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History of X, neutron, and light scattering 2025.8.10 - 16
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..1900 « 1050 2000 3

v

Photon factory (Jp): 1982
SPring-8 (Jp): 1997
SSRF (Cn): 2009 —_—

Shanghai Synchrotron Radiation Facility

HFIR (Us), ILL (Fr): 1970 >
Bragg uinior JRR-3 (Jp): 1991 ——
diffraction(1912) SAXS(1938) J-PARC (Jp): 2008 —

1915Nobel Phys.
CSNS (Cn): 201F—

Rdntgen -
Discovery(1895)
1901Nobel Phys.
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©  Chadwick _Shull Brockhouse
o Discovery Diffraction Spectroscopy
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21994Nobel Phys.

Rayleigh Einstein Debye - Pecora

scattering(1871) fluctuations(1910) Polymer (1940s) Dynamic
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Choosing suitable energy
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High energy physics

Physical
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thermal energy at r.t.
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fission
200MeV

/ éKr

35

Nuclear force:
Deuteron binding energy

/ mu 3.27MeV

neutron

1/1000 (X-ray)
ionic bonding
NaCl 771kJ/mol

s
>

1/1000 (light ovalent bonding

M / moI / 300kJ/mol (water)
100kJ/mol hydrogen Iéo:ding
10kJ/mol 4—/10 - 30kJ/mol %

= 1kJ/mol hydrophobic bonding

/ - /’ .
Typical energy in soft matter
9 kT = 0.6kcal /mol (~ 20 meV)



energy dispersion
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photon (electromagnetic wave)

hc

E=how= 7 h=6.626 x 1073 [Js]

1[A] —» E ~ 10[keV]
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Neutron: an excellent probe for material research 2025.810-16
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@» 3 basic properties 7 major applications

Dynamics
Crystallography .

Spectroscopy

neutron

particle

wavelength ~nm charge 0
mass lu

'_,& 2

FWWASSLL, W Transient
‘ 7y} gy Phenomena
spin quantum number 1/2 '.:
e . < > ‘. - ‘
Fclairvoyance \agnetism
Radiography Magnetic structure
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Neutron generation
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very effective (no. neutrons « proton power)
(spallation 1MW ~ reactor 15SMW)
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low heat genaration (~ proton power)

/ Generation of neutrons IRt

cascade
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~2fln{ 1GeV [Lro_ton)

Target nucleus :

High Energy Protons '

'(1 ,u

spallation ‘ e

K Spallation

neutron

B

h‘qu

® Proton ‘
O gEf|

Inter-nucleus cascade

/— fission(~2.5n/reaction)

Fission reaction

-

reactor —

)




CUHK Lecture, M. Shibayama

Development of neutron beam sources 2025.8.10 - 16
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Atom, nucleus, and neutron 2025.8.10 - 16
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Chem. Str.

atom and nucleus
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1. Reactor: fission of uranium-235
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Neutron generation (1) 2025.8.10- 16

BU+n—=>SY+*1+2n

(*) E=

235+ 1 > 95 + 139 + 2 mass defect AE =mc?
(236) (244)

* Generation of 2~3 neutron by 1 fission
* Energy of ca. 200MeV = 3.2 x 1011 ]
(8.2x 1010 J/1g U)

(reactor)
neutron
~“MeV

Moderator/ (reactor)
neutron~eV

Maxwell distribution characterized by
the temperature of the moderator

(3.2 x 107" [J]) x (6.02 x 10%)/235 ~ 8.2 x 10'°[]]
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2. accelerator: spallation
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\ /
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When a proton with an energy of 1 GeV hits a target nucleus,
20 to 25 neutrons are produced.



Neutron velocity/energy distribution

<Review> Velocity distribution of monatomic gases

Maxwell-Boltzmann distribution
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The velocity distribution of neutrons in a nuclear reactor has the same shape as that of a monatomic gas.
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Neutron velocity (energy) and elastic/inelastic scattering %870
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(Hydrogen) £, . .
(neutron) l/ (Heavier atom, Li, C, ...)
EI /,.W\ El
N ((SL ) H
E<E
Inelastic scattering E=E
G O\ G\ ) )
(neutron) (¢ i: ) N N ({‘3_\ ) Elastic scattering
(a) collision of 1 yen (1g) coins  (b) collision of 1 yen coin (1g) to 500 yen (7g) coin
N H N Li
(neutron) (Heavier atom, Li, C, ...)
' E
N 3 ‘.‘ 3 ——’—'—)
&\ '
(neutron) {sg__j ) E<E M. Shibayama,
3/ ! ' i “Introduction to Neutron Scattering”,
N Inelastic scattering Kodansha, 2025. (Jpn)

(c) collision of 1 yen coin (1g) to 500 yen (7g) coin with a high speed

@Elasticllnelastic scattering depends mass and temperature (velocity) difference between neutron stars and atom.
17
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Major neutron facilities in the world 2025.8.10 - 16

Major Neutron Beam Facilities Worldwide 7%~

Underlined names show facilities in planning or construction phase

CARR (CHN)
HMI (GER) e
ESS (E SO Cen CSNS (CHN)
@> SINQ (S ;2; HANARO (KOR)
,‘ ./IBR 2 (RU NRU (CAN)
_ ‘ ‘P L
ORRUEE (AR~ © “ @
ETRR-D. (EGP) a : JSNSIJ PARC (JPN @)

\, N— US)
CIRR-3 (JPN] .

Reactor RMB (BRA)
Accelerator
SAFARI-1 (RSA) OPAL (AUS) RA-10 (ARG)

CIRUS (IND) RSG-GAS (INA)
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ILL (Institut Laue Langevin) (France) 2025.8.10 - 16
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2’ 52"

https:/www.ill.eu/about-the-ill/ill-at-a-glance

20 https://youtu.be/xrQgURmcAIc?si=TekXI_COyOcsnYIk
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NIST neutron center (USA) 2025.8.10-16
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ELECIKIU GHAKGE % MAGNETIC NEUT

¥SEE DIFFERENT ATOMS DIFFERENTLY BEING |

HELP Y

https://www.youtube.com/watch?v=ZHSm6ZcGpkA 2’32
21
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Japan Research Reactor 3 (JRR-3)

= Shibayama, {}}CROSS ™™

History: FirstCrlﬂcaﬂtyuzmsmmber 1962)
Upgraded ( 22nd March, 1990)

. st N Type: Light water moderated and cooled,
Vacuum chamber , pool type reactor with low-enriched uranium

Cold Source: Liquid Hz
Max Thermal Power 20MW

Operation Mode : (Nde Operation 26 dayslcyole
6-7cycle Operation/year

Thermal neutron

Courtesy of Dr. K. Nakajima
AONSA FDM, 2024/11/24
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Specification of Fuel

= Shibayama, @CROSS —

_ Standard fuel element | Follower fuel element

Enrichment of U-235 Approx. 20wt% Approx. 20wt%
Mass of U-235 Approx. 472g Approx. 302g
Fuel core material Uranium-Silicon dispersion alloy (U,Si,-Al)
Cladding material Aluminum alloy
Number of fuel plates 21plates/element 17 plates/element [Vertical iradiation hole]
| hol
Fuel plate thickness Approx.1.27mm Approx. 1.27mm el alig

Horizontal
experimental hole

' -
4 ||

f I -~
Hea wat tank
‘

Control rod
drive mechanism

-
0.0 D Beryllium Reflector

Courtesy of Dr. M. Take
@2019 Asia-Oceania Faculty Director Meeting, CSNS
23
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SNS@ORNL (USA) 2025.8.10 - 16
Shibayama, {3)CROSS =™

https://youtu.be/BKVBkenVWVU?si=IXp8gO0IP-IQXybyY 3 21
24

https:/neutrons.ornl.gov/sns
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J-PARC: Japan Proton Accelerator Research Complex 2025.8.10- 16

: == Shibayama, {3}CROSS ™™

https:/www.youtube.com/watch?v=RailgBwPczg 3’ 08”
25



J-PARC: Japan Proton Accelerator Research Complex CUHK Lecture, M. Shibayama
and JRR-3 ;
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Neutrio Experim
baj

[Materiat & Life Science
. | EXperimental Facility

'
i

4 Muon (u)
Pion (a1) .
Target Nucleus s) 4

Proton {p) WO Neutrino (v)
Newteon (n)

D) Kacn (K)
- v ) O I % Anti Proton (p)
SR Proton (p)
e 3 GeV, 50 GeV
spallation b Neikion i
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Materials and Life Science Experimental Facility (MLF) 2025.810-16

- Shibayama, g})CROSS p—

» Neutron and muon beams
* materials science, life science R
industrial applications = Instrumeng - Ty : ‘
» most powerful neutron and muon sources 57— L ' e el -,-"“

Neutron Source —3 W
3 Moderators

Muon Beam-llne §

»:\ “'\‘\\\)
e

NS
ol

‘@f“é‘— = M“K S

B

3 GeV
protons

21 neutron and 4 muon beam lines (8 areas)
are in operation, carrying out studies of

— high-temperature superconductors

— protein, soft matter

— fuel cell, catalyst, new materials

— innovative products and drugs

27 etc.
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The World's Most Powerful Pulsed Neutron Source at J-PARC MLF Achieved
Target Performance (press released on May 31)

e "continuous operation with a proton beam power equivalent to 1000 kW" starting from April 8, 2024

204 )-PARC Takes the Lead in the World.

&

SNS : The pulsed neutron source at the Oak Ridge
National Laboratory in the United States.
SNS stands for Spallation Neutron Source.

ISIS-TS2 : The pulsed neutron source at the
Rutherford Appleton Laboratory

W

Neutron intensity per pulse [10*2n/sr/pulse]
£
1000 kW equivalent (April, 2024)

Neutrons in the UK.
Stainless steel 2
vessel =
0 g
Proton beam J-PARC SNS ISIS ’

28
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Part 3. Instrumentation
1. Structure/dynamics: order - concentration - energy overview
2. Methodology: TOF, angle dispersion, imaging
3. Classification: crystal structure, nano structure, spectroscopy,
Imaging
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Various methods of neutron scattering vs materials “**""
== Shibayama, {})CROSS ™™

order mez‘a/A & ceramics
} elastic scatt. . pwdD.
\V\?"
o"‘*‘gs
SANS total scatt.
SANS = str. factor rad. ditr. fn.
f9rm factor
colloid, polymer liquld & am. _
dilute semidilute conc. bulk ¢ concentration
S QENS
.~Q~“ /
< INS
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Various neutron scattering methods 2025.8.10- 16

Shibayama, &CI’QOSS —
Inelastic scattering Diffraction
S(q,®) Excitation

*(q, hw: Changes in momentum transfer/energy

=

S(q) Magnetic str.

|

w(meV)

sk oL

] e et il A o S e

| e I U U T | (I () ' [ | ' |
10000 20000 30000 40000 S0000 GO00O 70000

ToF(us) ocd (1/q)

Small angle scatterin Reflectivit
g 9 y exp(-Zt) Strain distr.

~~ 10 T :

‘T|E o N S(q) l(‘)o' ; . ‘ . .R(q) ] 36 — + 325
10 . . I 1f

O Hierarchical L Surt ::5

—~ 107

> 21 urface str. =

I tZ el Y, _ =

8 : D: 0 ' i :’.nf'ﬁ'.-“- o - :25

G) 10°F 7 0;1 L \- Y 'thj\.’

c i b — 575

E 10 o 0.05 O'I 0l15 o>2 0‘25 C;3 0o L -_ 725

1072 10! a(A1)
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Two methOds Of neutron data collection: CUHK Lecture, M. Shibayama

2025.8.10 - 16
Angle dispersion vs tlme-of-fMegﬁgggma’ Qcross =

Angle dispersion method Detector

_ .20 A:Fixed ood d Calcd.
Monochromatic beam 2 A =2dsin /2 | 20: Var.

Time-flight method
(J-PARC: 25Hz)

A = 2dsin 29/2
A: Var.
_ h B hL | ze;Fixed':> d Calcd.

mv
m-—
t

t. Time of flight (TOF)
L: Flight distance

m . Mass of neutron

white pulsed neutron

flus] = A[A] - L[cm]/0.3956

32



Angle dispersion vs time-of-flight methods (1)

CUHK Lecture, M. Shibayama
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Elastic scattering (diffraction, scattering, reflection)

(a) angle dispersion method

I(Q)

detector ,

monochromatic

beam

A

\

4
A

Il source

(b) time of flight method
I(t

TOF)
flight distance

2

distance L1 + L

TOF tor

slope=

=neutron velocity

/\ white beam

flight time ¢,
»

33

Velocity:v = —
t
h

Wavelength: A=—
my

ht

mL

1 1 (LY
Energy: £E=—mv’  =—m| —
o =3n{)

Bragg's law:2dsinf@ = A = ﬂ
mlL

L: Flight path length
t: Time of flight

flus] = A[A] - L[cm]/0.3956

Q: Calculate the wavelength And the velocity of neutron
with TOF = 4000 [usec] for L. = 4 [m].
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Angle dispersion vs time-of-flight methods (3) 2025.8.10- 16
Shibayama, &CROSS —

Inelastic scattering (inelastic, quasi elastic scattering), spin-echo
(a) angle dispersion method (b) time of flight method

I(Q,AE)

flight distance

Analyzer Monochromator
detector |
distance L,
L slope= =
2 TOF tTOF
| . . .
analyzer | ' inelastic scatering
sample | |- frmmmmmmmmmoommmooooooooooooE
monochromatic =neutron velocity
beam L1
monochromatic beam
chopper | |----5- ey - -~ === === === === e — e e
Triple-axis spectrometer
(|N8@|LL) monochromator
white beam _
white beam flight time ¢,
source ' >

34



JRR-3: Japan Research Reactor 3

JRR-3 Floor Map

Japan
Research ;
Reactor No,3°

‘JReactor Hall | v o
" A *QST: Nationoaslllnsﬁ:tes fo-r Quant'um and— e s
Radiological Science and Technology Neutron Instruments (28)
- Diffractometer : 7 (JAEA: 3, Univ.: 2, QST: 2)
Reactor Hall Guide Hall - Spectrometer : 11 (JAEA: 3, Univ.: 8)
Y. o ' 7% i - SANS : 3 (JAEA: 2, Univ.:1)
— - Reflectometer : 2 (JAEA: 1, Univ.:1)
- Imaging Fac. : 2 (JAEA)

- Prompt y-ray analysis : 1 (JAEA)

- Dev. of optical device / Test port : 3
(JAEA: 2, Univ.: 1)

@ PSR H 2252 & fawe @1

TOHDKU

35
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Typical angle disp. Instrument, SANS (SANS-U, JRR-3) 2025.8.10 - 16

Okabe, et al., Nuclear Inst. and Methods in Physics Research, A, 2007, 572, 853.
Shibayama, g"’:,CF!OSS —

Monochoromator, Collimator Sample Flight tube, detector
Sample

Velocity

Selector Collimator Chamber Tai"e Flight Tube ~’HePsD
- *.n
= %%l —c— = s ]
Cold ~— N\ ]| | e * et e A dteie . )
Neutron Ni Guide Tube + -
i / Beam Stopper
High Resolution PSD (SANS-U, JRR-3, Japan)
. —16m 16m

Typical sample
size

1.0~25cm
(beam diameter)

Sample

—>

0.1~10 mm J.Appl. Crystallogr., 2011, 44, 558.

Sample holder

- SANS is used for structural investigation for solid,
liquid, polymers, etc., of t3r(15e order of Tnm - 100 nm.
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Neutron Instruments at J-PARC MLF

MLF : Materials and Life Science Experimental Facility

~ BLO6 VINROSE Q

[5)BLO8 SuperHRPD
| / /BLOS NOP

[2] BLO9 SPICA
BL10 NOBORU

[IBL11 PLANET -\
[71BL12 HRC —

Proton beam

a

~—BL23 POLANO Q]

RADEN |
Pl R ez o
[F1BL14 AMATERAS ~ /M ».BL21 NOVA [3]
BL15 TAIKAN BL20 iMATERIA [2)
BL16 SOFIA~/ | BL19 TAKUMI

BL17 SHARAKU - BL18 SENJU ]

J-PARC MLF Neutron Instruments layout

CM; coupled (high intensity)
DM; decoupled (high resolution)
PM; Poison (very high resolution)
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10" , .
J-PARC (1MW)
* Coupled
¢ Decoupled
[}] Diffraction > 10%% M‘% 4 Poloned @.5cn
£ 3
< . %, ¢ SNS (Coupled, 2ZMW)
Diffraction/ g5 weessotie % 4 1SIS (Decoupled, CH)
Reflection 1_: 2104} & ¢
- ee’d
8 R y $
[F] CQuasielastic/ g’..g &° “.o“’"m“o. 39
Inelastic @ EqoR] o !
< 'g ." M‘AJ‘““ - o.
T~ !pm .
Imaging & T o at® 0 0 0
n E 12 o AAAA Aﬂt"o.’o
104 aha %o s
Cross section/ A‘A::A:Q?.‘
Prompt gamma 8, %
a
10" 1 ol 4 AA 1
Fundamental Phys.| 10* 102 107 10" 1¢° 10'

Device Develop.
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Neutron Instruments at MLF
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Experimental ; § e m o =g
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Crystal Structure 2025.8.10 - 16
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Ibaraki Biomaterial Single-Xtal Diff. actometer in the World S 'wfv«w-’, BL18, SENJU
- — — - ""‘ Single Crystal Neutron Diffractomets
y J-r& 5:-&?0‘\\ ] l'

ol S

D
-

iMATERTA
\
SNS VULCAN

Special 10 . e
sample Relative intensity ! 1%  lowest gauge : 1 mm?® 2

Al * 2x2x2mm?, 30mm path in Fe ! ~3 min
* stress resolution : ~*+15MPa (Steel)
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SENJU =F'¥ (BL1 8): Sing|e crystal 2025.8.10 - 16
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Nano Structure
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BL1 5 TAIKAN BL21 Versatile Total

Scattering Diff. (NOVA)

(SANS) o' 8x104~17 A" ‘
TR ~ Utrasmallangl deector

SANS/WANS

Q) (em™)

10’ 10 10", 10 10
q(A)

)
10 - ——r :.'u"

T deuterated polystyrens film 04540y

BL16 SOFIA
(horizontal NR)

1w r

.....

Relectivey
B e 2 =
1
1
3
-

Polarized Neutron
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Time-of-Flight Small and Wide angle Neutron Scattering Instrument

S. Takata et al., JPS Conf. Proc. 8, 036020 (2015).

- beam port: BL15 (Coupled moderator)
- wavelength range: 0.5 - 7.8 A (1st frame)
- total length: 20 m

- collimation: 7.5 m
- sample-SAXS bank: 5.65 m

Collimator, 20 m

Polarization Devi

Focusing aperture

Disc chopper

back (80)

source

aperture Collimator,

Polarization Devices,
Focusing Lenses

Q-range: 5 x 10-3 — 17 A-1 (optionally, Qmin = 8 x 10- A-1)

Beam monitor

\ * Wide-q observation of SAS

* Polarized neutron scattering

* Focusing VSANS
Ultra-small angle

l, j Beam monitor
Small-angle bank (912 PSDs)
(L; = 5.65 m, 2.3x2.23m?)

High angle (320)

Detector Bank

Focusing Devices : Sextupole magnet lens
Polarization Devices : Quadrupole magnets(P > 0.99)
Fe/Si super mirror (V-shaped)
Detector Bank : Small/medium /high angle/backside
(2,032 x 1D-3He PSD)
Ultra-small angle (scintillation PSD)

43
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BL15 TAIKAN: sample environment

.-m, -
.J/;

Watér circ 1?1’5
trcﬁ///er + Heater b=

o

T = 5C - 180°C
(For high temp.)

light control system

\|)tL(l ununr

@ Pressure cell

M (Mercury Lamp)

Aelf Terﬁ'b
control syst

T =-20C - 80°C

(For low temp.)

Light Source

..
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i Automatlc control
of gas ratios (H>O
and D,0)

humidity |
cell

measuring
system
(H;0, CO,, H3..)

For hard matter

r

Sample changer with
humidity chamber

4K cwosfét"?

T =~1300 K
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SHARAKU E:# (BL17): Reflectivity
= Shibayama, @CROSS —
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Spectroscopy 2025.8.10 - 16
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A ' Spin Echo
] —— A : end BLOB(VIN_ROSE)
: ! (KEK, Kyoto Univ.)

Energy‘Tgrans‘fér ‘(‘meAV)‘

BLO2 (DNA)

BL14 (AMATERA TR DU S ———
(JAEA) : , (JAEA)
10 -VlN-R(ﬁE ........... S

0.001 0.01 01 1 10 100
Momentum Transfer (A-')

Figure 2 Covered E-Q space of inelastic neutron scattering instruments in MLF.

BL23 (POLANO)
(Tohoku Univ., KEK)

BLO1(4SEASONS)
46 (JAEA)
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DNA (BL02) Inelastic (Back scattering) 2025.8.10- 16
Shibayama, @CROSS —

J-PARC MLF BLO2 DNA

Andlyzar array

" Monochromator Incident beam
/ monitor (IBM)
Monochromator drive system \\
(Doppler)
47 Back scattering instr. (@NIST)
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INSE (C2-3-1): spin-echo spectrometer @JRR-3 2025.8.10 - 16
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1st Precession Coil
(0.22 Tm)
Polarizing Bender

Sample Position
n/2 Flipper n Flipper
C2 Gui | ; Fresnel Coil

2nd Precession Coil
(0.22 Tm)

Fresnel Coil

Velocity Selector Fresnel Coil

1st Symmetry Coil
n/2 Flipper

Polarization Analyzer

He3 2D (320mm x 320mm) Detector

2nd Symmetry Coil

Polarizing Supermeror Bender

Neutrons £

—_— — - Sampie Stage
mm Processicn Col Multi-charnel .
O over (hrayzen Fresnel Coil
@i‘ﬂg §10-PSDs

,§= Scattering angle = 56

Pelymenc Dancing Floor

https://www.issp.u-tokyo.ac.jp/labs/neutron/inst/NSE/en/index.html
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INSE (C2-3-1): spin-echo spectrometer @JRR-3 2025.8.10 - 16
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B
cold neutron 7t/2 flipper —_— sample
rt flipper

velocity selector

e 1st precession coil
polarization

bender

y polarization
analyzer

i

oA

/2 flip precession = flip . Z
(2) (3) (4) precession
0,0,1) (1,0,0) (cosg/)], sin(/)],()) /2 flip

08¢, -sing 0 5
(5@, s, 0) ©) (6) polarization/
(cosAg, -sinAg¢, 0) measurement
(0, -sinA¢, cosAg) (7)
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Pulsed Neutron Application 2025.8.10 - 16
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Neutron Source Diagnostic & Test Port :
BL10: NOBORU Neutron-Nucleus Reaction Meas. Inst.

BLO4: ANNRI

Fundamental PhyS| S Neutron Imaging

BLO5: NOP BL22: RADEN
50
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RADEN 128 (BL22): Neutron Imaging 2025.8.10-16
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-PARC MLE BL22 RADEN

L A
gy P
> © N
"
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Magnetic Imaging @ RADEN

$cross ==

The world's 1st demonstration of visualizing magnetic field of a working motor.

Collaboration with Hitachi Ltd. HITACHI

Inspire the Next Power Consumption in Japan
RADEN results are used to Others
improve simulation technology 19%
to design higher performance e
motors. —~—
= )
B E.-'E Lightings
s 14% 2005

Supported by Photon and Quantum Basic Research h P el : :
Coordinated Development Program by MEXT (2013-2018) Motors consume more than 50% of total electric power in Japan
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MLF instrument handbook 2025.8.10 - 16
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MLF_spec_2020j.pdf MLF3EEEHP
J=-PARC W https://mlfinfo.jp/ja/aboutmlif/neutron.html

YH - EHHFRRERORBRE

TR e s / S MLF Handbook

https://mlifinfo.ip/ src/resource/PEPnay9XwF/MLF spec 2020j.pdf
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Part 0. Self introduction

Part 1. Overview:
1. Neutron, X-ray, and light
2. History, generation, facility world map, etc.

Part 2. Neutron Sources. (YouTube)
1. World leading facilities (reactor): ILL, NIST, JRR-3, OPAL, ...
2. World leading facilities (spallation): ISIS, SNS, J-PARC MLF, ...

Part 3. Instrumentation
1. Structure/dynamics: order - concentration - energy overview
2. Methodology: TOF, angle dispersion, imaging
3. Classification: crystal structure, nano structure, spectroscopy,
Imaging

Part 4. Summary and references
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Su mmary 2025.8.10 - 16

Shibayama, gbCROSS —

1. There are a number of Neutron sources:
Reactor- or spallation-neutron sources

2. Various neutron scattering instruments;
SANS, NR, triple-axis spectrometers, QENS, INS, spin-echo,...
Imaging, ...

3. Two types of measuring methods;
Angle dispersion and time-of-flight

4. It is very important to choosing the best equipment,
Considering the Q-range, E-range, sample environments, etc.

5. It is strongly encouraged you to consult with an instrument scientist
before submitting your proposal.
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(1) Higgins, (2) Briickel, 2005 (3) Sivia, 2011 (4) Fernandez-Alonso and Price, (5) Hashimoto (6) Shibayama
— | 2017 2022 2025
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