cut=500
pre_cut=0

full record length

1024 samples

524 samples
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eV Full record length
ΔEFWHM = 6.6 eV
LE tail 28 %

Short record length
ΔEFWHM = 5.7 eV
LE tail 18 %

already excluded the piled-up events in the pulse peak region

Co Kα

run 397 sum of 221 TES pixels, beam on

peak region post peak region

Response of TESs to charged particle impacts and
analysis technique for exotic atom X-ray spectroscopy

18th International Workshop on Low Temperature Detectors 22-26 July 2019 - Milano, Italy

Hideyuki Tatsuno¹, D.A. Bennett², W.B. Doriese², M.S. Durkin², J.W. Fowler², J.D. Gard², T. Hashimoto³,
R. Hayakawa¹, T. Hayashi⁴, G.C. Hilton², Y. Ichinohe⁵, H. Noda⁶, G.C. O’Neil², S. Okada⁷, C.D. Reintsema²,

D.R. Schmidt², D.S. Swetz², J.N. Ullom², S. Yamada¹, for the J-PARC E62 Collaboration

1. Tokyo Metropolitan Univ., 2. NIST, 3. JAEA, 4. ISAS/JAXA, 5. Rikkyo Univ., 6. Osaka Univ., 7. RIKEN

1. Identification of charged particle events

2. Thermal crosstalk effects in pulse peak region

3. Short record length analysis and the piled-up events in the post peak region

4. Baseline shift, gain drift, and drift correction 5. Summary

The application of TESs at the charged-
particle-beam environment requires non-
trivial analysis techniques. Investigating the
charged particle impacts on the TES array is
important to perform precision X-ray
spectroscopy. The energy deposits of
charged particles on the array, especially on
its silicon substrate, can cause small thermal
crosstalk pulses in all TESs. The pileup of
the thermal crosstalk and normal X-ray
pulses degrades the energy resolution due
to poor pulse-height estimation via optimal
filtering, moreover the additional low-energy
and high-energy tail components are needed
to fit the X-ray peaks.
The group trigger is used to aid in the
identification of thermal crosstalk. A TES
pulse triggers the recording of that TES
(primary records) and the four adjacent
TESs (secondary records).

Thermal crosstalk in the pulse peak region is
identified using secondary event records from
the four adjacent TES pixels. We define the pulse
peak region as 256 samples from the primary
trigger (1 sample is 7.2 μs) and can evaluate the
peak-region-mean value (PRMV) for each TES.
Abnormally high PRMV indicated that an X-ray
event is affected by the pulse-peak-region
thermal crosstalk.
The high-energy component of the X-ray peak is
excluded by the PRMV cut. There is no need for
the empirical high-energy tail function to fit the
X-ray peaks.

High-energy
component
due to pileup
(fraction ~19%)

Piled-up events with
thermal crosstalk in
the pulse peak
region

CoKαCoKα
Excluded the piled-up
events in the pulse
peak regionClean events

excluded the pileups

All events

run 397 sum of 221 TES pixels, beam on

−100 −80 −60 −40 −20 0 20 40 60
peak region mean of group triggered TESs

1

10

102

103

C
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nt
s
/0
.1
ch

Beam off

Beam on

Most likely
piled-up events

80 100

accepted

The use of the shorter record lengths improves the FWHM energy resolution from 6.6 eV to
5.7 eV at the Co Kα and reduced the LE tail fraction from 28 % to 18 % without losing any
events. The record-length dependence of the energy resolution shows the optimal point at
the post cut=500 and pre cut=0. In our case, the charged particle hit rate on the TES array
is ~40 cps/array.

Developed the analysis techniques to identify the piled-up events with
the thermal crosstalk and to reduce the pileup effects.
The high-energy and low-energy components of the X-ray spectra are
excluded by using the pulse-peak-region analysis with the group trigger
and the shorter record-length analysis to discard the piled-up record
timing, respectively.
These methods improve the energy resolution from 6.6 eV (FWHM) to
5.7 eV at 6.9 keV and enable simpler fits of X-ray spectra, which leads
to precise and accurate energy calibration.
Acknowledgements: This work was partly supported by the Grants-in-Aid for Scientific Research
(KAK- ENHI) from MEXT and JSPS (Nos. 16H02190, 15H05438, 18H03714, and 18H05458). We
thank the members in the NIST Quantum Sensors Project. We appreciate the significant contributions
by J-PARC, RIKEN, and those who kindly have backed up the J-PARC E62 experiment.

The baseline is slightly changing when beam is on in addition to the gain drift, because the
heat from the charged particles energy deposits heats the TES pixels. The beam-on and
beam-off correlation between baseline and pulse height could be slightly off. If the energy
calibration curve is shared, the beam-on X-ray peak position may shift by 0.2 eV.

Beam-on and off PRMV distributions of the
adjacent TESs (secondary records). Events
affected by the thermal crosstalk are identified
by the condition |PRMV|≥10 (19 % of all pulse
records).

The beam-on energy spectra of Co Kα X-rays summed over 221 TES pixels. Left, the energy spectra of
all events (black), events affected by the thermal crosstalk in the pulse peak region (orange), and clean
events not affected by the thermal crosstalk in the pulse peak region (blue). Right, the normalized
spectra of events not affected by thermal crosstalk (blue) and affected (orange) in the pulse peak
region. The orange histogram has a visible high-energy component.

Left: The 240-pixel Mo-Cu bilayer TES array,
each pixel is covered with the 4-μm thick Bi
absorber. The total active area is 23 mm² with
the gold-coated silicon collimator. Right: Time-
division-multiplexing (TDM) readout system
through 8 SQUID columns.

Co Kα

18th International Workshop on Low Temperature Detectors 22-26 July 2019 - Milano, Italy Hideyuki Tatsuno, Tokyo Metropolitan University

Poster#203 H. Tatsuno

* ~5eV FWHM @ beam off
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Combine with beam-line information

✓ Every kaon beam timings are implemented into the TES data 
stream in the row time unit. (trow=240 ns)


✓ Full information of the beam line detectors (~1000 readout channels) 
for each kaon beam is available by offline synchronization 
based on the timestamp.

�20

K-4He 
3d-2p 

(6.4 keV)

Timing resolution
of TES pulse arrival
~500 ns FWHM
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Kaonic Helium-3/4 X-ray spectrum
�22

We will carefully extract the peak positions and widths
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Summary
‣ TES-based X-ray spectrometer was applied 

to Kaonic atom experiment at J-PARC, Japan. 
• Contribute to determine the Kbar-nucl. potential depth. 


‣ Successfully obtained nice spectra by using 
various analysis techniques 
• In-beam energy calibration


• Charged particle ID with neighboring pixels: “group trigger”


• Shorter record length


• Combine with beam line detector data: “external trigger”


‣ Next: Kaonic atom at DAΦNE in Frascati

�23


