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1. Introduction



Kaonic atom X-rays

X-ray spectroscopy

X-ray
n+1 Spectrometer
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Scattering length & potential

Kaonic hydrogen & deuterium A
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U.-G. MeiBner et al, Eur Phys J C35 (2004) 349
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Kaonic helium : experiments

AE = Eea:p. — EEM

SHIDDHARTA
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1970 ~ 1980

v Old “puzzle” has been solved
v Shift < 5 eV, Width < 20 eV

v  Precision ~ 2 eV << Resolution 150 eV
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Kaonic helium : theoretical values

Special interest in connection with light kaonic nuclel

Y. Akaishi (EXA2005 proceedings)

: p-wave nuclear state

eV
10

-10

-15

- © :
> U =120 MeV. —m
5 coupl : 3He-K-
BT .
| -
4
ey
© | 300 U,MeV
e} I l 1 1 I
100 200 —
) :
| .Z :\/
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J. Yamagata-Sekihara, S. Hirenzaki

(Private communication) Width : ~2 eV
Phenomenological Chiral
Vopt(r=0)~ - (180+73i) MeV  Vopt(r=0)~ - (40+55i) MeV
K-4He -0.4 eV -0.1 eV
K-3He 0.2 eV -0.1 eV

coupled-channel potential

E_ Friedman KM (Kyoto-Munich) KN amplitudes

within their sub-threshold kinematics model

(N PA959(201 7)66) + a phenomenological term

Shift (eV) Width (eV)
K-4He 0.00 1.6
K-3He 0.22 2.3

v Is there large shift > 1 eV, and width > 5 eV ?
‘/ Slgn of the shift ? (attractive shift = no p-wave nuclear bound state? )

— eV-scale energy resolution is mandatory




Need one-order better precision

Past measurements e | K he

with SDDs : + 2 eV X-ray energy | 6.22 keV | 6.46 keV

expected shift AE <1 eV

expected width [ ~2-5¢eV

— (O |Y Statistics : 200 counts
v Resolution : AE ~ 6 eV FWHM

2p level shift [eV]
( K-4He & K-3He )
o
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Need one-order better precision

Past measurements e | K he

with SDDs : + 2 eV X-ray energy | 6.22 keV | 6.46 keV

expected shift AE <1 eV

B expected width [ ~2-5¢eV

— (O |Y Statistics : 200 counts
v Resolution : AE ~ 6 eV FWHM

2p level shift [eV]
( K-4He & K-3He )
o

“high resolution + Large detection area’ is essential




2. X-ray microcalorimeter



super
conducting
State

10

TES microcalorimeter

— Microcalorimeter

SQUID
Readout

P
,f°

articles
AE

1. Incident particles absorbed
2. Energy AE -> Phonon

3. Tiny temperature rise Is
measured by a highly sensitive
temperature sensor TES

Reference : Bennet et al., Rev. Sci. Instrum. 83, 093113 (2012)
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TES microcalorimeter

Microcalorimeter

=

- Transition Edge Sensor ——
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Reference : Bennet et al., Rev. Sci. Instrum. 83, 093113 (2012)
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TES microcalorimeter

——  Microcalorimeter % Transition Edge Sensor ——
super particles
conducting fAE Ro~50 mQ ! T T T T T
state Kj
normal
Absorber 87 conducting
o - : state
8' 2 06- e
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Reference : Bennet et al., Rev. Sci. Instrum. 83, 093113 (2012)
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TES microcalorimeter

——  Microcalorimeter s Transition Edge Sensor ——
super
conducting Ro~50 mQ) !
state
T2 0.8
C )
8 | 7 % ' particle 4
’ gG % < absorption § L
’ 7 o | Rapid increase
TAAANA T z In resistance
L 1
SR, }RO ]
AN 1 0-2
Tiny temperature rise
— SQUID §G 1
- Readout 1 0 ——
T 119 120 121
b Temperature (mK)
N\ AN J
Typlcal % i rise time ~ éOO us ) ‘ ] 2
pulse decay ime ~500ps || high energy resolution (AE / E ~ 10-9)

TES : AE (FWHM) ~ 5 eV @ 6 keV X-ray

Trise~L/(Rsh+RO) 7
(ref. SDD : AE (FWHM) ~ 150 eV @ 6 keV)

Tral~C/G | | | |
0 2 4 6 8 10

. time [msec] Reference : Bennet et al., Rev. Sci. Instrum. 83, 093113 (2012)
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TES microcalorimeter

Microcalorimeter

Transition Edge Sensor ——

Energy resolution :  AE o \/T2C/a;

Saturation energy : Fsat &~ 4TcC/ay

’ //
super particles
conducting ’;JAE Ro~50 mQ 1
state
T2
Absorber
8 C,
: < .
" Dynamic range
4—
TES T, (e« C/ )
R, L |3
§ sh RO
— SQUID
- Readout T
119 120 121
Temperature (mK)
o N )
e SlogR To S8R . 516117 | ‘
Temp. sensitivity : a7 = 10T |, = R 5T Typical 3 rise time ~ 200 ps
0 0 @) 1

pulse decay time ~ 500 ps

Trise~L/(Rsh+RO)
Trai~C/G
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Adiabatic Demagnetization Refrigerator (ADR) )

v Cooled down to 70 mK with ADR & pulse

L ,
.

two-stage

102 DENALI
Pulse Tube ADR Cryostat
. kel S pulse tube
acuum Jacket Size
33cm X 22 cm X (60K, 3K|) TES
66 cm Tall T f
Experimental Volume —_— L ’,—_z' - Chlp
24 cm X 15 cm X E
14 cm Tall e
1st Stage Cooling Power S _wicilB i > it -
25 W @ 55 K N
50 mK cryostat |
(model : HPD 102 DENALI)
2nd Stage Cooling Power (double-stage salt pills : GGG 1K, FAA 50mK)
0.,7W @ 4.2K
|
GGG Cooling Capacity . ‘
12J@1K m
(< 500 MK @ GGG) |
B clatively |
ADR Base Temperature com pact
<50 mK W =] 1 NN

< SI/ET™ { W

FAA Cooling Capacity
118 mJ @ 100 mK




NIST

TES array (NIST)
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TES array (NIST) ST
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Issue & solution

Requirement :

v Statistics : ~200 counts / week — very low rate
v Resolution : ~6 eV FWHM

In a large background of charged particles

< large beam spot size (~several cm), - contamination, K- decay, reaction ...

Issues

cause

solution

Poor S/B ratio

v timing cut : selecting “K-stop events”

charged- | v cross-talk cut using neighboring pixel info
: : particle hits . . _ — .
Deterioration of on TES v installing lead shield to avoid direct hits of
resolution beam-caused background
Long-term low rate v in-situ energy calibration using X-ray
stability science x-ray | generator (to be accurate as good as 0.2 €V)




3. E62 experiment



First case to use TES in charged-particle rich environment

v How the TES responses to a charge-particle hit ?
v Can the TES keep its excellent performance ?

2013 Start collaboration with NIST
2014 Demonstration experiment @ PSI (pionic atom)
— J. Low. Temp. Phys. 184, 930 (2016)

2015 Approved as J-PARC E62 - PTER 20T, IO
2016 Commissioning with K- beam @ J-PARC

— |IEEE Trans. Appl. Supercond. 27 (4) 2100905 (2017)
2017
2018 Physics data taking for K- atom @ J-PARC, ~18 days

— J. Low Temp. Phys. 199, 1018 (2020)
— Phys. Rev. Lett. 128, 112503 (2022)

19
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Collaboration

ES / J-PARC

—062 collaboration

-

.

(@)

U INFN-LNF, Politecnico di Milano

Chu
Osa

oul, JAEA, JAXA, KEK,
kaU, RCNP, RIKEN, RikkyoU,
UTokyo, TohokuU, TMU, TokyoTech

@ NIST
£\

- Stefan Meyer Institut

University of Zagreb
O Lund University
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Nuclear/hadron physicists + TES experts + Astro physicists

/0 collaborators In total



J-PARC hadron experimental facility i

our experimental

|
_ P K- beam is extracted
| as a secondary beam
produced by p+Au collision

1 KI.1BR

from main ring
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J-PARC E62
setup

Liq. Heliunm e
get-Cryoste

@ 2
)
\ %\‘}\

|
|

Pb shield

X-ray generator

<
900 MeV/c ,000 dE counter & MWDC
Cu degrader \(thin scintillator to identify stop K- events)
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TES & He target cell
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Target region with shield, MLI, SDDs
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4. Results
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Operation of cryogenic systems

beamtime
4He 3He
<4+ <«
2 | lli | | | | | | | I | | |
$ : ! {
g 1.8 .E .
D 1.6 :
He D I
target| 3 14 .
m :
keep ~1.4 K *—12—\ﬁ
Jacuu-Cooled : 1+ 1 tperformed Lig. He refilling & magnet recycle once aday : :
WIthLIq4He ‘_ . T 1/' CRET! PN Y 1 1 ! ! ! [ T T T " 3 O B R -
10
v
£
TES| =
wn
oC
keep 70 mK 0 S 1
< >
Adiabatic T
Demagnetization
. 0 | | | | | | | | h | | l. | | | [ |
Refrlgerator 5/3 005@’()6/0)?8/09 0306/0106/0506/06‘08/0) /0006/0906/] 006/,)?6/, 906/,3 /] »” /] 508/,6?6\/, )06/, 006/736@006,@?8¢e06@30849¢06‘49 5?8/'?6'06/‘?)06/?0 /{906‘/"?0

with pulse tube

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



all dataset
all channels

1 sub dataset
1 channel
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In-beam energy calib. (X-ray tube)

S 8
] — ]
1064 w IIT “ "
> | ¥ X "’Mi *Mi v ) 9 v,
] H H I I o o S 3
n 1007 O O L0 off O O
2 104 4 o
> |% |
S 1n3 ] !
O 103_§ 1 |
—— p_filt_value_dc2_gain
> ® anchor points
O 102 5
m _
: 5.
5 10! £
O <
O © .
0. il | ' spline
].O \ | I Nl \ 11 1 | 1N R . 't | _t-
5000 5500 6000 6500 7000 7500 8000 8500 9000 Interpolation
X-ray energy (eV) 0 2000 4000 6000 8000 10000

Energy (eV)

v X-ray tube was always ON during the experiment
v Pixel-by-pixel calibration every 4~8 hours



0.8 -

0.6 -

Counts /1 eV

TES in-beam performance

After all the analysis optimization (mainly reduction of charge-particle effects)

.o« Response function Resolution geometrical map

56 54 57 5.0

---- intrinsic

w/o tail 51 52 53 57 5g B8 55 °°
i 63 53 -
10 49 56 53 55 54 50 56 18
. 48 59 54 ——
flt B °C 7 Em eq B9 B3 56 5.2

52 55 54 55 59 52 47 55 5.1

50 58 49 48 5.1

¢ data

6.0 5.7 5.1 55 5.8 6.0 5.0 6.7 54 5.6 5.3

47 54 g5 54 5.6

55 56 51 58 59 52 51 59 g3 50 50 48 49 52 55 53
52 52 53 5.0 54 49 53 54 53 53 56 5.6 4.8 54 54 4.9 6.1
54 52 45 49 57 59 50 57 64 48 6.3 6.8 55 5.6 4.9 59 54

59 55 53 5.1 53 5.0 47 55 52 51 54 57 55 54 59 53 49 59

54 4.8 49 5.0 6.0 49 54 4.6 56 56 58 52 52 51 55 49 5.8

49 45 56 4.8 50 53 57 48 49 59 62 59 55 55 5.4

04l ~5.8 eV FWHM

56 54 54

55 4.9 45 55 49 48 53 6.9 6.3 5.7 5.3 5.4

49 57 23 55

49 52 54 6.3 48 6.1 57 62 538

53 6.1 4.6
56 4.8 1 4
54 4.6 11.049 i° B 55 55 B3

51 57 22 49 53 45 5y

50 5.0 5.4 54 6.1

5.0 49 5.1 gl 4.7 5.3

5.7 4.8

0.0 r———"""":ff

6880 6900 6920 6940 Resolution at CoKa |
Energy (eV) no box : doesn’t work at all (12 pixel)

Detector response is well described
by a gaussian and a low-energy exponential tall



31

“ ol
.
.

RS
.,/\ . ,,..Jrlu .
@ oy

N

et

. ) \n n
._.\Wn\m
¢ ,..Lt\..ﬂ

’ \J‘\. 2 24y

._.\A% “\&w‘ ,., u..

A 5
» A \
A
\ .II/
. /
AN
- /Vl/‘/
» I”
A : -'
-/ ‘ |
D NN : 3
U | ..—l. X ’-.
- NN | .
. 'r.
v BN p:
U | ..,. N * .
-~ " v t l .
== N |
; N
e A \ 3
-ty | ) ,valt 8 :"
- . .,. r.
uy .. , D
- |.. ”l . c
- - 3 -.t
: N
[ .4. . ‘
\ 3 .l I l
-\ .
5

.

._
m.v.uw l‘..

¢

le hi

'.
: —ay -
s »
-
-
- N
’
e ;
\ »
A
7/ '
.
A
5
)

.
!
2

/

Charged partic

.-»)IJ




Charged particle hit

Collimator Si Charged
. 275um partice [ |
TES + Bi
absorber
SINx membrane
/] =
Si wafer 275m thic Gold layer

(Cu: heat bath, 75mK)

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

(0.5um)

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

32
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Pulse height distribution in array

160
140

C 120

Charged
100, particle

- hit
L 0 !

60

| AHAHEEEENR |
HE B
HEEEREN 3N

EEEE B SFEEEEEENE
HEEEN EENEEEEEEEEN

40

—4000 —-2000 O 2000 4000
Position x [um]
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Charged particle identification

run356 primary chan 129

15000
3 @) X-ray
© [\
10000 N Charged particle
E
Y,
0
neighbor?2 % 5000
(chan 155) 8
L
R e \\\*~~A,_1“,:,f;-_~r P— v —
neighbor1 primary neighbor4 0 0 1 ) 3 4 5 T 6— - 7
(chan 171) (chan 129) (chan 161) time[ms]
150 chan 171 chan 155 chan 139 chan 161
neighbor3 - (b) e X-ray e X-raY — X-ray
(chan 139) 2 Charged particle Charged particle Charged particle
© 100
o)
=
g 50 ‘ !
z | | f Iug Lk, |
% |hr { ] I I 1 iq‘ I I
0 |
= ' L Wl ooy 1 ’r Hir” ol LL
8 — X-ray
“--50 Charged particle
0.0 2.5 5.0 0.0 2.5 5.0 0.0 2.5 5.0 0.0 2.5 5.0

time[ms] time[ms] t'ime[ms] time[ms]

> 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



Time to
Kstop trigger

Time vs. energy

Energy [eV]

6260
6240
6220
6200 . |

6180

~150 ~100
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Timing resolution

SHe target 4“He target

Energy [eV]

-50 0 50 100 150 -150 -100 -50 0 50 100 150

Timing [ 1ch =240 ns ] Timing [ 1ch =240 ns ]

350

300

250

200

150

100

50

Timing [ 1ch =240 ns ] Timing [ 1ch =240 ns ]



Timing vs. dE (energy deposit)

online

MIP 3 I threshold ¢ ©ffline cut

1

iig

Timing (us)
o

1.5
:II
1k
|'|]

' mp

s Sync.
2 Async.

i1

Lo
b |

.r."i-'
i
l'lll'..

1 jll

0 10 20 30 40 500 250 500
Energy deposit on the last counter (MeV) Counts / 0.1 us

a thin scintillator just in front of the target

requiring the energy deposit to be larger than 16 MeV
to select low momentum kaons which are likely to stop in the target.
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Background reduction

Co Ka

All pulses

g— Good pulses
i

E : dE cut

S B T B B B B B

5600 5800 6000 6200 6400 6600 6800 7000 7200

X-ray energy (eV)
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Kaonic X-ray spectra

30 -
SHe 504 *He Syne.
30 - S ! 3 Async.
o | o ( Async. BG
~ 25 - s 40 - s — negligible
ci]’ N N
— 20 1
12 | x°/ndf 3013 x2/ndf
g 15 - =91.3/96 0 =97.0/71
> 10 a
| Main BG come from
5 - 10 stopped K absorption
6150 6200 6250 6400 6450 6500
X-ray energy (eV) X-ray energy (eV)
pE_He — 6924 5 + 0.4(stat) & 0.2(syst) eV| [EE He — 6463.7 & 0.3(stat) + 0.1(syst) eV
3d— p 3d—2p
I “He — 9.5 4 1.0(stat) & 0.4(syst) eV DX e — 1.0 4+ 0.6(stat) 4 0.3(syst) eV

Syst. error :

mainly from the uncertainty in absolute energy scale



Counts / 30 eV

Counts / 30 eV
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Comparison with past experiments

T

his work

Counts /2 eV
o
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K-3He
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SIDDHARTA

200

100

120 F

80

40 F

- SDD
- ~150 eV
= (FWHM)

f\ K-3He Lo

PLB714(2012)40 -

(@)

5.5 6.0

6.5
Energy [keV]

7.0

X 25 energy resolution
x 10 precision (shift&width)

Error bar: quadratic sum of stat. & sys.

K~%He (KEK E570)
#- K-3He (SIDDHARTA)
—&— K~%He (SIDDHARTA)
—#— K 3He (J-PARC E62)
—— K-%He (J-PARC E62)

20 A

15 A

2p width (eV)

I 1 I+ I I
-10 -5 0 5 10
— 2p shift (eV) —
repulsive A p Eowp. — Epn attractive

Excluded large shifts & widths




Qutlook with TES

® Present system is applicable up to 15 keV, Iimited by TES
saturation and stopping power of 4 um thick Bi albbsorber

® Strong interaction in light kaonic atoms (K- &/7L)

® Charged kaon mass (K-N, K-O, K-Ne, ...)

® New system for higher energy up to 100 keV region is

U
U

nde

nde

r development for muonic atom project (QED test
r strong electric field)

oL

pper level of high-Z kaonic atoms to separate TN/mN

contributions (proposed in NPA 915 (2013) 170-178)

-atoms (=C) etc...

40
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TES under development

J-PARC E62 Gamma-ray 50 keV 20 keV

Saturation energy 20 keV 150 keV 70 keV 50 keV

Absorber material Bi Sn Au/ Bi Au/Bi

Absorber thickness 4 um 120~250 um S3um/ 15 um 1.5um/ 15 um

Absorber area 320 x 305 um 1.3x 1.3 mm 700 x 700 um 700 x 700 um

Pixel number 240 96 150 150

Total collection area 23 mm?2 160 mm?2 70 mm?2 70 mm?

5 eV 40 eV 20 eV 8 eV

AE (FWHM) @ 6 keV @ 130 keV @ 40 keV @ 20 keV

TDM “snout” “microsnouts”

v New cryostat, new readout system
v Available soon (for u-atoms)
v Multiple units can be installed

Douglas Bennett @ NIST

240 TESs readout with TDM 1024 TESs readout with uMUX



Summary & Outlook

J-PARC EG62

\_

Y precision spectroscopy of kaonic SHe & 4He 3d—2p X-rays
v ~ 6 eV FWHM resolution (@ 6 keV) with a cryogenic detector TES

Y realized sub-eV precision for 2p shifts and width

v large shift and width were excluded: |[AE2p| < 1 €V, p < 5 eV
v published the final results in 2022

/

\_

Outlook (TES)

v New projects (u-atom/molecule) following E62 success is launched

v ~30 keV region TES, ~100 keV region TES system will be available
In next year — further py-, K- 2-, =- atoms, K- mass etc.
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