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Photographic film: Nuclear emulsion 1/20

EO7 type emulsion AgBr Crystal
diameter =200 nm

\‘—
Semi-conductor
35 35 0.6 .
(35 cm x 35 cm x mm) @ Wwith 2.5 eV bandgap

https://indico.cern.ch/event/1031127/contributions/4329924 /attach S ial luti ] b
ments/2031548/3781284/EmulsionTechnology_EPNU.pdf 100 um patial resolution: sub-um



Pioneering observations with Nuclear emulsion

a-particles Cosmic-ray Interactions
(1915 ‘S.'_Kin'oshita et.al) (1937 M. Blau et al.)

s
ekt

2/20

Meson particle (m+— u++ v )
(1947 C. F. Powel et.al)

Philosophical Magazine and Jounal of
Science Ser. 6, 29, 171, 420-425 (1915) Nature 140, 585 (1937)

Nature 160, 453 (1947)
Hypernuclear weak decay Chramed particle (1971 Niu et.al)

(1954 M. Danysz, J. Pniewski) X(ANt) >0+ por X(D*) > w0+ m#
\ 4He oo -

Manual search with microscopes
~100 people ?

¢ L |~ Automation was mandatry

Fig. 3(a). Fig. 3(b).
Phil. Mag. 44, 348 (1953) Prog. Theor .Phys., 46, 5 (1971)




Track Selector Nagoya Univ. (F-Lab) 3/20

1.Clusterizing ~ 1200 such procedures [tanf | < 0.6

P

(a) 1x1 (b) 2x2 (c) 3x3

2. Reconstracting tracks in emulsion layers (Microtracks)

/ % s{é /- md 3. Reconstracting tracks in base (Base tracks)

:
X

-
mnd)

Top emulsion layer

44 um

NN\
LEE

ARy
Shiftx /== =7 %I \"“°'°""’Ifff’/ /\ |

b

’
/
,*" base tracks
s,

',’/ ',' 205 pm
\ microtracks I / \
Ny
\ / 44 ym

| | | | Bottom emulsion layer




NET SCAN

Particle Physics Reference Library pp 383-438

F.L.=280pm DONUT
0,inx=0.090rad
P,=414% ¥Mev/c
P=4.6", JGev/c
T -

LT

..
‘ra.
vy,

| Ll

»

|| Fe

PHYSICAL REVIEW D 78, 052002 (2008)

10mm

§ daughter

Physics Letters B 691 (2010) 138-1

Connecting tracks in
several tenth sheets

- Remove short tracks
- Remove penetrating tracks
- Search vertexies

DONuT
9v , events/

OPERA
5 events of v
in2x 1020 v ,

v oscillation




Hyper Track Selector

GaNViE
Wy

objective lens

18| Parallel Processors
) *
b

72 GPU + 36 CPU

“ e =1
¥ ‘ hm_g,
A 'L .

Wlde Vlew Lens

/ ‘ = x 600 FOV (80 kg) 6 units: 72 sensors

cam.> ) [ e
72ch Camera cama ‘- =t =1y=
. > o e [ e N
. - [

2M pixel/Camera ~ oo

< ___Beam ~—_"

, \ % b Cam.6 splitter o
’ R o | [
Cam.3 B oo [ s
o o R s o | I = N
Cam.1 i e Wl = = =
Cam.2|[S ==
@ s o o Y I |
o s o | [
e o o | s s Y
=) = =W o s

/ Objective
. y/ ) —
° ° o A y N lens
High Precision g .

X-Y-Z Stage New Read-out system HTS
« - Hyper Track Selector —

5.1 mm

A
'
< > i
DVQ llluminator

M. Yoshiomto, Prog. Theor. Exp. Phys. 2017, 103H01 N



New application with Hyper Track Selector 6/20

Muon radiography (Scan Pyramid)

Number of tracks: N, i Trans —{ pensity of target

N/Ng
_ Cosmic_ . J
_ muon_ [

Photo

No. tracks: N i

\ ""---_- y
( Structure Emulsion Directions \)

New void

Muon flux

0.40 < tand, < 0.70

https://web-japan.org/kidsweb/hitech/17/pyramids en.html

https://flab.phys.nagova-u.ac.jp/2011/appli/muon/

GRAINE (Gamma- Ray Astro- Imager with Nuclear Emulsion)

T
—_— T
(§=4=! .'1 / =
2BE | : ':-' —+ 2,
EEI== A=

Emulsion + time shifter

View from
v arrival direction
A
] r
{ arrival direction

~10x better resolution

track 1 than Fermi LAT

94 MeV/c /| track 2 .
SREyeed to be achieved

Gamma-ray energy: 118 MeV

https://flab.phys.nagoya-u.ac.jp/201 1 /appli/graine/

PTEP 2021,12, December 2021, 123H02


https://flab.phys.nagoya-u.ac.jp/2011/appli/muon/
https://web-japan.org/kidsweb/hitech/17/pyramids_en.html
https://flab.phys.nagoya-u.ac.jp/2011/appli/graine/

Automatic track following for Hypernuclear detection ;.

‘ Bayon-Bayon interactions Short-range Hyperon Hypernuclei:
quark contribution? A (uds) Bound state of nuclei and hyperons
O 0 »
00,00 N

5/\He 6/\/\He

T = 262 ps Y-N, Y-Y interactions via
A Beam, target binding energy measurements

Detector configurations Double strangeness production

<E,> 17 ~100 GeV <Ez> ~0.15 GeV =E+p—=> N+ A

m

m

i |

{ / \ ——
T | /// \ / / \ |

[ Metal pl O Emulsion | [ Base fil
J. Yoshida et al.,, N.I.I\I\Q.e,?8zgt((2201 7) ggu R s NAGARA




Hypernuclear detection

‘ J-PARC EO7: Search for double-strangeness hypernuclei
Reducing scan-area

1.8 GeV/c 59 K+ Lo
K beam ppm | _.-- \
T \\eee ﬁ
arget = erereP (+-200 1 m)?

(K5 K+) \_ / (= H@UV/

Heavy lon experlments

A SpH: Hypertriton
Li g htest & evaluated value: 236 + 12 ps (scaled by 1.24)  --- free A
] 0.0251
Implest =
S p e g 0.0204 1 ALICE, 2022 (Heavy lon Coll.) |
% STAR, 2021 (Heavy lon Coll.)
B|nd | ng energy ( /\ _d) g 0.0151 Ly ALICE, 2019 (Heavy lon Coll)
B /\ — 'I 30 i 50 kev ( '| 973) E 0.0104 ALICE, 2019 (Heavy lon Coll.) |
ne. — STAR, 2018 (Heavy lon Coll.)
4 0.0054 ALICE, 2016 (Heavy lon Coll.) |
Cf) N H NZOOO kev HypHI, 2013 (Heavy lon Coll)
T (SAH) = 262 PS 77 ° 200 300 B0 50

3H lifetime T [ps]

10 um

. Ekawa et al., PTEP, (2019)
N.L. Nyaw et al., BSPIJ, (2020)

. H. Hayakawa et al., PRL, (2021)
. Yoshimoto et al., PTEP, (2021)

<»VW>T

___________________________________________________________________

New experiments
For lifetime
GSl, RHIC, LHC, J-PARC, ELPH---

Binding energy
RHIC, LHC, MAMI-C, J-LAB, Emulsion

https://hypernuclei.kph.uni-mainz.de/



https://hypernuclei.kph.uni-mainz.de/

Overall scanning

Direct detection of hypernuclei Vertex picker: Line-detection

Ty T T T 1 e RRRY LB g jg_;v N--"-;M_ 4 L 4
SR ST OO e e 2
AR B ¥ .l i § X, A e | . \

““;{A < %:‘/ H ¥ Y e )./ ) ¢ % N gy A

- L s~ A 1'% o « »

: ",\}

'A'W’;k o v
e &4‘:;.‘“%#
¥ 2
X

Area: x18 Sl

- J. Yoshida, et al, N.LM A, 847 (2017) 86-92
Speedof Z: | =

s P R Background
; S Cross Interaction a-decay

= LT NG B ) i
> ¥ N\ - ey /

+ 1300 emulsion sheets (EO7) CFrANL o
- Independent from trigger condition PN\ R

¥y 3,H Natural RI
Double-straingeness: 103 \/ Data size: 140 PB Th Serias
Single-A: Several million 3 e No. event: 10° We needed

" Breakthrough
" Inspection: 560 years r roud

3 \H(at-rest) — 3He + m-



Machine-learning 10/20

Classification Fuly Comecie

Object detection '

Input Image Convolution Pooling Layers
P g Layers g Lay

Auto pilot
Auto Payment
Security camera

pu L
Applications Training data: 10k~ images

— For rare events

\ 4

ML + Monte Carlo simulation

Classification

https://transcranial.github.io/keras-js/#/mnist-cnn
~/  http://bdm.change-jp.com/?p=3983
A. Radvic et.al, Nature 560, 41-48 (2018)



https://transcranial.github.io/keras-js/

Strategy of developments

Training data

st gtep | e L B .
Classifier with CNN i : |
v Published as “J. Yoshida, et al. . Real images
NIM A 989 (2021)164930" . (Vertex picker)
2nd step N |
J MC simulation + Simulation
Object detection(ML)
....................................................... | Evaluation beeeeesdeee
3rd step
Hypernuclear search Simulation

Mass detection

Precise measurement of binding energy

3AH (2-body decay)



Training data

a-decay event ~ Beam interaction Generative Adversarial Networks (GAN)
(Color = depth)  (Negative sample) Training simultaneously
i (Generator & Discriminator) Real
data v
_______________ Discriminator
Random || ' Surrogate | §
Noise Generator —hi data |
50 um Pix2pix: Image-style transform  https://arxiv.org/abs/1611.07004
Background Mix

(From Real images)

50 um



Which one is real?




Development of the model

14/20

I\/Iask R-CNN

* Direct detectlon
- Classification: Score(0~1)
- Segmentation

\https://www.cis.upenn.edu/~jshi/ped_html//

. Ex. training data N

Mask

0.15 A

0.10 A

0.05

50 um

Training curve

H3L_training_with_simulated_images, Train
—— H3L_training_with_simulated_images, Val

100 150 200 250 300

Tralnlng data (Simulation)

Mask
(To be detected)

Wlthout annotation

Pytorch tutorial (Resnetb0)

Training with 30k image pairs
- Training:Validation = 8:2
- [teration(Epoch) : 300,
(Updating params to reduce Loss)

- Best epoch: 102
— Test & Analysis



Evaluation with simulation data

Results for simulated images
- Detect only a-decay event
- Segmentation

L T B
VO N y
- ., A

W
1:- ;}f:
| Score > 0.9:
oy 10° 1 2983/3000(0994)

¥ ]
¥ 5

Q 102 E

o~ 9p)] ]

e c

=
!_é ¢ 8 101 3
- S 0 1 ml_ m o1
L R 0.0 0.2 0.4 0.6 0.8 1.0
Ay Score > 0.9: Efficency 99%
\C Effectivness Negative sample




Evaluation with real data 16/20

Image processing (with Mask Info.)
a-decay(simulated) Candidates (Real)

A el 10 1.0
B T 120
‘v i ) ' I60
e IR . 4 . ) o8- 100 0.8
T g e R L P 50
- Detected = £ «
e B e S @) g £ 8
'”;56'3 "i’::i ’{.e: : *:' ‘ -g | 40 é | 20
e T © o, I I
50 um 2 0 0
MM score for all candidates = o | | | | | | | |
120 - - ii:::: i 3“ Ratio of black pixel
“1 . Score>09:482 & Cand |Detected |Efficency [%] |Purity [%]
g 1 L VP 3105 |31/76  |40.8+564 ~1.0
5 o0 L VP + CNN 1347 |31/76  |40.8+5655 | ~2.3
o] U L Mask R-CNN [482 [61/76 80.3+42 4 ~12.6
ol | i + Image pro | 352 61/76 80.3+42 4 4 ~17.3
S R s e G A. Kasagi, et al., N.LM A, 1056 (2023) 168663

Classification score (Mask R-CNN)



Hypertriton search

3AH 2-body decay
Simulated events

|- -

3/\H

- Rare event was detected
- S/N ratio: ~1/10% improved

nature reviews physics

Perspective | Published: 14 September 2021

New directions in hypernuclear physics

e

®

. \7.2i0.2 pum

\E

NG

28.80+0.01mm ™

o

50 m

3H
768.9+3.5um

3He\
8.5+0.2um

180.040.6 um \

A\
X\

@

2,117.0£3.0um o F

127.5+0.3um

22112 mm

>4.93mm

10um

T.R Saito et.al, Nat Rev Phys 3, 803-813 (2021)




X-ray microscopy for Nuclear Emulsion

18/20

Spring-38 Initiated by

To achive higher resolution for tracks

Dark Mater search
(T Naka et.al )

Undulator Monochromator

T o

Condenser

Zone Plate o
Objective

X-ray:
x?/ndf: 7.64/6
" Mean: 0.20 um
Sigma: 0.04 um
Optical:
x2/ndf: 12.85/7
N an: 0,47 um
Sigma: 0.06 um

400 600 800 1000
Dyp.g0 [NM]

Total-reflection Q Sample Zone Plate %30_
Mirrors © 204
y '
oL
Image
detector X—ray'
3D analysis with stereo imaging Optical:

0.20+0.04 um
0.47 +0.06 um

____________________________________________________________________________

5

X- ray

XLZ

became possible

A. Kasagi et.al.,

The unrelated grain was resolved
Postion acc: £ 3um — + 0.04 um

Interpretation of double-strange event

EPJ-A. 58, 190 (2022)



Precise Neutron imaging with tracking detector 19/20

Neutron imaging: Hydrogen, Lithium, Boron Tetsuo Samoto et al.,, 2019 Jpn. J. Appl. Phys. 58 SDDF12
Sty Fine-grain emulsion L Q0RO M
. ermal neutrons T - W ¥

-
o
N

. 35.nrr!-¢.:rys'ta| iﬁo.'cr sta® 800 nm |
S aty y 4 » Gd Gd Gd Gd

-
o
°
T

Mass attenuation coefficient [cmzlg]

J. Imaging 2021, 7(1), 4

0T %0 40 60 80 100
Atomic number
J. Phys. D: Appl. Phys. 42 (2009) 243001 15000 . :
°°°°° 10500 les:ffj;;.a:;izzi?il%n o
. I S50 +++H, 4 >+\H+
Neutron detector with emulsion ol || 4| 4 _ e H+ f
. . 3 l. o ". g ‘. & P § ;
108,C NiC _C Q- 3> o i o T +.++
Emulsion layer | neutron 10B - AN P 2] qu Fo
. 5 A I @ :
Sl Su bStra'te /‘/ 5000 3" .\; 1’.' '," '.‘1':' \*’ - +++++ ++++
) 2500 0 ++‘* i
. 3 % 50 % w0 15 B0 s 0 4 8 12 16 20 24 28 32 36
4He or “Li QB* Y [pixels] Y [pixels]
Neutrons — |]}l-7 o= 0.945 + 0.004 um
715 Ap Ao L cf. FNTD(fluorescent nuclear track detectors)
Li or 4He Q/
< 0.4 > ~10 um 4He A. Muneem et.al, J. Appl. Phys. 133, 054902 (2023)
A MM 0.3 um A. Muneem et.al, Radiation Measurements 158, 106863 (2022)



Summary 20/20

Photographic film: Nuclear emulsion
- History of Pioneering Particle Detection
- Automated analysis of tracks in emulsion sheets

— New physics experiments & new applications
Nuclear emulsion + Machine learning
- Hypernuclear event search without any triger conditions

- Machine learning for High efficency + High speed

— Efficency: ~x2, S/N ratio: ~x17
— Rare events can be studied with Nuclear emulsion

Further developments with nuclear emulsion
- X-ray microscopy, Neutron imaging

Unprecedented large statistical analysis + Precise measurement
Nuclear emulsion is not only historical but also matured imaging detector!




