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=N Iinteraction

% (K~, K™) reaction spectroscopy
- KEK E224, BNL E885, (J-PARC EO05/E70)
— the depth of the =N potential 1s 10 - 20 MeV

“*Nuclear Emulsion experiment
- KEK E176, KEK E373

Observation of N- X1 bound system (KISO)
— =N 1nteraction 1s_attractive

- J-PARC EO07 (2016-2017)
Observation of E /AA hypernuclei

= atomic X-ray spectroscopy
» The world-first challenge at J-PARC



Principle

ey =" atomic level =-nucleus potential : U =V + iW

Energy shift (AE) o <(Dn’l | V| (Dn’l>

<(Dn’l | Hkin + UC()MZ T Vl (I)n,l> - <(D/n’l | Hkin T+ UC()ul | (D/n’l>

% Last transition Width (1)
Z 7%
i * - 3D Last orbit 1dt “ (I)nal W (I)n,l
Branching ratio (BRabs) < | Wi >
1—1E1 < Fabs.
Absorption @™ = wave function

= p > AA

r [fm]

I /% 2P
—— Coulomb + Strong V :
---- Coulomb Woods-Saxon type potential




Experimental difficulty

»Huge background from in-tlight decay

Produced =
Lo

In-flight decay
¥4\

T

“key” : selecting stopped = events cleanly



Experimental method

I = production via the (K—, K) reaction

Target

= Magnetic spectrometers

Stop Es in material and form = atoms

= stopped = selecting methods

Measure = atomic X-rays

= Ge array [Hyperball-X]

in coincidence



Overview

1st experiment (J-PARC EQ7)

Data taking status : done [2017]

Stop = selection : counter(Ge)-emulsion coincidence method
Target : Ag, Br, C

Result : M. Fujita et al., PTEP. 2022, 123D01 (2022)

done .
2nd experiment (J-PARC E03)

Data taking status : done (10% stat.) [2021]
Stop = selection : “kinematical” method
Target : Fe

Result : Analysis 1s ongoing

3rd experiment (J-PARC E96)

Data taking status : soon [2023]
Stop Z selection : Ge-AFT coincidence method
Target : C

Coming



1st experiment (J-PARC E07)

@J-PARC K1.8 -

Beam line
Spectrometer

Ge array
Hypaerball-X
K-
L ) Kurama
L L Spectrometer

proposed by H. Tamura, K. Nakazawa, K. Imai

Hyperball-X (for E07)

BGO

emulsion
345% x 350" mm?

Development of Hyperball-X
In-beam energy calibration method using LSO

Nucl. Instr. and Meth. A1042, 167439 (2022)



Counter-emulsion coincidence method

pK~ - K&

Magnetic spectrometers
Reaction

spectroscopy

Silicon strip detector (SSD)

= incident points @emulsion

Matching of the E track were measured one by one

Matching of
the timing information

" 30 um_

Carbon target

mulsion =
SSD

kKiz o 10 20 cm

Coincidence measurement of 3 detectors
A stopped E event —extremely low background X-ray measurement

I



Results of J-PARC EO07

s P Fa ra
O & Q5 & & S
& 2 & &
150 ;r. ................. s - ¥ o F ( ?.‘_)____.__P_‘f.‘.’.‘.i..‘.‘ff.‘.‘.’.?...
% 100 i_ .......................................................................................................................................................
=50 e e e o £ 8 T e i .
e = - ¥ = x B e stopped = selection
= B g . g (b) = productlon with emulsion analysis
8 4 = J|, S RTRE T | EERERE PR e R P PP EERR P = e PP LORPPPPRRPPECRRRPE L ERLTITRRPPPRETS Rkl IIEEEERRRRRLRY
T 5 5 o ;
5 Eit-llh. -ttt et ame b s o e e e S Background level
B T O e B R o e e
100 200 300

Energy [keV]

Established the coincidence method using the emulsion, the Ge detectors, and

magnetic spectrometers

— [t was found that X-ray measurement would be achieved by increasing the statistical

value by five times. -
M. Fujita et al., PTEP. 2022, 123D01 (2022)
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2nd experiment (J-PARC E03) proposed by K. Tanida

BGO

- PhYSiCS data taking : 2020-2021 suppressor
 Kaon beam 1st period : 95G Kaon (10% statistics run)

Clover-type
Ge detector

* = stop selection :
“kinematical” method

= Fe atom ey S| Stop or Not

53 ke\i 6H _ By Monte Carlo Simulation D
~286keV / 4
ar absorption
. 2

I' ———— 56G (last orbit)

Hyperball-X (for E03)

i 4]



=" Fe atom X-ray spectrum

Counts / 2 keV

Counts / 2 keV

(o))
o
o

400

200

Fe (7—6)
172 keV (a)
Fe (6—D)
\L ? 286 keV

J

= product

(b)

.= production

~ + 10% stop probability of =

o
OOIIII$IIII

RN e
100

pedee e R T e ey e e
200 300 400

Energy [keV]

Y. Ishikawa, Doctoral thesis 2022 Tohoku Univ.
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Peak significance

Peak Search

Bl B S e SR
*Mn (126)

.....................

0_1 . .M.Alﬂj\

0 100

M\ 'MMMMMMA/

i

200 300
Energy [keV]

v No clear peak was observed.

400

v As result of fitting @ 172 keV (£20)
S (Peak area) = 35 + 29
N (BG area) = 754
— S/AVS+N = 1.24



Results of J-PARC EO03

150

100

50

Counts / 1keV

08r B E

. Fe({26) 172 keN
. ZZE_ ......................................... ................

“F Rx <0.19 90%C.L.

TlEe e - e

0: T 16i5 e 1;0 S 17i5 SRS 1;30 l Cf RX T 03 (CStlmathn)

Energy [keV]
Y. Ishikawa, Doctoral thesis 2022 Tohoku Univ. Analysis Upgrade 1S On- going by Yamamoto-san

S/4/(S + N) of Fe E X-rays via the Fe(KK) reaction was evaluated.
Rx < 0.19 @90%C.L. smaller than the estimation.

— [t was found that 30 peaks would be observed by reducing the BG level to 1/8 or less.

13



Current status

L e ——

Stop E selection counter-emulsion coincidence method “kinematical” method

- PTEP. 2022, 123D01 (2022) » Y. Ishikawa, Doctoral thesis, Tohoku
- Succeeded in significantly reducing  Univ. (2022)
BG, but X-ray was not observed. - Analysis 1s ongoing.

» Necessary to improve the 1ssue where « Room for improvement in SN by

the = track between SSD and brushing up event selection.
emulsion 1s not connected due to > Should be used with some detectors
distortion of emulsion. which can identify stopped =.

=l Need a counter detector to select stopped = !

14



3rd experiment (J-PARC E96) proposed by T. 0. Yamamoto

% Ge-AFT coincidence method

K Ge array
l' Active Fiber Target
= (AFT)
- * Target & = tracking detector
K+

<D

Problems :
EQ7 : = track disconnection
EO3 : stopped = cannot be tagged explicitly

Target Xray : C = atomic Xrays
The E70 AFT 1s not optimized to stop =.
This measurement 1s important from a physical point of view.

=" stop event [signal]

Z [mm]

I

K+ '1\
|

Stop point

« simulation

X [mm]

(b) = decay event [background]

£

K| decay point

x simulation

%80 60 40 20 0 20 40

X [mm)]

J-PARC E96 proposal, T. O. Yamamoto et al.
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Physical motivation

2 <— EI transition
= hyper nuclear event

<«--: = p—AA (absorption) :
(IBUKI) n » According to the
] A theoretical prediction,
X absorption 1s dominant in

=/ the 3D orbit

4F
30 M7, - ‘
i A
t; 4 5 - -
obability (Predictio
by “Pr bability (Prediction)

In the IBUKI event,

~35% (per stopped =-)

) o Absorption occurred in
5 (4 . : .
5 the 2P orbital, which 1s
b 10, Be closer to the nucleus!
SAHe
b . “)‘ IBUKI
KIS0 The Zp-A A coupling is weak?
S. H. Hayakawa et al., n
PRL, 126, 062501(2019). e Wond

IRRAWADDY

16



=" C atomic X-rays

» Energy shift (AE) and Width (I') n
Theoretical predictions are strongly model dependent

=
Potential S
4F
AE (keV) ~1100 ~90 ,'/'/"‘ 25 keV
b -
I (keV) ~2000 ~0 ¢ ,'/'/L‘ 55 keV
Last orbit(?)

» X-ray Intensity ) S ,'/'/Lx
Series X-ray observation required 154 keV

Transition ESC potential HAL_Q.C = “’4

Potential absorption
~40% -- Coulomb = p—A4

A tew % ~40%

— Coulomb + strong

17



E96 : Commissioning & physics run

»E96 core members :

K. Kamada, F. Oura, C. Son, R. Imamoto,
H. Tamura (Tohoku Univ.)

M. Ukai (KEK)
T.0. Yamamoto, M. Fujita (JAEA)

»Run at the same time with
J-PARC E70 (& hyper nuclear spectroscopy)

»Commissioning : done @ 2023 June

» Physics run : coming soon

18



Summary

< The = Atomic X-ray spectroscopy 1s a powerful method to approach the =N interaction.
< The “key” 1s how to select stopped = .

< Counter-Emulsion coincidence method (J-PARC EQ7)
M. Fujita et al., PTEP. 2022, 123D01 (2022)

< “Kinematical” method (J-PARC EQ3)
Y. Ishikawa, Doctoral thesis, Tohoku Univ. (2022)

<+ Ge-AFT coincidence method (J-PARC E96)

—expect the world's first carbon = atomic X-ray observation

19


https://doi.org/10.1093/ptep/ptac156
http://hdl.handle.net/10097/00137471




Twin A hypernucleus events @KEK E176

#10-09-06 (Yokohama) #13-11-14

. 4

& 5 +1°C
o @
L e 4 S. Aoki et al.
Prog. Theor. Phys. 89, 493 (1993) Phys. Lett. B 355, 45 (1995)
“H
v CIZ X % capture v most probable(3CIZ X % capture
v “H(HERE) & } Be(most probable)h3 ik v AEAZ D B Kot IR B 12 P E T E §
—B._=0.82+0.17 MeV v YHEEER) & Be(Jile) ERET % &

— B..=0.82+0.14 MeV

24

KnZx —REICRETE oz

=y
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K. Nakazawa et al

KISO @KEK E373 PTEP 2015, 033D02 (2015)

[
o

7 F - ’Z)’?% » ground state’8 &
e B B..=3.87+ 021 MeV
o ¥ }; N | |
e ‘ 5 5 He »excited state7s &
+ N Bz-=1.03 £0.18 MeV

[1]

1()Be

“The first evidence of a deeply bound state of =-14N system,”

=N is attractive

22



. EHL. [
[BUKI @J-PARC EO7  bisy o tew tos o002y

"y A
': 'f\He Emulsion | Calc.
X — | KISO IBUKI i  Ehime
%0 z : Coulomb
2_2 2 T lpa’) ] 0.39
['114 :— T
Q?-es 5 — S
s S

BE— =1.27+0.21 MeV

IBUKI : a Coulomb-assisted 1p-_ state

23



M. Yoshimeoto ef al.,

IRRAWADDY/ KINKA @WEO7/E373 Prog. Theor. Exp. Phys 2021, 073D02 (2021)
#IRRAWADDY .- #KINKA
;- - A
10 pm : .S .
Al

-
.
L J
e

-

.
L] -
......

—— ; 14 9 5
=4 N—>ABe+AHe+n

» > Be3ground state 7% &
BE— = 8.00 £ 0.77 MeV

-~ >/9\Be75§excited state 7% &
ey 88 “He o Bz =4.96+0.77 MeV

v NIZ X % capture
v FRERE — FII—EICRE ]
B =627 +0.27 MeV \He

25



IRRAWADDY, KINKAIZEH 3 % i

= 14N 4 — WS+ Theoretical B
- Present data Coulomb predictions
x = I — Fap.pul 1p3/ :
ey gL 2P a* P - . :
C - ; _ : the first observation of a nuclear 1s
'I i s ==
& —6F x 5 e state of the hypernucleus, 15C”
-8 [] SE — :
~10F AP =
D SLO
—12':— —_— B
AT EEE R 107
~ o o & F a g 01 0% & & O
= @ ¥ M 5 £ 5 ¥ ¥ § 35 I 3 E1(2P—1S) rate << E1(3D—2P) rate
e v 7 &2 &3 7p 7P —Lg a4 @
- = 2 z =

M. Yoshimoto et al.,

Prog. Theor. Exp. Phys 2021, 073D02 (2021) “Assigning a =, — 14N bound state to IRRAWADDY
1s therefore questionable. q

A.Gal et al. PLLB 837
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p < E'n mixing A. Gal et al. PLB 837

Py
b=
e

= p — B RitowE s

N+
0 - .
ome P E1N/ 2 3D atomic state?» S DELE&IZ L D
nuclear 1p :'i"j""'_' -1.27
| IBUKI —0 14
D -4 |
= E1 NDOEEIZ., 2 DODIREANERE DO EH G TEX
L/ N
o e — IRRAWADDY (3E] —'* COIRTE L fRIRT Z %
|| ———— -6.18 1s -8.27
1p threshold s il'w:F.l li\;V}\b-D-Y. e
- = DR FRAIRED E(E R W 5 o lc &
M. - M=o M(12B)-M(12C)  M(H4C)-M(14N)  M(6N)-M(160) 578 IZlE, Ep « End3 K E < Hiill
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" INBC, 0BT, ELEBDITIKIE
6.85 MeV 13.9 MeV 0.67 MeV 10.93 MeV D) HUTZIPM\%%
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iR 5% B 1 X ]

VE373 E07 CHUH S I 7 BREFRM R DEZHME T 2 )L ¥ —

Theoretical B
predictions .
/’\ ]
E [
__________________________________________________________________________ 3D
= _Eﬁp_-l%lp_ut_ P
_ ls m _—
18 R 22 E 25 keV
RMFeons 2 E
2 E P 55 keV
= = B g = ¥ F Last orbit(?)
5 £ 4 F T & & o
: . 154 keV
M. Yoshimoto et al., PTEP 2021, 073D02 (2021)
F2R) P, SHEA & DRI & HL 5 1 2 FRHPLEEL S N7 1 :
(555 P, SHflE Pl & LR DI L absorption
[BHEmET 5] *T. Koike,J.Phys.Soc.J;l. Conf. Proc. 17, 033011 (2017). --- Coulomb = p—A
P> 6 DWRIN : 0.5 - 2% — Coulomb + strong

DS DIRIX : 47.9 - 75.7%

XiFEUR(C & B Rzt DEEENED

28




C E atomic X-ray measurement (@ EO7

10.1 keV - MeV?

o0
-

N
o

counts / 2 keV
S
TTTTTTTTERR
—
i |
;. {
e

L T ey g

w/ X1 stop 1n C target (stop prob. > 0.08)

50 100 150 200 250

0.1 -1 MeViEIRKCIEZIRE L CE— 7R

— No evident peak

29
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- e B 23 A
o R T Calc. (WS type)
« Vo=.150M0

g : AL a y
e Xifityield (Nxmy) Dupper limitiZ & > TELER e Vo =-20 MeV
\ - . . »= - = A = : :
O) 63 uj’it BBRO)UP p Cr hmltb) ﬁqz,f T % % % 4 I— calculation (WS, Vo=15 MéV)
N 1l [ — calculation (WS, Vo=20 MeV) :
BR(E1.3D — 2P) = Xrays g -  — data, (1)5 AE = 0 keV (uppel;' limit) Experimental result
NEcapture X PE(3D> X €Ge E 1 f_ ................................................................................................................................................
Q =3
B
= = T;, e S e NG e We- 005 i
eBRIZ £ > THINDI (~ Wo)Dlower 2107 s
- B |
limit2>FHli T & % :
1 0—2 NG DR
F%l?—)ZP E B
BR(E1,3D — 2P) = . B i
[3D—-2P 4 F'3D ™, i
El abs.
4 10—3 ] ] IIIIII| ] ] IIIIII| ] ] IIIIII| ] ] ] | [ | S |
1072 107" 1 10 107

Width I' (2P) [keV]

BRD>5WoD TIREZ T 27201213, EEIKREZ 1 Hin B3 205088035 5
(Wo230.1 MeVERJE & IRGE L 72854
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BRIk IR E - BRI N5 FHIH

4 =" C atom
|
oG
. ‘/
—3D 25 ke

¢10-200 keV L % )L ¥ —FHI CTOH|E

: o VAR DYLK
4 55 keV . .
Last orbit(?) o 577 T HE

o BRI S kagi A D fre a1
o Ht LTSGR DR

154 keV

.
.
.
<

absorption
--- Coulomb = p—A44 @

— Coulomb + strong

31



HIESEZH I T 72 A HIH

oXiptrHIgR & LT
CdTe 8 Ak e DE A

kSl

v # keV -1 MeV |
v Y BRPGIEL L

~ 4 EUX

=3

VERTHEHIECTZ %
v Ge SilZ LR TCEFERRBED EL
v Polarization

o172 i IEEF SOERIE DO Gt
v AREE R A

v Fiber Tracker (AFT) + degrader

Gel®R Hiar @E07

I 3L ¥ — R AT 100 - 1400 keV M keV - 1 MeV

2 keV(FWHM) @ 154 keV 2.7 ke V(FWHM)@ 60 keV*

=2 Al B i A
10284% 50 %% *

BE 1% #8288

i >/
Y (Segmented plastic scintillator + MPPC)
5

K+
K+ ?Z
L K - . :
uﬁ»n
Lige
C?Iifli i'% = 5% L TBGE D

*77 17 RfEHP L D

- % cm2ZE 1 * 1 6f[*43EMR 72 BEN > 5 3emD FREE I E W - RS



Bias: 100 V
h_adct
Entries 4293 : . . g

300 Mean 404.7 - F2 r R , |
Std Dev  233.9 s . TR . SH% TONE SR oo

YW Rt -|',;‘ Tt d S . . N -
AN 5 -~ LI i ; ' .
) T Ay ‘*"" PR ik v N .
=S T R VN AN S . . >
3 - B e 1 <
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g . : 1, : =
P ~
: i j \
3 . " . N
r
'~ > A
Wl
'

7707 F4EE lem*1em =0

200

202 keV

150

. wgem v ow U A e T e U, ] - c ¢ & s e s e e e
.......................

306 keV

100

At=-T.T0us 1/4t=129kHz Edze 4+ @B DC 2. 00
12 2. 00% 27 2. 00V 37 500V 4: 200ny H-5. 00y
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IRRAWADDY, KINKAIZEH 3 % i

= 14N 4 — WS+ Theoretical B
- Present data Coulomb predictions
x = I — Fap.pul 1p3/ :
ey gL 2P a* P - . :
C - ; _ : the first observation of a nuclear 1s
'I i s ==
& —6F x 5 e state of the hypernucleus, 15C”
-8 [] SE — :
~10F AP =
D SLO
—12':— —_— B
AT EEE R 107
~ o o & F a g 01 0% & & O
= @ ¥ M 5 £ 5 ¥ ¥ § 35 I 3 E1(2P—1S) rate << E1(3D—2P) rate
e v 7 &2 &3 7p 7P —Lg a4 @
- = 2 z =

M. Yoshimoto et al.,

Prog. Theor. Exp. Phys 2021, 073D02 (2021) “Assigning a =, — 14N bound state to IRRAWADDY
1s therefore questionable. q

A.Gal et al. PLLB 837
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