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Experimental verification of the generation of quantum entanglement state of two
electrons and the quantum interference phenomena

Saitoh, Koh

32,100,000

+ 80%
0%

We have developed an electron gun that generates structured electron beams
having a specific amplitude and phase distribution by 1lluminating a semiconductor photocathode with
structured light. An optical system that generates structured light with a specific intensity
distribution was constructed using a spatial phase modulator and mounted on an electron microscope.
It was confirmed that electron beams are generated by the structured light generated by the present
optical system. We also conducted an intensity interference experiment using spin-polarized
electrons, and found that electron beams with spin polarizations of £+ 80% show anti-bunching
phenomena which is not observed by electron beams with a spin polarization of 0%. In addition, we
constructed a theory that describes the quantum interference effect and the breaking of Bell"s
inequality, and elucidated the mechanism by which weak values occur.



50pm

nature

90 10’A/cm?sr 0.2eV

1)

)

3) 2

@



@

2x10°Pa NEA 8x10"Pa
700nm  850nm 100mw
NEA
® SLM
SLM 12mm x 16mm, 20p m 600 x 800
1 1(b) A /2 P
PBS SLM
SLM PBS PBS
CCD
SLM
CMOS
E—LRATyi—
F=4mm
i l? # bhv—=F
> - || l
— < l }
% ; BEHE | | : :
A B ERI LTS t P00 Vo
o4 i ;;’{jvﬂf— CCDhAT
K
1
©)
(1) 2 Csdispenser Lalser
Orxygen tank \ Gate Vave Laser Introductory part
7 e Photocathode
Transfer-rod Electron gun
NEA Chamber
§ % Condenser lens
==o—— Condenser lens movable aperture
mm—>_- Specimen
2 @ & Objective lens
% % ]» Intermediate lens
% % ]»Projectorlens

= Faraday cup
< ——=—Phosphor screen
[ ]
Y

NEA



2

70keV 10°A/cm’sr
0.7eV
(PINEM)
EELS
3
10°
S N
5 /
S /
0
¢ .« - %
s L .
3 / —e—50kV
S 4 —=—60kV | |
& 1000 :5./ / —e—T70kV
100 i
1078 10" 10%° 107° 10 10"
Charge(C/Pulse)
3
1
(kV) (Clpulse) (Alem? ) (Clem? sr)
50 2.2x1015 9.2x108 1.0x10*
60 1.69x1015 6.7x108 7.3x10°
70 1.47x10%5 1.2x107 1.3x10*
— 1.8ps
; — 11ps
S
S
he
A
D
R
8 64-48-32-16 0 16 3.2 48 64 8
IFNF—RAZ(eV)
4
©)
GaAs
)
SLM 5()
NU 5(b) 5(a)
SLM 5(c) 5(b)

SLM

NU



(@)

SLM
5(d) SLM
NU

SLM SLM

6(a) 6(b) SLM
" NU 6(c) 6(d) 6(a)
6(b) CMOS
CMOS

6 (@ (b)SLM
©®
@ @

®

@ )

Physical
Review Letter

©)

— 5 3 No.657
2018 3 pp. 42-48

2019 3 15
196 (2019)
2019
2019 9 11
Shogo Tanimura, "Tensor categorical structure of observables in classical physics"”,
Symposium on the Categorical Unity of the Sciences, Kyoto University, March 23, 2019,

2020 7
pp. 136-149



22 11 1 0
Uesugi Yuuki Fukushima Ryota Saitoh Koh Sato Shunichi 27
Creating electron phase holograms using femtosecond laser interference processing 2019

Optics Express

20958 20958

DOl
10.1364/0E.27.020958

Noguchi Yuuki Nakayama Shota Ishida Takafumi Saitoh Koh Uchida Masaya 12

Efficient Measurement of the Orbital-Angular-Momentum Spectrum of an Electron Beam via a 2019

Dammann Vortex Grating

Physical Review Applied 064062-1-6
DOl

10.1103/PhysRevApplied.12.064062

Kuwahara Makoto 58

Development of Spin-polarized Pulse-TEM 2019

Materia Japan 269 274
DOl

10.2320/materia.58.269

Nomura Yuki Yamamoto Kazuo Hirayama Tsukasa Ouchi Satoru lIgaki Emiko Saitoh Koh 58

Direct Observation of a Li- lonic Space- Charge Layer Formed at an Electrode/Solid- Electrolyte 2019

Interface

Angewandte Chemie International Edition 5292 5296

DOl
10.1002/anie.201814669




Nagase T. Komatsu M. So Y.?G. Ishida T. Yoshida H. Kawaguchi Y. Tanaka Y. Saitoh K. 123
Ikarashi N. Kuwahara M. Nagao M.
Smectic Liquid-Crystalline Structure of Skyrmions in Chiral Magnet Co8.5Zn7.5Mn4(110) Thin Film 2019

Physical Review Letters

137203 137203

DOl
10.1103/PhysRevLett.123.137203

Noguchi Yuuki Nakayama Shota Ishida Takafumi Saitoh Koh Uchida Masaya

12

Efficient Measurement of the Orbital-Angular-Momentum Spectrum of an Electron Beam via a
Dammann Vortex Grating

2019

Physical Review Applied

064062 064062

DOl
10.1103/PhysRevApplied.12.064062

Nomura Yuki Yamamoto Kazuo Hirayama Tsukasa Saitoh Koh 67

Electric shielding films for biased TEM samples and their application to in situ electron 2018

holography

Microscopy 178 186
DOl

10.1093/jmicro/dfy018

Nomura Yuki Yamamoto Kazuo Hirayama Tsukasa Ohkawa Mayumi lgaki Emiko Hojo Nobuhiko 18

Saitoh Koh

Quantitative Operando Visualization of Electrochemical Reactions and Li lons in All-Solid-State 2018

Batteries by STEM-EELS with Hyperspectral Image Analyses

Nano Letters 5892 5898

Dol
10.1021/acs-nanolett.8b02587




Kuwahara M. Ujihara T. Saitoh K. Tanaka N.

Coherent pulse beam in spin-polarized TEM using an NEA photocathode 2018

IVNC 4-5
DOl

10.1109/1VNC.2018.8520014

Nomura Yuki Yamamoto Kazuo Hirayama Tsukasa Ouchi Satoru lIgaki Emiko Saitoh Koh 58

Direct Observation of a Li-lonic Space-Charge Layer Formed at an Electrode/Solid-Electrolyte 2019

Interface

Angewandte Chemie International Edition 5292 5296
DOl

10.1002/anie.201814669

Ichihashi Fumiaki Dong Xinyu Inoue AKkito Kawaguchi Takahiko Kuwahara Makoto Ito Takahiro 89

Harada Shunta Tagawa Miho Ujihara Toru

Development of angle-resolved spectroscopy system of electrons emitted from a surface with 2018

negative electron affinity state

Review of Scientific Instruments

073103 073103

DOl
10.1063/1.5021116

H. Nambu, Y. Noguchi, K. Saitoh, M. Uchida 66
Nearly nondiffracting electron lattice beams generated by polygonal slits 2017
Microscopy 295-299

DOl




55

2017

68-75
DOl
55
2017
75-82
DOl
55
2017
63-70
DOl

55

2017

76-83

DOl




55 10

10

2017

61-68

DOl

5 11

11

2017

76-83

DOl

5 1

12

2017

73-80

DOl

56 2

13

2017

68-75

DOl




98

2017

JILS Newsletter 1-16

DOl
56 3 No.657
— 2017
42-48
DOl

98 12 40

Jun Yamasaki, Masaki Kano, Koh Saitoh, Kenta Yoshida, Keita Kobayashi, and Nobuo TanakaJun Yamasaki, Masaki Kano, Koh
Saitoh, Kenta Yoshida, Keita Kobayashi, and Nobuo Tanaka

Analysing 3D distribution of nanoparticles by aberration-corrected TEM focal series

The Fifth Conference on Frontiers of Aberration Corrected Electron Microscopy (P1C02019)

2019

T. Ishida, Y. Yoshida, H. Higuchi, M, Kuwahara, K. Saitoh, M. Tomita, T. Tanji

Operando STEM-EELS Observation of Anodic Reactions in Solid Oxide Fuel Cells

The 6th International Symposium on Advanced Microscopy and Theoretical Calculations (AMTC6)

2019




Shogo Tanimura

Geometric interpretation of weak value in quantum theory and geometric picture for negative probability

orkshop on Quantum Information Processing in Non-Markovian Quantum Complex Systems (QIPQC19)

2019

L. Mizuno, M. Kuwahara, S. Kuwahara, T. Ishida, K. Saitoh

Fine Structure of Plasmon Hybridization on Au nanotriangles via STEM-EELS

Microscopy & Microanalysis 2019 (M&M 2019)

2019

R. Yokoi, T. Ishida, M. Kuwahara, K. Saitoh

High-Brightness Bunched Electrons Using a Semiconductor Photocathode and Optimized Acceleration Field

Microscopy & Microanalysis 2019 (M&M 2019)

2019

Yuki Nomura, Kazuo Yamamoto, Tsukasa Hirayama, Emiko lgaki, Koh Saitoh

Visualization of a Li-lonic Space-Charge Layer in a Solid-Electrolyte by Transmission Electron Microscopy

The 6th International Symposium on Advanced Microscopy and Theoretical Calculations

2019




M. Kuwahara, R. Yokoi, L. Mizuno, W. Nagata, Y. Yoshida, T. Ishida, T. Ujihara and K. Saitoh

Spin-Polarized Pulse-TEM

75th Annual Meeting of The Japanese Society of Microscopy/Germany-Japan Joint Seminar on Advanced Electron Microscopy and
its Application

2019

T. Ishida, M. Kuwahara, K. Saitoh

Atomic Resolution Imaging with an Electron Bessel Beam in Aberration Corrected Scanning Transmission Electron Microscopy

Microscopy & Microanalysis 2019 (M&M 2019)

2019

K. Saitoh

Orbital angular momentum spectrum measured by forked gratings and its relation to angular Fourier transform

Microscopy Conference 2019

2019

M. Kuwahara

Spin-Polarized Pulse-TEM

Germany-Japan Joint Seminar on Advanced Electron Microscopy and its Application

2019




Yuki Nomura, Kazuo Yamamoto, Tsukasa Hirayama, Emiko lgaki, Koh Saitoh

Dynamic Observation of Li-ion movement in a Solid-State Li-lon Battery

Microscopy and Microanalysis 2019

2019

Yuki Nomura, Kazuo Yamamoto, Tsukasa Hirayama, Emiko lgaki, Koh Saitoh

Visualization of the Electric Potential in a Li-ionic Space-charge Layer

Microscopy and Microanalysis 2019

2019

J. Yamasaki, M. Kano, K. Saitoh, K. Yoshida, K. Kobayashi, and N. Tanaka

Analyzing 3D Distributions of Au/Pt Nanoparticles by Focal Series of Aberration-Corrected TEM Images

International Conference on Materials and Systems for Sustainability 2019 (1CMaSS2019)

2019

K. Saitoh, Y. Noguchi, W. Li, M. Uchida

Performance of orbital-angularmomentum measurements using forked gratings

International Conference on Materials and Systems for Sustainability 2019 (ICMaSS)

2019




M. Kuwahara, R. Yokoi, L. Mizuno, W. Nagata, Y. Yoshida, T. Ishida, T. Ujihara and K. Saitoh

High-brightness pulsed electron microscopy toward advanced measurement of time-evolution in nanomaterials

International Conference on Materials and Systems for Sustainability 2019 (ICMaSS)

2019

Y. Uesugi, R. Fukushima, K. Saitoh, and S. Sato

Fabrication of holograms for electron vortex generation by one-shot laser interference processing

International Conference on Materials and Systems for Sustainability 2019 (ICMaSS)

2019

S. Hattori, Y. Nomura and K. Saitoh

Image Reconstruction of HighResolution STEM Image by Dictionary Learning and Evaluation of Atom Displacement

International Conference on Materials and Systems for Sustainability 2019 (ICMaSS)

2019

T. Nagase, M. Komatsu, Y. G So, T. Ishida, H. Yoshida, Y. Kawaguchi, Y. Tanaka, K. Saitoh, N. lkarashi, M. Kuwahara and M.
Nagao

Observation of Anisotropic Skyrmion Interactions Using Lorentz Transmission Electron Microscopy

International Conference on Materials and Systems for Sustainability 2019 (ICMaSS)

2019




W. Li, K. Saitoh and M. Uchida

How to Use Angular Fourier Transform for Orbital Angular Momentum Spectrum Mapping

International Conference on Materials and Systems for Sustainability 2019 (ICMaSS)

2019

T. Ishida, T. Owaki, M. Kuwahara and K. Saitoh

Generation and Application of UltraFine Electron Bessel Beams using RingShaped Apertures by an AberrationCorrected Scanning
Transmission Electron Microscope

International Conference on Materials and Systems for Sustainability 2019 (ICMaSS)

2019

A. Shinozaki, K. Fukuwa, T. Ishida, M. Kuwahara, T. Miyoshi Y. Arai and K. Saitoh

High-sensitive electron imaging sensor toward nano-second single shot imaging

International Conference on Materials and Systems for Sustainability 2019 (ICMaSS

2019

Y. Yoshida, T. Ishida, K. Higuchi, K. Saitoh, M. Tomita and T. Tanji

Operando Measurement of Electrode Reactions in Solid Oxide Fuel Cells Using Environmental Electron Microscopy

International Conference on Materials and Systems for Sustainability 2019 (ICMaSS

2019




T. Suzuta, Y. Kawasaki, K. Tanaka, T. Ishida, T. Hatano, H. lkuta and K. Saitoh

Observation of Manganese Nitride Thin Films by Electron Microscopy

International Conference on Materials and Systems for Sustainability 2019 (ICMaSS

2019

R. Yokoi, T. Ishida, M. Kuwahara, and K. Saitoh

Novel Transmission Electron Microscope Using High Brightness Pulsed Beam Emitted from NEAPhotocathode

International Conference on Materials and Systems for Sustainability 2019 (ICMaSS

2019

STEM/SEM

75

2019

/Symmetry and conservation law of electrically charged particle in magnetic field

(Geometry, Mechanics, and their Applications)

2019




75

2019
HAADF-STEM
75
2019
STEM/SEM
75
2019
NEA SEM
75

2019




75

2019
75
2019
ADF-STEM
75
2019
75

2019




SOI-CMOS

75
2019
Mn3AgxCul-xN STEM
75
2019
Angular Fourier
75
2019
120kV
75

2019




Co-Zn-Fe

75

2019

2019

STEM-EELS

2019

2019

80

2019




SOI

80

2019

120 kv

80

2019

TEM

80

2019

Nanosecond imaging by a time-resolved transmission electron microscope with an SOl detector

2019




2019
62
2019
62
2019
75 2020

2019




HAADF-STEM

75 2020
2019
2019
2019
2019
9 QUATUO

2020




M. Kuwahara

Semiconductor photocathode in a transmission electron microscope

Photocathode Physics for Photoinjectors 2018

2018

Y. Noguchi K. Saitoh M. Uchida

Measuring the orbital angular momentum spectrum of electron beams using a Dammann vortex grating

19TH INTERNATIONAL MICROSCOPY CONGRESS

2018

K. Murayama M. Kuwahara T. Ishida K. Saitoh

TEM-EELS of Photo-excited MWCNTs Using a Pulsed Electron Beam

19TH INTERNATIONAL MICROSCOPY CONGRESS

2018

74

2018




NEA

132 231

2018

Coherent bunched beam in a spin-polarized TEM using an NEA photocathode

RIKEN SEMINAR

2018

Coherent puluse beam in spin-polarized TEM using an NEA photocatohde

31st International Vacuum Nanoelectronics Conference

2018

TEM

63

2018




74
2018
74
2018
EELS c-K
74 (2019
2019
S0l
74 (2019

2019




120kV

74 (2019 )

2019

74 (2019 )

2019

Shogo Tanimura

Relation among measurement time, energy-difference uncertainty and signal-to-noise ratio

18th Asian Quantum Information Science Conference (AQIS 2018)

2018

Shogo Tanimura

Tensor categorical structure of observables in classical physics

Symposium on the Categorical Unity of the Sciences

2019




2018

8 QUATUO

2018

2019

M. Kuwahara, K. Aoki, H. Asano, T. Ujihara, N. Tanaka and K. Saitoh

Coherence of picosecond bunched electrons emitted from a semiconductor photocathode in transmission electron microscope

Electron Microscopy with High Temporal Resolution

2017




M. Kuwahara, K. Aoki, F. Ichihashi, T. Ujihara, N. Tanaka, K. Saitoh

Time-resolved TEM-EELS using a pulsed beam extracted from a semiconductor photocathode

8th International Workshop on Electron Energy Loss Spectroscopy and Related Techniques

2017

T. Ishida, Wei Li, T. Tanji, Y. Yamamoto, K. Saitoh

Contrast Enhancement of Biological Specimens by Differential Phase Electron Microscopy using the Aharonov-Bohm Effect

International Conference on Materials and Systems for Sustainability 2017

2017

Y. Noguchi, K. Saito, M. Uchida

Measurement of orbital angular momentum of electrons using the Dammann vortex gratings

International Conference on Materials and Systems for Sustainability 2017

2017

M. Kuwahara, K. Aoki, H. Suzuki, H. Asano, T. Ujihara, K. Saitoh, N. Tanaka

Coherent bunched electron beam extracted from a semiconductor photocathode in a transmission electron microscope

International Conference on Materials and Systems for Sustainability 2017

2017




H. Suzuki, M. Kuwahara, T. Ishida, M. Nagao, K. Saitoh

Fabrication and analysis of Pt/Co/Ta multilayer disks for investigation of a magnetic chirality

International Conference on Materials and Systems for Sustainability 2017

2017

K. Hamanaka, H. Suzuki, T. Ishida, M. Kuwahara, K. Saitoh

Fabrication and Evaluation of Structure Controlled Magnetic Thin Film for TEM Observation

International Conference on Materials and Systems for Sustainability 2017

2017

K. Murayama, M. Kuwahara, K. Aoki

Bandgap measurement of gallium phosphide using electron energy loss spectroscopy in SP-TEM

International Conference on Materials and Systems for Sustainability 2017

2017

T. Owaki, T. Ishida, K. Saitoh

Evaluation of Focal-depth Extension Using an Annular Aperture in Aberration-corrected STEM

International Conference on Materials and Systems for Sustainability 2017

2017




N. Shota, K. Saitoh

Determination of the crystal chirality by convergent-beam electron diffraction using electron vortex beams

International Conference on Materials and Systems for Sustainability 2017

2017

73
2017

73
2017

73

2017




Pt/Co/Ta

73

2017

2017
2017

2017
2017

GaP
2017

2017




SOI

2017
2017
2017
2017
2017
7 QUATUO

2017




2017

2017

2017

2017




2019

196

SGC

150

2019

320

2018

2018

14 20




2019

pp-64--71

2019 2

(Kuwahara Makoto)

(50377933) (13901)
(Tanimura Shogo)
(90273482) (13901)




