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K-atom experiments @ J-PARC K1.8BR

E62: K-He 3d-2p

sub-eV precision (AEzp)
to distinguish “deep” or “shallow” potential

ES7: K-d 2p-1s

first measurement
to resolve isospin-dependent KbarN scat. length

T. Hashimoto@STRANEX



K-atom experiments @ J-PARC K1.8BR

K-He (E62) K-d (E57)
X-ray transition 3d - 2p 2p - 1s
Energy ~ 6 keV ~ 8 keV
Width 2~5eV ~ 1000 eV

Yield (per stopped K-)

~ 7 9% (Liquid He)

~ 0.1 % (0.05% of liquid D2
density)

X-ray detector TES SDD
FWHM resolution ~5eV ~ 150 eV
Effective area ~ 0.2 cm? ~ 200 cm?
Physics Kpar-nucleus potential KbarN (I1=1)
Ultra-high precision High sensitivity
measurement measurement

T. Hashimoto@STRANEX



Present status

Year EG2 ES7

2006 E17 proposal (1st PAC)

2014 TES demonstration @ PSI E57 proposal (18th PAC)

5015 E62 proposal (20th PAC) updated proposal (20th PAC)
—stage-2 approval —stage-1 approval

2016 Commissioning at K1.8BR

2017

2018 K-He Physics run (June) SDD commissioning

5019 K-H (+K-He) full commissioning

(Feb.—Apr.)
2020 to submit updated proposal

T. Hashimoto@20191016



K-3/4He 3d-2p (E62)
with TES

Physics run was completed in June. 2018

T. Hashimoto@STRANEX



HEATES collaboration (J-PARC E6&2)

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

N )

( \Q/ RIKEN, KEK, JAEA, RCNP, JAXA, Stefan Meyer Institut
TMU, UTokyo, TokyoTech, Osakal,
| i y / U KU Leuven
RikkyoU, TohokuU

% NIST University of Zagreb

U INFN-LNF, Politecnico di Milano G Lund University

)

Nuclear physicists + TES experts (NIST+) + Astro-physicists (TMU+)

71 collaborators in total

T. Hashimoto@STRANEX



Kaonic Helium 2p shift & width

J. Yamagata-Sekihara, S. Hirenzaki :
— Strong-intaction Shift & Width calc.

. . . Choosing the following two typical models :
E. Hiyama : (Gauss expansion method) [Pheno.] Mares, Friedman, Gal, NPA770(06)84
— Charge-density dist calc. for 4He&3He [Chiral] Ramos, Oset, NPAG71(00)481
Phenomenological Chiral
Vopt(r=0) ~ - (180 + 73i) MeV | Vopt(r=0) ~ - (40 + 55i) MeV
K-4He -0.41 eV -0.09 eV
K-3He 0.23 eV -0.10 eV
|Isotope shift (K-4He - K-3He) -0.64 eV 0.01 eV

.. Width : 2 ~4 eV
v/ Sub-eV precision measurement

could impact on the deep/shallow potential problem
v/ AE~150 eV detector cannot control systematics < 1 eV

v/ Cancel out some systematics (K- mass etc.) with 2 lines.
T. Hashimoto@STRANEX



Transition-Edge-Sensor microcalorimeters

a few mK
Thermometer ©

X-ray energy : E

\I

Resistance

Heat capacity : C

~ pJd/K

{ Absorber

Thermal conductance : G
~ nW/K

super- normal
conducting |<—>‘ conducting
state | state

Low temperature heat sink

0 ~ 100 mK Temperature

v Excellent energy resolution

v Reasonable dynamic range

v Multiplexing technique using SQUID

T. Hashimoto@STRANEX
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Transition-Edge-Sensor microcalorimeters

a few mK
Thermometer ©

X-ray energy : E

\'

Resistance

_ Absorber
Heat capacity : C

~ pJd/K

Thermal conductance : G
~ nW/K

super- normal
conducting |(—>‘ conducting
state | state

Low temperature heat sink

0 ~ 100 mK Temperature
v Excellent energy resolution ~5 eV FWHM
v Reasonable dynamic range 4-15 keV

v Multiplexing technigue using SQUID 240 pixels

T. Hashimoto@STRANEX
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NIST(US) TES spectrometer for EGZ2

p 240 pixel, ~23 mm2, Mo/Cu + Bi 4um (85% eff.@6 keV)
»p Cooled down to 70 mK with ADR & pulse tube.

T. Hashimoto@STRANEX
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Feasibility test using © beam at PSl in 2014

J Low Temp Phys (2016) 184:930-937 @ CrossMark
DOI 10.1007/510909-016-1491-2

Absolute Energy Calibration of X-ray TESs with 0.04
eV Uncertainty at 6.4 keV in a Hadron-Beam
Environment

H. Tatsuno! - W. B. Doriese? - D. A. Bennett?> - C. Curceanu? -
PTEP Prog. Theor. Exp. Phys. 2016, 091DO01 (9 pages)
DOI: 10.1093/ptep/ptw130

Letter

First application of superconducting
transition-edge sensor microcalorimeters to
hadronic atom X-ray spectroscopy

HEATES Collaboration
S. Okada®™*, D. A. Bennett?, C. Curceanu’, W. B. Doriese?, J. W. Fowler?, J. D. Gard?,

Beam commissioning at J-PARC in 2016

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 27, NO. 4, JUNE 2017 2100905

Beamline Test of a Transition-Edge-Sensor
Spectrometer in Preparation for Kaonic-Atom
Measurements

T. Hashimoto, M. Bazzi, D. A. Bennett, C. Berucci, D. Bosnar, C. Curceanu, W. B. Doriese, J. W. Fowler, H. Fujioka,

T. Hashimoto@STRANEX
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In-beam energy calibration

1 run, 1 pixel, ~ 2 hour exposure

Co X-ray tube

Ka Cu w/ Cr, Co, Cu foils
Cr interest <a Z
region _
Ka
K-He K-*He

o
@

00 5500 6000 6500 7000 7500 8000 8500 9000
Energy [eV]

v X-ray tube was always ON during the experiment

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

H. Tat tal., Jour. Low Te . Phys., 184(3), 930-937, 2016.
alsuno et ai., Jour. ~ow-femp. Fhys., (3), T. Hashimoto@STRANEX
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TES In-beam performance

Cu Kq spectrum from X-ray tube

In beam condition

~200 cps/array in total, 10~20 cps/array without X-ray tube

W
o
o
o

counts per 1.00 eV bin
o
-
o
o

Ka1

224 pixel
AE~75¢eV

exposure ~ 2 hours
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no color : doesn’t work
(the colors show their resolutions)

T. Hashimoto@STRANEX



Time to
Kstop trigger

Time vs. energy

Preliminary result :
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time vs. energy
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Preliminary result : K-He X-rays
K-3He K-4He

calib.
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Preliminary result : K-He X-rays

— K-3He K-4He
TEs =l .
- —He-3
0100 .
> —He-4
3 Q 501114 u,u,umﬂuﬂﬂg‘lﬁ| I|(‘rm L u[] L. o Cao

Further background reduction is already demonstrated

We will extract shifts & widths very soon.
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K-p/K-d 2p-1s (E57)

First test run was performed in Mar./Apr. 2019

Hashimoto@STRANEX
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KbarN scattering length

. U.-G. Meildner, U.Raha, A.Rusetsky, Eur. phys. J. C35 (2004) 349
Deser'Type relatlon next-to-leading order, including isospin breaking
! 3
£ — > [ =-2a Ml -2ou (Ino - l)aK_p)
Shift Width Scattering length
Kaonic hydrogen (K-p) Kaonic deuterium (K-d)
- apvall e =2, o - Eluraale
’ Theoretical calc.

a._ =a k_fl[anrmK:
K n I = [2 T
X no atom M, + My _

v X-ray spectroscopy of K-p and K-d resolve
the isospin-dependent KbarN scattering length

T. Hashimoto@STRANEX



M hanmealsi at al Phys Rev. Lett. 78 (I997) 3067

KpX(1997)
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Theoretical calculation 4. ciepyera. npaoss 2016 1740
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Need K-d data to constrain isospin 1 component
T. Hashimoto@STRANEX
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J- PARC E57 Setup

Refrigerator for
target and SDDs

P o = ' , %y S D D
Cryogenic target cell : = Bam ™ = _ amplifier
surrounded by SDDs boards

Solenoid
Cylindrical drift chamber

Cylindrical detector hodoscope

v/ Large area Silicon Drift Detector arrays
v Target at 30K & 0.3 MPa to optimize stopping power & X-ray yield
v Vertex cut & charged particle veto by using CDC <unique in J-PARC

T. Hashimoto@STRANEX
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Silicon Drift Detectors

Reasonable Energy&Timing resolution. Large collecting area.

Collecting
Anode

Field Rings 34 mm

SDD Anode < >

External
Amplifier
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P. Lechner et al. NIMA 458 (2001) 281 T. Hashimoto @ELPH, 20180911
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E5/ setup as of Feb. 2019

v ~ 6-day beam time in Feb./Mar./Apr. 2019
v ~145 ch in 26 units worked. (145/208 ~ 70%, 48 units in K-d run)
v Target gas (He/H2) at 30K, 3.5bar, SDDs at 190K

T. Hashimoto@20191016
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Kaonic Helium

~6 hour data taking
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» Background reduction with CDS worked well !
(reasonable signal loss ~1/3)

T. Hashimoto@STRANEX



Counts / 80 eV
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Hellum data in E5 7/

Kaonic Helium

30

~6 hour data taking

é [ with CDS :é
= | . :
ZHHPJLHEHMHHJ 1 s J‘ HLH 110 %MW o

Energy( eV)

v 80 counts KHel.a

v/ almost background free as designed

T. Hashimoto@STRANEX



Counts /100 eV

w
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Hydrogen data

Kaonic Hydrogen
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~90 hour data taking
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» Higher transitions are observed

8

10
Energy (keV)

» at most 50 counts Ka X-rays. We expected more--:

» Kaonic Kapton lines cannot be completely removed with the CDS.

T. Hashimoto@STRANEX
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SDDs In a hydrogen atmosphere

v no Kaonic Kapton lines

We have already
succeeded to operate SDDs

v Larger hydrogen volume in a hydrogen (<10bar, 135K)
in Vienna!

v no attenuation at the window

v Chance to detect lines to 2p state
T. Hashimoto@STRANEX
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Shorter beam line for more kaons
27

\l =|IIIII|||IIII|I|II|
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v ~3m shorter, ~x2 K- @ 0.7 GeV/c

v Better beam focusing

T. Hashimoto@STRANEX
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summary

p Kaonic Helium 3d -> 2p
Sub-eV precision by using a cryogenic detector TES
could impact on K--nucleus potential
Physics data taking was completed in June, 2018

Publication to come soon--:

» Kaonic hydrogen/deuterium 2p -> 1s
to resolve isospin-dependent KpParN Interaction
High sensitivity measurement with SDDs & CDS
Excellent background capability was demonstrated.

next run in 20227 after the setup upgrade

T. Hashimoto@STRANEX
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He target

Target cell (K)

TES

ADR spins

1.8

1.6

1.4

1.2

10
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Operation of cryogenic systems

beam time

'> performed Lig. He refilling & magnet recycle once a day
. n Y sy sy s 1w P 1 3 T T T T |

0
0
| ] | L $ | | |

| s | | | . |
e, Oc. O, () ) [¥) o [7) o [v) 0,
6730 5, 6/096/096/03 “Og 6/06?8/ %> /06,06‘/09 6/1006/196/1906/156/14 /16?8/166// ;"6/1006/1364:00649‘,’%9"6%0%3%5%69%;%0 Y29 93p

Stable operation for one month
(28 He refills & 27 mag cycles) T. Hashimoto@STRANEX
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Effect of charged particle hits

Pulse height distribution in the array

S ' - Collimator Si Cr;?trg?:
THHTL Jj 160 275Hm P
SgEggguui
EENgEygguu"" "  Charged TES + B
et bl I T L L . absorber
EEEEE gggEEE particle
JTIITIITT 1L wo
EEEEEEEENE NN _
EEEEEEE N 100 SiNx membrane
EEEVEEEEN
EEEN :EAEE EN Y.,
EEEEsEm SEnm O ;s
Em mmpumEON _
epmmEREE, 60 Si wafer 275 Gold layer
T1 I Ll L (0.5um)
pEuER NSgm, 40 bath, 75mK)
l...-;l !
—4000 -2000 O 2000 4000

Position X [um]

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

p Detailed waveform analysis is must to minimize these effects

T. Hashimoto@STRANEX
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P U I Seée adnada Iy S | S “Optimal filtering”
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Charged particle identification

run356 primary chan 129

15000
3 (@) "\ X-ray
© s \\
10000 0\ Charged particle
g \
Y,
o
neighbor2 % 5000
(chan 155) 8
LI_ ;
neighbor]1 primary neighbor4 0 0 1 ) 3 4 \\‘%‘5“‘;h> 76 — ;
(chan 171) (chan 129)  (chan 161) time[ms]
150 chan 171 chan 155 chan 139 chan 161
neighbor3 = (b) m— X-ray — X-ray — X-ray
(chan 139) 2 Charged particle Charged particle Charged particle
© 100
v
=
g 50 ‘ !
v |l ok |1 : HW Ll ], & 5
% -‘-II LI kl -IL”]' l' "l ’r Hh"" "h‘i "Jl’
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] time[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

T. Hashimoto@LTD18
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Shorter record length to avoid pileup

short record length run 397 sum of|221 TES pixels) beam on

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

524 samples 9000: L | | | L | L | L | | | L | L | | | L :

8000 Co Ka \ =

7000 T =

pre_cut=0 - | N

t_cut=500 | > 6000 1| —

_ PosEt 2 - Full record length || 4§ Short record length S
— P 5000— AErfwim = 6.6 eV AErwim = 5.7 eV E
I - LE tail 28 % LE tail 18 % .

full record length 3 4000 E
3000 —

2000 =

1024 samples - .

1000 —

i
-

_[[[II[[llI[llll[ll[llll[lll[[ll[
6%80 6890 6900 6910 6920 6930 6940 6950 6960 6970 6980
Energy (eV)
* ~5eV FWHM @ beam off

v' Thermal cross talk bumps deteriorate resolution
v Minimize chance to have pileup bumps

T. Hashimoto@LTD18



41

~
2
6 | |
@)

L K_u ._nm1
S S5rE9
S <2 [3S¢

> O
O L @ O
- L 2 Q
S 18
y BRE
aKa-.. .............
| o |
4
@)
D)
@l
)

(D)

A Z
O -

400 - 3He

l l
o o
o o
(e} Al

I
3
® 0g / SIUN0D

=

~ 6-day data taking

SDD ch16~31

Q
-
s

600 F — — T

l l
o o o
o o

A® 0¢ / SjUunoy

L 1IO

11

(@)
S
X<
3
S &
S
3 &
r1
S O
.mc
- Q
O Q
1B

A® 0¢ / SjUunoy

T. Hashimoto@STRANEX

X-ray energy (keV)



42

—
o
—

| lllllll| 1 ]llllﬂl 1 IIIIIIT[ I lllllll| LR

Koike o B

P T reern
L0 L i1l

—
<
o

| L 1llllf|
| ] | llllllI

[—.
Lo |
|

—

llll

L1 llllll

AL\

-y
5
0
1 1 lllllll

\l LI | U”lll

X—ray yvield per stopped K~ (%)

10"’3 | lll{ll| | HEA | lllllll L1l lllllI | lllllll 1 11 l“]ll
1072 1071 100 10! 102 109
target density (o) Density (LHD)

Fiqure 14: Kaonic deuterium cascade calculations, for the X-ray yield of K, Ks K, and Kt
figure from reference [33] (left) and from [34] (right).

T. Hashimoto@STRANEX



