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"brings new eyes to humanity"

Hiroki Akamatsu (QUP/KEK & SRON)
as a group lead of cryogenic detector group of QUP
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Self-introduction: Hiroki Akamatsu

2012 Ph.D @ Tokyo Metropolitan Univ. X-ray astronomy (supervised by Prof. Y. Ishisaki)

2012-2023: ~11 years at SRON Netherlands Institute for Space Research

Participating the micro-gravity experiment, Charge exchange measurements with TES
development of SPICA/SAFARI, Athena/X-IFU instruments

Feb/2023: moved to QUP as a senior scientist
Mar / 2025: PI & QUPG6s Cryogenic detecito

=> ~20 years experience on Cryogenic TES sensor developments

Demonstration of MHz frequency domain
multiplexing readout of 37 transition edge
sensors for high-resolution x-ray imaging
spectrometers

Micro-gravity experiments with 4-stage ADR+TES
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Signal Readout for Transition-Edge Sensor
X-ray Imaging Spectrometers
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Introduction: Thermal equilibrium detectors and Transition Edge Sensors X

Thermal equilibrium detectors (McCammon et al. 1984):
To detect influx energy by measuring slight increase of
the temperature of the thermistor
Low T, small C and sensitive thermistor
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The temperature returns to the original state after a
time constant of C/G
Thermal fluctuation is the fundamental limitation:

N: Number of phonons in the thermistor
— 2
VNEkgT =\ kgT“C CT/kaT ~ Clks

McCammon 05
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Introduction: Thermal equilibrium detectors and Transition Edge Sensors

X

Thermal equilibrium detectors (McCammon et al. 1984): Noise components
To detect influx energy by measuring slight increase of => Thermal fluctuation noise (from sensor)

the temperature of the thermistor
Low T, small C and sensitive thermistor

=>Johnson noise (from thermistor)
=> White noise (from readout)
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Introduction: Thermal equilibrium detectors and Transition Edge Sensors X

Thermal equilibrium detectors (McCammon et al. 1984): Transition Edge Sensor (e.g., Irwin & Hilton 2005):
To detect influx energy by measuring slight increase of working at the superconducting phase transition
the temperature of the thermistor Extremely sensitive thermistor
Low T, small C and sensitive thermistor dlogR

Sensitivity : @ = ——— ~ 100
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Figure of merit of TESs & State-of-art

Microcalorimeter: Measure Energy of photons
Key Parameter: Energy resolution (qE)

AE = 2% =235 /lgrice Cox T k=1-3

[ —_
0 NEPXw) 2n

T c /100
AE ~1.3eV @ 6 keV
L (100mK) VipikV o

Typical performance:

Bolometer: Measure Power (Energy flux)
Key Parameter: Noise Equivalent Power (NEP)
NEP= 4kBTBGy TNl

*: when the loopgain is large and where the 1/f noise of
the system can be ignored

Typical performance:
Room temperature NEP~2x1010 W Hz1/2
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-17 -1/2 |
35000 mmlg HEE:iﬁglg w E;_l,z | X-ray CCD camera PE ~ 160 eV
| Semiconductor calorimeter E ~ 5 eV
: TES calorimeter E ~ 1.5 eV
Suzuki, HA et al. 2016, Khosropanah, HA et al. 2016 _
" : NASA/GSFC (Miniussi et al. SRON (de Wit, HA et al. 2022)
> > TESA 2018)
_ SiN legs: 4 TES:S ________ I 200 4 Mn-Ka
D S0 pmx 05ty 4 °r 1 5 AEpyy = 1.58 £ 0.12 eV |
N\ | - 7504 80x10pm? - R, = 206mQ - Tc = 80.6 mK
- > 150 AE = 1.50 +/- 0.06 eV ;
SR | ~ Counts: 23880
TiAu 16/65 nm I o 5001
50 um x 50 um p 2r 1 = 100+
SiN Island: 1-2x101° W Hz1/2 | | 3 250 -
220 pm x 280 pum x 155k ; - o
0.25 um I QwJ 50
§ o - N § | = 0
Free space Absorber: N a
Ta 8 nm, 200 um x 200 pum \_ 0 - i : ] i a
bs 100 | 5880 5890 5900 5910
Frequency [Hz] I Energy [eV]
1
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Cryogenic detector group

ok Akamatsy Affiliate members
: : Tasuku Keisuke Koji Kosuke Aritoki
Hayashi Hommai Ishidoshiro Sato Suzuki
Group lead Y |
N
Masaya Noriko Maurice Kaori
Hasegawa Adrian T. Lee Yamasaki Garcia - Sciveres Hattori
Pls

Tommaso Suerfu Yuiji Daisuke

Ghiyna Berkant Chinone _ Kareko Engineering Support Section
Deputy-Pls / Conaga MR firasana Koo Shiom

]

Senior scientists
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Yu Zhou Hayakawa

Jiao Ding

PDs

International Center for Quantum -field Measurement
Systems for Studies of the Universe and Particles (QUP)



QUP cryogenic facility

In the shield room With IPMU cryostat At Kamioka Shared by Solar-Axion Newly arrived.
BlueFors XLD400 BlueFors LD400 BlueFors LD400 and Optical TES In the commission
1000 uW @ 100 mK 400 uW @ 100 mK 400 uW @ 100 mK BlueFors LD400 BlueFors SD

QUP cryo-facility @ Fuji

* Deployed fleet of DR systems in FY2022,
and successfully commissioned them after
overcoming a few troubles (superleak,
vacuum leak ..) in FY2023

New QUP building with new laboratory
=> start-up and movement starting from Summer 2025

« Initial proposal was to use BId.2

* New building is an extra success!
—"Under One Roof”

—— * Lots of extra tasks in the labs ®

International Center for Quantum -field Measurement 3
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Satellite campus: Berkeley see also at

MOLECULAR ia
FOUNDRY

Marvell Nanofabrication
Laboratory at UC Berkeley

e

NO— i E/, \

Physics division cryogenic test facility (LBNL)

e Superconducting sensor development expertise

* Dilution refrigerator for superconducting sensor development
Molecular Foundry (LBNL)

* One of five national DOE user facilities for nanoscale science

* Theory, synthesis, nanofabrication, characterization, data and analysis
Marvell Nanolab (UC Berkeley)

* Microfabrication facility with staff support for process development

E N al



Satellite campus: ISAS/JAXA

A Facilities in clean room was updated in FY 2024 by ISAS internal fund.
A Renewal: ICP-RIE, double-side mask aligner, SEM
A Remodel: plasma CVD
A Roll-out: Organic vaper deposition, N2 gas generator
A Other utilities: positive-pressure circulation etc.

A The fabrication was blocked in winter, but the quality will be improved with the new facilities.

Deep RIE: APX-Predeus
Bosch-process with
90 +/- 1 degree

Aligner: MA-1200A
Alignment accuracy +/- 1um

International Center for Quantum -field Measurement 10
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Cryogeni c detector dgr ol

Kamioka Dark Matter project
Phasel.

Phase2: }

Active vibration isolation syst
Nor i t al j/ i 1 \
I

Optical TES for Quantum application
Solar Axion project

Newly established/stablishing from JFY2025 . .
) _ . . Axion & High Kamloka DM KamiokaDM  Solar Axion
TES application to society Project Freq GW search Phase2 Phasel project
TES + EBIT application Project Matenial analysis New maferial for ., Atomic data base
4 cryogen!c detector \iip Ly
] ) ] _ _ / Kamioka DM \
v Active vibration isolation system [ S Phases T qEséRIT
/ T project

Axion & High Frequency GW search

UCB & LBNL projects —> Suzuki-s a ntal
Kamioka-phase3 (no low-E excess TES)
New MKID for DM search
New material for cryogenic detector

Various collaborations
Honmma-s a ntalks
Miyamaru-s a ntélks

TES application

i
|
|
\ |
) ! X-ray astronomy
|
for society i
I

~
~

Optical .TES for
Quantum gppllcatlon

> Medical care

International Center for Quantum -field Measurement 11
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QUP-Kamioka Dark Matter Project SeeSuer fal § s

" Project was started with a US -Japan proposal in 2022

*  Partnership between QUP and Tohoku U. RCNS (formalized with MOU) ﬁ

* XLD dilution fridge was moved from KEK to Kamioka in November 2024 .

*  Fridge is fully operational in low background cryolab with 1000m rock overburden F s B
*  Commissioning of full setup with local shielding, readout electronics, etc. in progress 1 _ﬂ ‘

" MOU with TESSERACT for operation of a helium target provided by TESSERACT as a first step

1000m underground

KamlLj Nq“/(p

Fridge

CANDLES

Ralils for lead
shield

12



Optical TES group

Microwave SQUID multiplexers

Energy resolution 67 meV
at 0.8 eV (1550 nm)

[ ] Feedline ,

400- ¢ o Y N o H

300 - i /2 S| R §
% TES &
S 200 H L RF-SQUID

100 1 Aa ® ﬁ é( ®

Ramp signal - Flyx-ramp modulation to linearize SQUID teadout
Sp ) —
00 05 i0 15 20 98 =g @ 5%
Energy [eV] .
K. Hattori et al., Supercond. Sci. Technol. 35 (2022) 095002 nght dark matter search 40-,jj‘channe| resonance peaks
Normal metal
Cooper pair uasiparticles
(@OOLOO Al
signals
AlMn W
particles . .
TESs ‘oo o0 — Al N ultiplexing Kamioka DM project
Second payload

uMUX
ua5|part|c es
(@@ LOO >




Solar Axion project

IR adyitoluseluwMUXdinl® UR!



TES application to society

In the collaboration with various disciplines, we are trying to innovate a diagnostics method by me
of TES bolometer, which will have significant impacts on material analysis, medical care.

Current application is limited by sensitivity of the system: sensing coil and receiver.

International Center for Quantum -field Measurement 15
Systems for Studies of the Universe and Particles (QUP)



TES application to society

In the collaboration with various disciplines, we are trying to innovate a diagnostics method by me

of TES bolometer, which will have significant impacts on material analysis, medical care.
Current application is limited by sensitivity of the system: sensing coil and receiver.

Requirements on TES as a receiver (TBD):
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Conceptual design

J/K ..
Superconductor wirings
K - - - . /,,,
Dissipation resistance
A 'éignal from the
<—i-coll+bandpass
. : filters
E| Cdadnversion
3 into the heat
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TES application to society

TES response

TES specifications:

Tres = 300 mK U
Rigs = 100 mOhm !
C = 2.2 pJ/K
G = 1.9 nW/K —
Alpha = 208 5 =
Beta = 2 " |z
Taljse << TaUep o ey W /g
<= Need inductance to dump the signal Q G=1.87 "WIK. Psar=2.69 PW. talimn=6.8 us / 2
[ I o
System specifications: £ - =
Toah = 200 mK =
Tstab < 1 UK s
(can be relaxed or does not matter for the one shot measurement) ! L 10716
Loty = 20 nH |
Bres << 1 uG 10 g - - ol
(TBD: for TES and SQUID) Frequency [Hz]
International Center for Quantum -field Measurement 17
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TES application to society

Identified challenges & R&D items:
TES performance (keeping low NEP and high dynamic range)
Signal transfer (& leakage from the source)
Conversion from input signal into the heat
Detector response time
Performance of superconducting filter
Interference from the enviroment

Tentative timeline:

2025 2026 2027 2028 2029
@ : — . > @ : — _
_ Phase 1: R&D study & feasibility study by demonstration model Phase 2: Construction of main instrument towards field test
|ntgllectqal property
supmission
e >k %K * *
TES characterization  TES characterization i
system preparation and feedback to design Interface experiment
¢ > @ Demonstration moﬁal
> New fabrication(s
Prototype design & ® (s) >

fabrication

* Grant proposal

International Center for Quantum -field Measurement 18
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See Yamada -s a ntalk

TES+EBIT project: X-ray astronomy

counts s-' keV-!

o _ _ CWREREHA EESEEPEAEIE S ) 2. BEET | 22K21360
1. Construct an emission model based on plasma codes (including radie
transfer, atomic physics, etc) N MR X 2 SHTIXERS YE S 2 5 2 DAl & XK ST 72 3 F i A 928
. . . FinA R
2. Convolution by spectrometer response (conversion to energy, gain, _ , _ _ _
linearity correction etc) Creation of an innovative-May spectroscopy system using a superconducting detector and

. ) roundbased application experiments fofrXy astronom
3. Fitting with the observed data 9 PP p y y

Emission model CCD X-ray spectrometers
T T T T T T ] ™7 T T T . . 7 10 N 'I T T T T ] T T T T I T T T T 'l T T T T I T T T T I T T T T 'I __
gt KT=2.0 keV g kT=2.0 keV | Hitomi collaboration (inc HA) 2016, Nature 3
o | ] ol Convolution by 13 ]
i 1% detector response I
1> o E
- 3 (0] - = I T
ey *,5 CCD X-ray camera ]
| 1o 3 ]
" I B © 1
o ; ; *g' o ; w i
- I i 8 -
= pd 01 X-ray microcalorimeter qgE=5 eV
@ o f [ R S B B B
= F o 5.5 6 6.5 7 7.5 8 8.5
E (observed), keV
o
0.5 1 2 5 0.5 1 2 5
Energy (keV) Energy (keV)
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TES+EBIT project: X-ray astronomy

counts s-' keV-!

1. (
oy | : Hitomi data
line
3.1

Pre-launch
55 1,00 plasma code
55 0.10

6.4 6.5 6.6 6.7 6.8
Energy (keV)

International Center for Quantum -field Measurement
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6.9

T I T T T T ] _]
(inc HA) 2016, Nature ]
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TES+EBIT project

counts s-' keV-!

Plasma model / Atomic database need to match with new instruments

o | Atomic data and spectral modeling constraints
e from high-resolution X-ray observations of the

Perseus cluster with Hitomi*

F Correspondlng authors are Makoto Sawada Liyi Gu, Jelle Kaastra, Randall K. Smith, Adam R. Foster, Gregory V. Brown,
,E’_) n 1.00 Hirokazu Odaka, Hiroki Akamatsu, and Takayuki Hayashi.
: =~ ]I"
i VY
~ [ c
§ -
- O
- Wy O
SE
oL
o' E
(?
=2
.
s L
0.5 0.10

T T T T T T T

(inc HA) 2016, Nature 3

Energy (keV)
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TES+EBIT project: Atomic spectra database

Electron lon beam trap (EBIT):

The importance of EBIT is its ability to produce ions of a desired charge state and study their emission by
selecting specific line formation processes => only plasma source can provide astronomical plasma

From NIST Atomic Spectra Database
https://physics.nist.gov/cqi-bin/ASD/lines pt.pl

0 Needs for
X-ray astronomy

_ Nuclear
reactor

Color vs. number of lines:
N/A <100 =200 <500 <1000 <2000 <5000 > 5000

Portable EBIT Micke+18

Linear Gate valve 32cm
manipulator S—

a w

NdFeB
magnets

Gun

chamber ] ;
Gun - i ’
feedthroughs -} - " iA HCl extraction

‘ n’ optics

Universal " clot
/ joint : \ 0y r ‘ ‘ A )
f F-‘-/ CVREERE . — S |
——— = » >

Ball

bearings | ‘ 1 =
XYZ-

- - Y Electron 1
manipulator 1 gun

Pumping

Water-cooled

collector
Drift-tube

feedthroughs Pumping
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0.09 0.86 8.62

1028

—

1024 ]

= = =
o o o
= = [¥]
N o o

=
o o
= [es]

Plasma electron density [cm~™3
=
o
o

Solar core

Accreation disk
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1074
10°
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https://physics.nist.gov/cgi-bin/ASD/lines_pt.pl

EBIT. X-ray TES microcalorimeters

TES calorimeter +EBIT
Hi t o mi r ev-efdhb-adt dasphéaema model s cannot reprod.

=> Strong demand of laboratory benchmark for atomic physics database
=> TES calorimeter (which | have developed)+ EBIT (several in Japan)

Through the construction of a broadband precision X-ray spectroscopy system and
its application experiments, we aim to contribute to RAbring ne

Akamatsu et al. 2021 SRON 80x13 um? kilo-pixel array: 37-pixel MUX Simulated FeXVI dlelfectronlc re'coml?matlon llrlles

< T T T N
O -
good FWHM: 2.23 +/- 0.03 (eV) [ Credit: L. Gu 1
Counts: 129914 o 1
=
600 - 8
2 £ 3]
5 3 %[ TES calorimeter )
8 400 S [V "
o
Q
=
2007 T . Conventional y
g 2 Silicon Drift Detector -
0 = ]
_10 T T T T T T ’ I. ’ O _'_J‘_AL, 'S L A
5.875 5.880 5.885 5.890 5.895 5.900 5.905 5.910 06 08 1 12 14
Energy (kev) ’L")”A"g:{;:;fm“ Energy (kev)
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AC|t|ve Vibration Isolation System for Kamioka - DM project

V511 [pPA/VH?Z]

Masaya, Hiroki collaborate with
Kamioka team (Maurice, Suerfu, Toki etc..)

L. Gottardi, HA et al, RSI 90, 055107 (2019) | He S flow generates high

— PulseTube OFF . — PylseTube OFF
PulseTube ON 107 5 PulseTube ON

X-ray calorimeter bolometer

ol pall| % Vibratiop induced
A

102 4 *. E :
; J _ { noise
Lo *’l " L > '
| Vibration induced noise L 107 W
| (clear peak synchronized with "4 0. TC mf’fjor ?ei‘dSH
] PTC operatlonfrequency) ot | {- era e z
10-1 107 10! 102 107 10-1 10" 10! 10? 107 :
Frequency [Hz]
» Dry refrigerator is now commonly used for various experiments (LDM, CMB, X -ray, O
etc etc..), but its vibration is serious issue for precise (low -N0oIse) measurements.
® Various support mechanism have been developed, but they highly depend on the setup.
We wi | | devel op oOactive vibration i1 solation
address the situation. Goal s to aerhdwivreg ac roynmao ¢



Plan & Tentative Timeline

Laser displacement sensor

s % ml}

. Actuator
% (travel range ~90_um) —

I

=y

Amplimds [

=

x1/10 |

——  Piewa QFF_amp
Piczo ON_amp

o Stepl (in progress):
mechanism

Step2 (FY25 -26):
Step3 (FY27 -, TBD):

9 9

* Concurrently, R&D of direct AVIS for the low

: - ! i w' w
‘, , Frequency [Hz]

POC study was done. Remaining task is introducing feedback

Demonstration in actual DR cooler. Plan to check the impact on TES
Use in Kamioka system.

-temperature (MXC) stage is also being carried out.



Axion & High Frequency GW search

Axion-photon coupling [GeV 1]

Low noise measurement in THz ~ visible light has great impact on new particle search (possibly new
probe of inflation)

Axion, Dark photon search HfGW search

v [THz|
0000 001 01 1 10 100 1000

Light-shining-through-walls

10 3

Fan-san l

10 15
Penning tra ; : 2
—g 0 This region still has room for

10 16

o-17 @@0@ Cavity improving the limits with
1 é;@ (+qubit) high-sensitivity sensors.
1018 b Nitta-san (TES, SNSPD )

10~ (LR L ANLLE T T T

| RS SRS LLLL B | | T T | BLBLRLALLLE LA BEREERLLL Sy |
10~ 10~ 10 10% 107 10® 10° 10* 103 10?2 107! 10° 10!
Axion mass [eV]
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