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K - nucleus interaction

R( O—ds K-=us) : The lightest hadron with a strange quark (mass ~ 500 MeV/c?, life ~ 12 ns)

Strongly attractive! '
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Possible existence of L g
deeply bound K- cluster w§ 300 500
Phys. Lett. B587, 167 (2004) ‘ ﬁ"'si
\ - ., y 400 400
v New form of a “matter” 500} 500
v In-medium property of K Phys. Lett. B 535, 70 (2002)

— Depends on how much of K-nucleus potential depth
— However the potential depth is still unknown...

Hot topic in Hadron Physics




Two experimental approaches

K- - Nucl. potential

Study of K - nucleus interaction <
>
Coulomb
4 N\
Atomic state » Precision x-ray measurement
o J

< complementary >

_

) | Vo+iWo
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Kaonic atom

electron

~ measure

N

X-rays
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in the case of K-

Initial state N« /£~  x 30

Me \
X-ray energy mmi X 1000 = nuclear absorption
Radius x —2¢ x1/1000 ] ] i
e raceamass) A OO fOr studying strong interaction




Strong-interaction shift & width

4 )
X-ray spectroscopy

X-ray
n+1 M ad Spectrometer
S X-ray
.

Width : I
n | } dye to stt_‘ong
__ ] -. | Shift : AE ) iInteraction

(Coulomb only)

———————————————————————
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K-atom data — scattering length

e.g., Kaonic hydrogen

U.-G. MeiBner et al, Eur Phys J C35 (2004) 349
( Deser-Type relation with isospin-braking correction)

e1s +i015/2 = 20° prlag—p|[1 + 2apr (1 —Ina)ag-,|

+—4

Shift Width

K p scattering length
(= Kp scattering amplitude at threshold )

L K-p Ka x-ray
-
SHIFT(eV)
- m A= 0.1 fim] e.g., K-He atom
%- o 2p level

:I 0. [ /\ﬁ
=S I
K-atom data | | )

_ m -8. [, , N R

alo ald 0.0 o ' " Real part of the effective
* Re Alfm]  scattering length [fm]
_ ; 24. DTH(eV)
potential o = E
16.
i - —
strength 5 B
— 8. £
= L E
. E )”//IL S. Baird et al.,
00 0.5 10 s 2. NPA 392 (1983) 297-310
Re A [fm]
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Status of K-atom study

Phys. Rep., 287 (1997) 385, "™

- Shift [eV]

- Width [eV]
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Data :

[ > K-p : SIDDHARTA (2011)

> K-d : no data

» /=2(He)~92(U) : exists, but those
measurements in 70°s - 80’s are

mot so good quality.

Theories :
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~

J

/ deep (~180 MeVv) or shallow (~40 Mem

Global analysis prefer a deep potential ?

> Phenomenological density

dependent optical potential
Batty, Friedman, Gal, Phys. Rep., 287 (1997) 385.

Ramos, Oset,

+ Phen. multi nucleon terms.

> Chiral potential (“50 MeV ) NPAG671(00)481

A. Cieply’, et al., Phys. Rev. C 84 (2011) 045206.
Friedman, Gal, NPA 899 (2013) 60.




Phys. Rep., 287 (1997) 385.
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Status of K-atom study

Kaonic atoms

Data :
[ » K-p : SIDDHARTA (2011) \
> K-d : no data

» /=2(He)~92(U) : exists, but those

measurements in 70’s - 80’s are

Nnat oA AanAa A Al

Current data quality is not good enough
to determme K-nucl. potential strength

~
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Global analysis prefer a deep potential ?

> Phenomenological density

dependent optical potential
Batty, Friedman, Gal, Phys. Rep., 287 (1997) 385.

Ramos, Oset,

> Chiral potential (“'50 MeV ) NPAG71(00)481

+ Phen. multi nucleon terms.

A. Cieply’, et al., Phys. Rev. C 84 (2011) 045206.
Friedman, Gal, NPA 899 (2013) 60.
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K-He atom 2p level shift

: J. Yamagata-Sekihara, S. Hirenzaki :
a recent theoretical  * s on action shift & Width caic
Eo Hiyama e (Gauss expansion method)

CalCU ‘atlon — Charge-density dist calc. for *He&He

Choosing the following two typical models : m
[Pheno.] Mares, Friedman, Gal, NPA770(06)84 _ _
[Chiral] Ramos, Oset, NPA671(00)481 Phenomenological Chiral
Vopt(r=0) ~ - (180 + 73i) MeV | Vopt(r=0) ~ - (40 + 55i) MeV
K-“He -0.41 eV -0.09 eV
K-3He 0.23 eV -0.10 eV
|Isotope shift K-*He - K-3He) -0.64eV <«1» 0.01eV
Dominant systematic error (~0.15 eV) Width : 2 ~ 4 eV

due to kaon-mass uncertainty will be cancelled.



Experimental accuracy

Past experiments : + 2 eV

—_ 2.0 T n
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Past experiments : + 2 eV
2.0

Isotope shift (K*He - KSHe)

Experimental accuracy
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w/ new
detector
+ 0.2 eV

+( chiral

= ( phen_omenological )
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Past measurements & precision goal

Past measurements
with SDDs : + 2 eV
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X-ray detector : TES
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Transition-Edge-Sensor microcalorimeter

Microcalorimeter Transition Edge Sensor (TES)
Width of transition edge
AE~ a few mK
Thermometer 8 ----------------------------
X-ray energy : E S |~50m0
17
0
, Absorber r &)
Heat capacity : C super- normal
- UK conducting |<—>‘ conducting
state . state
Thermal conductance : G : | .
-~ nW/K : bias point

: ' Ro/Rn~0.2
Low temperature heat sink '

0 ~ 100 mK Temperature

v High energy resolution :~2 eV FWHM @ 6 keV

v Wide dynamic range possible

d InR [kpT2C
= —= Emax i d T
[OC d InT AE Qv C C/Oé J
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NIST’s TES array system

Adiabatic Demagnetization Refrigerator

v Compact and portable
Y Large effective area w/multiplexing tech.

two-stage
pulse tube

. TES pixel Gold coated
(60K, 3K) Pulse signal Trise~L/(Rsh+Ro) = Mo-Cu bilayer TES Si cgllimator
" ~C/G = 4-pm-thick Bi absorber
e g X108 Ttall | (eff. ~ 85% @ 6 keV)
§ § 14 ¢ rise time : ~200 psec = Size : 300 x 320 um*
f G T 12} decay time : ~500 psec 4
O 10! sampling rate : 104.2 kHz |
-l S 8l |
50 mK cryostat y
(model : HPD 102 DENALI) 2| Arrdl
(double-stage salt pills : GGG 1K, FAA 50mK) 0 1 240 pixels
ADR hold ti 2, ; : : ; m el 0Mm ' =23 mm?
i Time [msec] Photo credit : D.R. Schmidt, NIST = in total
v,




Status of HEATES project

2012 | Collaborate with astro-physics guys developing TES

2013 | get started the collaboration with NIST

2014 | Demonstration study (- beam) @ PSI @

2015 | stage-2 approval by J-PARC PAC

2016 | Commissioning run (K- beam) @ J-PARC @

2017 | J-PARC E62 physics run
or later
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Two performance evaluations

location
beam line
particle

pourity

momentum

Intensity
(sum of all particles)

hadronic atom Xx-rays

science X-ray rate

D

PSI (Switzerland)
M1
-
~04
170 MeV/c
1.4 ~ 2.8 x 10° cps
m '°C 4-3 (6.4 keV)

~ 200 / hour

2

J-PARC (Japan)
K1.8BR
K -
~ 0.3
900 MeV/c

8 x 10° / spil

K-3He 3-2 (6.2 keV) tobe
K-“He 3-2 (6.4 ke measured

~ 200 / week
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n atom expt @ PSI M1 beamline

| \\@1'@ A% @|©U |

»7 ) 7/";" \J
3
/ TES array
Carbon

target

<V
] -
u ~1TMHz/mA, _
170 MeV/c
BC1 BC4

T®~ X-ray tube







counts/0.5eV /s
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In-beam performance

I\/In KOl Deak
3 12 \ \ , ,
E) 11 - 2.8 MHz -
<10 S ® —
© | |
s 90 3 -
_5 8 TA5MHZ -
5 -1 | s B
e/ i i
2 0 heamor N
5 5| condition : B
® s a
S 4 R e |
2 3 1 | 1 | 1 | 1 | 1 | 1
§ -0.2 0 02 04 06 0.8 1
T Averaged charged particle hit rate [Hz/pixel]

| | ] -j —:—77 -_7 | 11 | | 1 1 1 | I I | | I I |
5%60 5870 5880 5890 5900 5910 5920
Energy (eV) Hit-rate difference between beam-on and off conditions

High energy particle beam degrades resolution
( Hit rate =« incident beam intensity )

NOTE : Energy scale is well controlled by in-situ calibration.



A typical thermal crosstalk event

x 103
6

12} () ‘ .
sl

0

500
400
300+
200
100 ¢

Channel

Channel

[ Enlarged view J

-100
-200

400

200

Residual [ch]

[ Residuals from the

-200 averaged pulse

J

-200

0 2 4 6 8 10
Time [msec]

[

\» Resulting thermal-crosstalk pulses degrade the energy resolution

~
» High-enerqy charged particles deposit energy in Si frame of TES chip

27
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Example : beam + Mn x-rays

35000

s0000]. BEAM induced pulses?

pretrig_mean
N N
o (&)
o o
o o
o o

normal Mn x-ray |3 ssoo0;
pulse helght E 10000}
" 5000
0 -
34 36 38 40 22
Time [ms]

1500H | !\\ \ |

e
3
(S
g
© 500f !
o
. enlarged
E 0
8 view
o
=500}
-1000 ' L L . .
34 36 38 40 42
Time [ms]

Cluster events w/ slow rise time -> thermal cross-talk?



Example : beam + Mn x-rays

BEAM induced pulses?

-

o

Many pulses at the same timing
with different pulse heights

~

\ 4

Check the geometrical
position of those pixels

=
L' N
(] a\
L - \
N
‘ L
- -~

38
Time [ms]

40

29

enlarged
view



Pulse height vs. distance from hit position

30

Charged h
particle hit
(a)
c 1.2—
'_g 1.0l e Pulse height of cluster events (data) | |
) —— Thermal diffusion calculation result
o 0.8}
=
_g- 0.6}
N 0.4 diffused & attenuated
©
S 0.2
@) ®
0.0 ' —
<70 4 5 6

Distance from hit position [mm]

(b) charged particle

. Collimator Si
TES + Bi
absorber 275Hm
SiNx membrane heat
N WL
Si wafer 275um thick \ Gold layer
\ (0.5um)

(Cu: heat bath, 75mK)

J

The heat is diffused and attenuated within several usec.
-> This time scale is much faster than the msec TES response.

Large energy deposition
at 275-um Si substrate




Calibration
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X-ray tube for energy calib.

ﬁX—ray tubeﬁ

pure metals
as secondary target

1. need intense x-rays for energy calib. of TES

2. use secondary x-ray (Cr Ka, Co Ka line ...)
which is unavailable with radioactive source

electron gun

— J
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In-situ energy calibration

v every 2 hours

v each 240 pixels calibrated individually

v natural cubic spline using 4 lines

Used high-intensity 4 lines

4 beam- off Condmon *
::, l T T 1 ]
10_3 1 05 s é I’KO. _____ e N =
~ - -
12 B _
S 104 T =
o - .
@) B _
103 = =
102 o ofl ol g b g
10 g TR Lt
1 _J L 11 i [ ; L1 1 1 i | F:69;<é] L1 1 i L 111 i [ N i N N
5 6 I / 8
L originating from surrounding steel Energy [keV

Fit example

( N | T T T | T T T T T T | T T T | T T T | T T T | T T T T T T ] \
- (a) Coka2 /o Kal
104 A E
> T Fit w/o LE tail
° Fit with LE tail /I <AE>=6.1¢eV
> 1035 <AE>=52eV AV =
€ F /
=
O
o

1025

d \‘\ "..
" intrinsic line shape from ™ T
) g Holzer et al. (1997) -
e e e e e b e
600 - E
N 400 | =
-5 200 - I | E
0E PR I E
8200 £ | E
=0-400 £ 3
L 600 5' -E

6840 6860 6880 6900 6920 6940 6960 6980 7000

useful to estimate the accuracy of energy calibration

Energy [eV]

H. Tatsuno et al.,
J Low Temp Phys 184 (2016) 930-937
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Successful demonstration w/ -

TES DAQ : self trig.
(sending beam trig. to TES DAQ)

20

r-atom peak
w/clear timing
correlation

Timing [us]
o
R R

Calibration line
(excited by
X-ray tube)

N
S

W
o
&)

fitted spectra
|— total | :
200F- continuum BG |- . .......................................................................................
— 1-2C lines v

1 Fe: Ka Iines: ............ ........................... ]'[-12C ..... 4 d-3p_5e

ST OO OO U UUU TR ORI P A SR A SN SRR e
: : 1 f : :
: f il f g :
[ PR Y o I o % : 8 :
1) ) i ’/« : i
|

Parallel
transition

Counts / 1 [eV]

100

X-ray energy [keV]

S0 X
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Comparison with SDD spectrum

@ PSI M1 beamline

resolution |
~TeV

L

-

o
|
|

Counts /1 [eV]

| | -TES ~
™ / arrays

resolution

X-ray tube ; ~165 eV

for energy
calib.

Counts /10 [eV]

6.3 6.4 6.5
X-ray energy [keV]

o J




Published

Sept, 2016

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?,

F. P. Gustafsson®, T. Hashimoto', R. S. Hayano’, S. Hirenzaki®, J. P. Hays-Wehle?,

G. C. Hilton?, N. Ikeno’, M. Iliescu?®, S. Ishimoto®, K. Itahashi!, M. Iwasaki!, T. Koike’,
K. Kuwabara'®, Y. Ma!, J. Marton'!, H. Noda*!, G. C. O’Neil?, H. Outa', C. D. Reintsema?,
M. Sato', D. R. Schmidt?, H. Shi®, K. Suzuki'!, T. Suzuki’, D. S. Swetz?, H. Tatsuno®®2,

J. Uhlig*, J.N. Ullom?, E. Widmann'!, S. Yamada'®, J. Yamagata-Sekihara'?, and J. Zmeskal'!
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\_

Fit results

-e Kat1 line (confirmation of energy calib.):—,

6404.07 + 0.10(stat.) T00% (syst.) eV

= good agreement with the reference value :
6464.148(2) eV [ G. Holzer et al., PRA56(1997)4554 |

J

Pionic atom lines :

E(4f — 3d)
E(4d — 3p)
I(4d — 3p)/I(4f — 3d)

\_

~

6428.39 + 0.13(813&15.) -

6435.76 & 0.30(stat.) "

0.30 4

- 0.09(syst.) eV
8:3%(syst.) eV

- 0.03(stat.) £ 0.02(syst.)

= comparison with EM calc?

38



EM values & strong-int calc.

EM calc. (1. Koike)
|

State K.G. Vacuum polarization =~ Nuclear = Relativistic Strong Total
energy a(Za) o?(Za) finite size  recoil effect interaction  energy
(eV) (eV) (eV) effect (eV) (eV) effect (eV) (eV)
3P —14685.15 — 11.56 —0.08 + 0.01 —0.02 —0.78 —14697.58
3d —14682.65 — 5.39 —0.04 -+ 0.0005 —0.02 <107 —14688.10
4d —8259.04 — 2.10 —0.02 +0.0003 —0.01 <10~ —8261.17
4f —8258.59  — 0.72 —0.004 +0.0003 —0.01 <10~ —8259.32

Strong int calc. via Seki-Matsutani potential
(N. lkeno, J. Yamagata-Sekihara, S. Hirenzaki)

= Non-negligible contribution from 3p level

39
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Electron screening effects

calc. by T. Koike

Transitions Electron screening effect (eV) Transition
| Configuration K-shell L-shell energy
one e-in K-shel contribution contribution (eV)
two e- in K-shell
\ no electron - - 6428.78
Af — 3d 1s' 252 2pt —0.19 —0.02 6428.57
15 252 2pt —0.31 —0.01 6428.46 <

Experimental result (this work) :

6428.39 = 0.13 £ 0.09 <J

good
no electron - - 6436.41 agreement
4d — 3p 1st 252 2pt —0.25 —0.02 6436.14 within error
15 2s° 2pt —0.42 —0.01 6435.98 <

Experimental result (this work) :

0.11
6435.76 £ 0.30 Tor <—

Conclusion :
v favor two 1s electrons in the K-shell

v energy shift of measured parallel-transition is consistent
with strong-int effect assessed via Seki-Matsutani potential

~




4-days beamtime
Wiyl inJune 2016




J-PARC
@ Tokal

[ 20 km
from Tokyo




Materials and Life
science Experimental
Facility

iDlameter 500m ’ a e

30-GeV
N ' synchrotorn

Japan Proton Accelerator Research Complex (J-PARC)
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J-PARC

Target with
X-ray detectors

mw——wr—u——
f (e

i
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Kaon-stop tuning setup

SDD

degraders

45

TES

(.
system

K- bea

adjustable

degrader QL0 C—

\

Z‘/‘aCA"
9 ch
é?/)ybe
/8
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K- stop tuning

> 14 L ST S S N

5 i . . )

. . Q qof . —— N
with tracking s . . : | .
chamber system| & 10f ST 1 Kdlix-rayyield:
for 0.9 GeV/c K+| © : 1 , ~180 counts / hr
S 8 :_ _____________________________ . __________________________________________________ _____________________________________________ _: (with 24 good SDDs)

Y SR S N E *

T consistent with G4 sim

within error of ref. value:
K-Li yield = 15 + 3 % / stop K

200

with SDDs
for 0.9 GeV/c K-

100 Note that the simulation was

L 1‘ __________ _— .

.................................... COanrmed the Same
peak position
Qo 20 a0
Thickness of adjustable degrader [mm]

performed again
with obtained beam profile
& actual geometrical inputs.

50

# of K-Li X-ray [counts/hr]

s . | e 3 s tora 2080

o
TN
o



Setup from upstream

; . f " Y ()
s A . - l - . [ | v . {
> - . i 14 f 4
| e 5 3 3 >~
in = ! ! - q ) » g
itk - ‘- e X ¢ ¥
. | g A e ) [ R -
: A5 ' ) = p—— ) e, »”
3 1 . . i
- o

at the position expected
in E62 physics run

(=)

installed Lead blocks

to shield TES from direct hits E
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Beam structure

beam off beam on
< > < >
AT ~7.7 mK (rms)  ~9.7 mK (rms) 300w ]
————T T i 3540 - - =
65.10 | - ; g
g z~3530__ — o - - .
N < - " - -
e ©3520 - e —=
¢ Sas10E : s E
- Q3510 —
© ~ — -
£ 035001 =
. - =
= ==3490 P
< P
£ b4 ©3480 b
© i m nl
o 3 3470:— =
6490_ M M N | M N N 1 M A M 1 N 1 M | " 1 l 34602_ Splll On
03:00 05:00 07:00 09:00 11.00 13:00 - T T
Time 3450O 1 2 3 4 5

Timing w.r.t. a beam spill (s)

» Temperature regulation holds in the pulsed beam

» TES temperature clearly increases during a beam spill
= this effect can be compensated in the standard analysis procedure
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Mn Ka spectrum

6 — __L

- — spill on -

o °OF .. spill off -

~ B _

T 4F MR

LO B |

o — _

~ 3 — Mn K —

2 - -
g - Averaged charged-particle

O 21 | ~ 190 TESs hit rate : ~0.1 [cps]

© E 55Fe source -

1= —

[ I B |- P R R T EE T N N N A T R T T B T B -.-"I'"r--.-- :

5%60 5870 5880 5890 5900 5910 5920

Energy (eV)

- Clear gap between Kal & Ka2 -> excellent resolution
- High-energy particle beam degrades resolution a bit.
- If no lead shield, AE > 10 eV. = Lead shield was quite effective.
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Energy resolution vs. charged-particle hit rate

S AL i

L 9 ]

3 i . 2

:é - typical :

S 8:_ condition .} -

© - \ . - Z

S I @ —

5 L U -

P Bf------- R -|«—our goal: <6eV

=L " « JJPARC -

g; - '. _

s 0 e PSI B _

ks .. ) difference between
4_ | I 11 1 1 I 1 1 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I | B beam-on and beam-Off

Effective charged particle hit rate (Hz/pixel)

v' Similar correlation in the two different beams

v Promising to achieve our goal at J-PARC
1. Room to improve the base resolution
2. More optimal setup (shielding, etc.): further suppress changed-particle hit rate
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Charged particle background

Energetic charged particle deposits several keV energy on 4 um thick Bi absorber

In-beam spectrum w/o photon source at PSI

UV T | T T T | T T | T T T

-
'''''
N,.
'y

—l
o)
o
III|IIII|IIII|IIII|IIII|IIII

~
.

~
' “an
-------

.....

.....
...

:~'.
]
---------
[

| T T T
— Data

L
-,
-

counts/20eV /s

0« STt MY=RTE ST IL el mriem o L et Py nm e g T 7]

0 2000 4000 6000
Energy (eV

w1 S
8000

)

e vy
10000

5Fe spectra at J-PARC

N | i i | .
102 = . ‘i ]
= —spill on K, -
10 spill off My N
= ; -
’ __1%1 Si Bi M, . -
S o escapes 1 | a
-1 - | no photon
® Wit ; : expected
102 G |
" sq
1 0_3 §_ | | | l l 'E.n' .:-
1000 2000 3000 4000 5000 6000 7000 8000
Energy (eV)

We understand the beam-induced background
v explained PSI spectrum well by simulation including its intensity
v J-PARC background level is consistent with the MC



Counts/2 eV
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J-PARC EB2 : K-He atom exp.

Expected spectrum
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7 | Resolution goal : 6 eV
Precision goal : 0.2 eV

Lig. SHe & “He
system

Energy (eV)

Asynchronous bg. : 1.5 counts /eV
Synchronous bg. : 6 counts /eV

To do:

6?)00 6100 6200 6300 6400 6500 6600 6700

stop K-}
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* Increase the number of working pixels ( now ~190/240 )
* Detailed study with an X-ray tube and radioactive sources
- Combine the TES spectrometer with the liquid helium target



E62 preparation status



TES + He target
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top view (inside)
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He target

work well together with target cryostat

-> no problem on the thermal fluctuation of TES
system during normal operation of target system
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X-ray tube for energy calib.

pure metal
(secondary target)
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Summary

4 )
@ High-precision K-atom x-ray spectroscopy with TES

® [ES performance evaluation with hadron beams
D rr beam : successfully demonstrated m atom expt.
» energy resolution ~ 6 eV (FWHM @ 6 keV)
» timing resolution ~ 1 ps (FWHM)
» accurate energy calibration : less than 0.1 eV

@ K- beam : good performance at actual beamline as well

® J-PARC EB62 (K-He atom x-ray) physics run in 20187

o /
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Appendix



New application at RIKEN RICE-ring

Cryogenic electrostatic ion strage ring
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‘P:‘a.'

e Y - FAFEIE TES for detecting “particles” instead of “photons”
Neutral atoms E
or laser injection W mass spectrometric identification

of neutral molecular fragments (~10 keV)

:

-
.

lon injection

BT ..JNeutraI x
(1) collision W|th neutral atoms/molecules pI"OdUCtS

At + B = C* +(D? --vﬁ//
(2) reaction with laser irradiation

A +hv = AY™ = Cr+




