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Fundamental Physics with Slow Neutrons

nEDM neutron lifetime

e Time reversal violation e test of standard model (verification of
e Strong CP problem unitality of CKM matrix)
>UCN storage R. Picker * Big bang nucleosynthesis

> crystal diffraction method * neutron lifetime paradox
»UCN storage C.-Y. Liu

»in beam

gravity n-nbar

e test of Newtonian gravity e baryon number violation
e search for new force »free flight neutron
»guantum state in earth gravity (UCN) H. Abele

»small angle scattering

»interferometer




Various Neutrons
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Fundamental Physics with Slow Neutrons

NnEDM

e Time reversal violation
e Strong CP problem

»UCN storage
» crystal diffraction method




Experimental limit expectation
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Test of Time reversal symmetry
* Same as CP symmetry assuming CPT conservation
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NEDM measurements using UCN

Four-layer Mu-metal shield

High-voltage lead
B #0 B+ 0 B0 Vacuum chamber Cesium magnetometer
m=—1/2 E=0 E/lB —E/lB " \\ (15 in total)
___________ AN Precession chamber , Electrode (HV)
:,ﬁ_-‘..................... .~,...:. ....................... /
E=0 UV light source ® A == Photodetector
:. hvo hV+ hv- Mﬁrcury e \\! | */" Electrode (ground)
ce
: UV light source 3 //'
3 ) g \ ‘ UCN shutter
e t1) _—- ..................... :‘...‘."....,:'. ....................... ’___.__._.__’ hSpin fipper 1 d \ 1 Magnetic-field coils
BMPE BAL-E —L P Swich
V11 40 5T-magnet DD Spin analyzers incl spin flipper 2a,b
2uB + 2dE 2uB — 2dE Neutron detectors mr]
= V1 =
it h " h C. Abel et al, Phys. Rev. Lett. 124, 081803 (2020)
AdE Stored UCNs presses under the electro-magnetic field. In order to measure
Av = vy —vp = T nEDM, take the difference of Lamour frequency of neutron under electric

field reversal.

Current upper limit: = |d,| < 1.8 X 107%°e - cm(90%C.L) @ PSI, 2020
Next generation experiments goal: 10?7 ecm



Crystal nEDM at J-PARC Statstical sensitivity
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electric field E [V/cm] ~ 104 ~ 108 ~ 104

neutron counts n [n/s] ~ 108 ~ 104 ~ 102

polarized perpendicular LR sensitivity o(dn) ~10%/JDay ~10*/\Day ~10%/Day
to crystal-plane seececee

.Q‘..Q.‘ 000000 0

R slide from S. Ito
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inside a crystal

The merit of the crystal diffraction method is to use high electric field of ~108 kV/cm inside crystal.
The superposition of transmitted and reflected waves with the same wavenumber can be described by two standing

waves: a waves with maxima between crystal lattices and B waves with maxima on the crystal lattice. In the case of non-
centrosymmetric crystals, the a and B waves experience opposite electric fields

nEDM search by crystal diffraction is also important as an experimental method for different systematic errors 7



Crystal nEDM at J-PARC
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inside a crystal

The merit of the crystal diffraction method is to use high electric field of ~108 kV/cm inside crystal.

The superposition of transmitted and reflected waves with the same wavenumber can be described by two standing
waves: o waves with maxima between crystal lattices and B waves with maxima on the crystal lattice. In the case of non-
centrosymmetric crystals, the a and B waves experience opposite electric fields

NnEDM search by crystal diffraction is also important as an experimental method for different systematic errors 8



Fundamental Physics with Slow Neutrons

neutron lifetime

e test of standard model (verification of
unitality of CKM matrix)

* Big bang nucleosynthesis
e neutron lifetime paradox
»UCN storage

»in beam




Neutron Lifetime

 Test of Standard Model

* V,,q of the CKM matrix can be calculated with
* Neutron lifetime: 7,

* Axis/vector coupling constant:A = GA/GV
V|2 = (4905.17+1.7 ) SeC
uc Tp(1+342)

* An input parameter of the Big Bang Nucleosynthesis

- Abundance of the light elements in early universe can be calculated with
* Baryon to photon ratio
* Nuclear cross section
* Neutron lifetime




Neutron Lifetime puzzle

Between two methods of measurement, which measured decay and missing,
there is 8.5 s (4.00) deviation of the value of lifetime.

—_ 4
2 8950 Beam method: Count the decay
E : A /1y
= B Beam method: 888.0 + 2.0 s gy,
:';-,890__::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::( ' 6 . dN - N
c e e s 0000 00l 00000 e At R00000 00 St t00 T
§ ‘33333333'3333333333333333333333333333333333*333333333333333333 _ dt T D
3 __ e a- 3
2 885¢ Neutron lifetime puzzle
- 8.5 s (4.00) [ i
ssol y y Storage method : Count the missing
: N
875— Storage method: 879.4 =+ 0.6 s e 1 _ e—(tl —to)/T
_I 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | | 1 1 1 I | 1 N2
1990 1995 2000 2005 2010 2015 202?ear —
will be discussed by C.-Y. Liu
Unknown Systemstic? arXiv:2011.13272 (2020)
New physics (dark decay, ...)? 5056018 2650) """ New, and different type of
Quantum Zeno effect? PRD 101, 056003 (2020) experiment is required.
Measurement in space arXiv:2011.07061 (2020)
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Principle of J-PARC experiment

Cold neutrons are injected into a TPC.
The neutron 3-decay and the 3He(n,p)3H reaction are measured simultaneously.

BLO5 . Neutron beam bunch o
\puron peam (poariec) ‘ { Principle  (Kossakowski,1989)

Spin Flip ‘ B :
Chopper (SFC) TPC
; >Makes pulsed neutron beam
into bunches by magnetic mirrors
and spin flippers y Cathode wires (top) __—-SLiF tiles

¥ z Anode/field wires, !
Cathode wires (bottom)

Beam catcher

» Detector: Time Projection Chamber (TPC)
» Gas: *He, CO,, 3He
(~85%, ~15%, 0.5 - 2 ppm, respectively) _
Total pressure: 100 kPa or 50 kPa Drft wires |

Neutron beam bunch

p : *He dencity “Boar axia
1 (SHe/EHe) o : *He neutron absorption cross section Drift cathode
Tn = Vg : Velocity of neutron
POoVo (Sﬁ/gﬁ) Sqe  :Number of *He neutron absorption event . _ _ .
Sp : Number of neutron Zdecay Hosokawa, RCNP workshop "Fundamental Physics Using Neutrons and Atoms 2022

EHe, €p ! Efficiency

This method is free from the uncertainties due to external flux monitor, wall loss, depolarization, etc.
The goal is the experiment is accuracy of 1 sec. 12



Experimental Setup @ J-PARC

Drift cage and MWPC

SFC in Iead shleld
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The first result from J-PARC

The published result by using data using 2014-2016 was
= 898 +10(stat.)*13 (sys.) = 898718 s

[K. H|rota et al., Prog. Theor. Exp. Phys 2020, 123C02]
In-beam method
- 9205 Count the dead
g 915/
8 910
g 9052_ J-PARC \
; 900;— S i
895
890;— Beam method: 888.0 + 2.0 Storage me:th-od
885;_ Count the living
880/ N
875 Storage method 879 4 + 0 6 s | |
1990 1995 2000 2005 201 0 2015 2020 l\
Year -
They have taken data of statistical The improvement for better accuracy up to 1 sec is on going
uncertainty of 2 s = large aperture SPC = Analysis update

— Analysis Ongoing = Background reduction , and so on.




Fundamental Physics with Slow Neutrons

gravity

e test of Newtonian gravity

e search for new force

»quantum state in earth gravity (UCN)
»small angle scattering
»interferometer

15



Gravity

* Hierarchy problem
* Gravity is too small compared with other interactions

* Strong ~1

* Electro-Magnetic ~ 102
+ Weak ~ 10~
+ Gravity ~ 1040

* Large Extra Dimension model was proposed to solve the problem
* The gravity force is escaping to the other dimension

* gravity become strong in the short distance
Nima Arkani-Hamed, Savas Dimopoulos and Gia Dvali Physics Letters B 429.3 (1998): 263-272.

* in this theory, gravity is modified as

V() = =Gy " (1 + ae_/2)

correction term
a: coupling, A: range



Quantum states in earth gravity

* Gravity
potential well
V() - {mgz (z>0)
o (z<0)

Schrodinger equation

h? d?

——— + V(2 z)=Evy(z
( m 47 ()jw() y(z)

v(z) = Ap(2)

¢(z): Airy function

zZ(umft ‘W(Z)‘z

40-
30-
20 -

10-

n=1 n=2 n=3 .
E=1.4peV E=25peV E=33peV

UCN detector

ceiling absorber/scatter Pomm

bottom mirror cylindrical rod

A

Y

200mm

Counts (8 m)

IIIIIIII-LIIII

04 0f 0.6 ) 04 0f 10
Pasition 2 (mim)

Ichikawa et al., PRL 112, 071101 (2014)
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Small angle scattering with noble gas

Scattering cross section is modified by short

range force
do

— = by + 2by - agF;(0) + (agFs(6))?

d()

by : nuclear scattering (isotropic)
acF;(0): short range interaction

(angular dependence)

% PN e

Results

o
@
T

Q
o
3

Counts [1/25kp/0.1nm™]

Resiual Distribution

A=1nm

Findf  28.46/29

af1e+2013 .56 + 34.02

e ] 008 H"k(%l) ~ (Pn + 2[ ;

— Short range force

haWIC_He
Entries 26230858407
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Std Dev 1.106
TT| Integral 347 = 0.1
FighiC_Xe o r
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: EX:He o
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bt | Std Dev 0.7751 i
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=1 o o= | = .
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[ i 70_02%:. SEUSR: S
=
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i
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— — Nuclear Scat.x 1073

0.15 0.2 0.25
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1. The experimental data is normalized by the corresponding simulation data
for each gas species to remove any g-dependence.
2. The ratio of two gases (He and Xe) was taken.
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Neutron Interferometer

The phase shift of the sample can be measured by the neutron

interferometer Neutron scattering
A B D Phase Flag Rotation, [deg] F - Debye-Waller
Incoming -1].0 ‘ OiO . 1;0 . — Charge Radius
Beam Sample 0,325 Samele Sample == bs, de=10_22_» _As=2A
Sa. "’&[‘Brglg%es Phase Tit Stage ¢ geam = z N Yl , == 68% Sensitivity l
o Flag + 0.284 7 A | Q=0 —T—T0 b
< 02445z 3 : ' o
0204 X :
=11
7 < :;coming E 20504 ®
v; \ eam 3
T~ - — 1950 1 :
1850+ & of % (M) —: -2
Sample nieffenameter 17504 * @ : Q ISR SR W .. 13 7 5 .
c Bl =
) Or 2 1100 e
Crystal rotates to change 3 i : 43~
Bragg reflection g 10004341 & (220) A I (A SOPHUPO: SOSSPRSE SORORS S S 6 5 O  OPNSNSOS SO SN A O O 515 1 ANSMRONS SOUMOS U SO0 0 0 - . WSS SO
o o —
E 900 ¢ : 1017"‘ e : S s 0 A G ¥ "10_20
1250 <t 10~ 10-10 10-° 108
QR 1200 : As, [M]
- , 1150 :
f100- (400) (— .
10504 i bl Heacock et al., Science 373, 6560 (2021)
1077 1077 0.1

|b(Q)/b(0) -1

Crystal Tilt 0, [deg]

Experiment at NIST
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Fundamental Physics with Slow Neutrons

n-nbar

e baryon number violation
»free flight neutron

20



Nn-nbar oscillation

* Baryon number violation
n->n:AB = -2

* post-sphaleron baryogenesis
SU(2), X SU(2); XSU(4).

(L~76m, va~700m/s)

T~0.11s

Ton < 5% 1010 sec

K.S. Babu et al., Phys. Rev. D 87, 115019 (2013)

4

(not to scale)

10" n/s X 1yr

Cold n-source

25K D2
@ fastn,Y background
":ﬁR @ILL Bended n-guide * Ni coated,
SLw L~63m, 6x 12 cm 2
H53 n-beam

~1.7-10"n/s Focusing reflector 33.6 m

Flight path 76 m

®
oé@ (4.8+0.2)’s
1% (200-250MeV)

Recent S-K (2011)
limit based

on 24 candidates
and 24.1 bkgr.
from atm. v

OF>~0.109 s

T - >8.6x107s (CL =90%)

Detector:
Magnetically Tracking&
shielded Calornimetry
95 m vacuum tube

Annihilation /\

target gl.lm

AE-18GeV Beam dump

~1.2510" /s

M.Baldo-Ceolin et al., Z. Phys. C63 (1994) 409.

Q ~ 21T X 60 psr

LBNE 35 kt, 10 years, if zero atm. v background ? (R&D issue)
36
10

E/ Factor of 1,000
sensitivity increase
s 1 . 4

w | Post-Sphaleron Baryogenesis
10 3 SRR
f / | Babuctal |
1033 Y. ‘\
F '\ Future Hyper—K/T/ New nuclear theory
T\ TTTT - and uncertainty

8 / Friedman and Gal,2008
Gl /

Intranuclear NNgar lifetime, years

€ ——— = -

intranuclear 10"

07 08 09 10
search exp. 10 0 10 10
limits: Free NNbar oscillation time, sec
Super-K,
SoEdan-Z Free neutron

Frejus search limit
(ILL - 1994) 21



n-nbar oscillation experiments

free flight cold neutron

A
v

precise imaging is not necessary A
2m(radius) Pressure 3
vessel, Neutron reflector
magnetic ;
direct acceptance shield —
~200m Q-~10psr detector
(conversion target)
(4.8:0.2)
(200-250MeV)/'Q
Tracker —]
focusing ' ﬂ_% CCN e
mirror 7=10-50m
v
acceptance with reflector )
(single reflection)
Q-~10msr D.G. Phillips II et al., Phys. Rep. 612, 1-45 (2016)
UCN beam intensity ; @, = 108 n/sec
@ Storage time ; T, = 500 sec Flight time ; t;or = 1 sec

cold neutron source Detector efficiency ; ¢ = 0.5

* > few 10 times better sensitivity than ILL Measurement time ; T... = 2x107 sec
e strongly depend on the cold neutron source .
performance B Tonbar ~ 7 X 10° sec .



summary

Slow neutrons are unique
probe

* to test standard model
* to search new physics

* There is a plan to build a new
research reactor (10 MW) in
Japan

- we are designing to the slow

neutron source to conduct the
rich science programs

NnEDM

» Time reversal violation

e Strong CP problem

» UCN storage

» crystal diffraction method

gravity

e test of Newtonian gravity

e search for new force

»quantum state in earth gravity (UCN)
»small angle scattering
»interferometer

neutron lifetime

e test of standard model (verification of
unitality of CKM matrix)

e Big bang nucleosynthesis
* neutron lifetime paradox
» UCN storage

»in beam

n-nbar

* baryon number violation
»free flight neutron

183015 57h EL+115m.
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property of neutron

¢ e

@

* Electro-magnetic interaction

- electrically neutral

* magnetic moment : 60 neV/T
* spin1/2

* Strong interaction
* Scattering length

- Weak interaction
* B-decay
- lifetime: 878.4 £ 0.5 sec
* Gravity
* mass: 939.6 MeV/c?
* gravity

25



Fundamental Physics using slow neutron

nEDM
* Time reversal violation
+ Strong CP problem
» UCN storage
» crystal diffraction method

neutron lifetime
* test of standard model (verification of unitality of CKM matrix)
Big bang nucleosynthesis
neutron lifetime paradox
» UCN storage
» in beam

gravity
* test of Newtonian gravity
 search for new force
» guantum state in earth gravity
» small angle scattering
» interferometer

n-nbar
baryon number violation



J-PARC

Materials and Life Science Experimental Facility(MLF)

Hadron Beam Facility

Materials al;driLife”Science
Experimental Facility

Nuclear
Transmutation

Neutrino to
Kamiokande
3 GeV Synchrotron 50 GeV Synchrotron

“ J-PARC = Japan Proton Accelerator Research Complex

I Joint Project between KEK and JAEA ]

Neutron Beam Line at MLF

e 21 Beam line (+ 2 vacant port)

* Mainly for Material and Life Science
* imaging
« diffraction
* Reflectometer
* spin echo

* One Fundamental Physics Beam line
e BLO5:NOP

BL10 NOBORU

BL14 AMATERAS
BL15 TAIKAN

BL16 SOFIA

BL17 SHARAKU

Neutron Instruments

,§L1:1—PIﬁANET~=K c
'BLI2HRC —~__

BLO8 SuperHRPD . |
BLO9 SPICA «\\\

SE

/~BLO5 NOP
BLO4 ANNRI

—~=BLO3-BIX——
~BL02 FD,&A‘

Neutron Source

[ Shutter system

uui

. BL23 POLANO

—(Under constructuon)

~BL22 RADEN
TH\-BL21 NOVA®
- BL20 iMATERIA

i3

L19 TAKUMI

25m
BLISSENJU | 2™ |

0 e @2 B Publicbeamlines HYCROSS

= xex «© 3 Ibaraki Pref. .

As of March 2017
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BLO5: Neutron Optics and Fundamental Physics (NOP)

View of the Optics from Upstream

High Polarization Branch High Intensity Branch
Experiment Beta decay Experiment
Mirror Magnetic Supermirror(2.8Qc) Mirrors Supermirror (3Qc)
Configuration Polygonal approximation Configuration  Real Curve Low Divergence Branch
12unit x 0.262 deg. (R=82m) Curvature 100m .
Cross-section 40mm x 100mm Cross-section 50mm x 40mm Ex.perlment Interfer_ometer
Channel 4ch Channel 5ch Z\:/hrrf(.)rs ) Suzper.mlrror (3Qc)
Bender Length  4.5m (375mm x 6 x 2) Bender Length 4.0 m (2.0m x 2) o.n. guration mirrors
. Critical Angle 0.95 deg.
Bending Angle 3.14 deg. )
/ Bending Angle  3.85 deg.
20
10
Mishima et al,,
NIMA 600 (2009)
342-345
0 I T
30 40 50 28




Helium:3 cryo:"development

Overview of the TUCAN apparatus . [
and KEK contribution Y

nEDM Spectrometer
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Spin analysis &
UCN detection
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Dynamical Diffraction Theory

2
ikg r

| 2 | Al klr 1 ikyr 2 iKlr 2
Vo, =Y +ty Ae” +Ae " HAe” +Aje

Q)

11 1 _ Al ke 1 ikyr 2.2 2 a2 iKlr 2 kg
vV o=y, ty, =A™ +Ae Y=yt =Ale +Ae

(8]

Crystal a-wave p-wave

w? o0 0 0 0 o o

Incident neutrons

//jin = elk'r

- S & & & & & Electric 90009000 Electric

potential potential

The superposition of transmitted and reflected waves with
the same wavenumber can be described by two standing
waves: a waves with maxima between crystal lattices and B
waves with maxima on the crystal lattice

In the case of non-centrosymmetric crystals, the a and 8
waves experience opposite electric fields.

—nEDM search

’ RENEWorkshop ™ Fundamental Physics Using Neutrons and Atoms”, 2022.8.12- 8.13 7

Shigevasultoh (D3) ®_Lab., Department of Physics, Nagoya-University

Neutron Optics and Physics



Principle of nEDM measurement of crystal diffraction

Neutrons with spins parallel to the electric field are subject to spin polarization
by the EDM at right angles to it

E : Electric field inside a crystal

U, : neutron velocity parallel to

E X0 crystallografic planes X
= —2" : Relativistic magnetic field
¢ (Schwinger magnetic field) 7
Y
X

U, The nEDM can be explored
from the polarization

PEDM - 0(10—6)

a4 )
W—l pEDM

__ mhv,
n 4E8L ¢EDM

Neutrons with spin

parallel to the electric "4 Crystallographic planes

"/////
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Electric Field inside a Crystal

Crystal Diffraction Method Documented value (calculated)

IS < [s] R

it | o 500
i E [V/em] ~ 10 433 5 20

A1 Y M n [n/s] ~ 104 312 2 40
FFIEE 6(dn) ~107//Day 132 4.60

Measurement of electric field in crystal by spin rotation

Neutrons with spins Neutrons interact with Schwinger Measuring bolarization
parallel to the electric field magnetic field inside a crystal. gp
Y A Inside a crystal Schwinger . [E X ’U] Spin analysis
X maghetic field ° 2

Neutron|velocity 4

Spin rotates in opposite X
directions with «- and p-waves

The electric field can be determined by examining the change in polarization

w RENEWerksShop “Fundamental Physics Using Neutrons and Atoms”, 2022.8.12- 8.13 'I O

Shigevasultoh (D3) @ Lab., Department of Physics, Nagoya-University

Neutron Optics and Physics



Extend Interaction Time

Add an external magnetic field (inside the crystal only) to the Schwinger field

Polarized neutron

Y 4

|

to the Schwinger field to increase interaction time

[Exv] Y

By =+——

- X

\_ Previous principle )

Axis of spin analysis

Only in the crystal .
Apply an external magnetic field ¢

ex

o
-

For example, If we add a
magnetic field 9/11 times of B,

the p-wave will rotate 5 times

while the a-wave rotates 7.

ERENEWerksShopFundamental Physics Using Neutrons and Atoms”, 2022.8.12- 8.13 'I 3
w/‘/ Shigeyasultoh (D3) ®_Lab., Department of Physics, Nagoya-University
s

Neutron Optics and Physics
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Measurement principle of the crystal diffraction method
in the Laue geometry

Neutrons with parallel spin to the E-field will get a spin polarization perpendicular

to initial spin direction by the inversive electric field and Schwinger magnetic field of
a-wave and f-wave respectively.

: 4Ed L
non-centrosymmetric crystal, ge B
e.g. SiO2 and BGO S, R,
Peom = h v,n, '
transmitted -o.
neutrons

o a-wave

Schwinger magnetic field

initial spin
direction

incident
neutrons

@ = : spin rotation by
: ' Schwinger magnetic field

spin ‘ » 2UBT T

i ?‘ . un S -

(9 hoo 2
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Conceptual setup for nEDM search experiment
with SiO; in Laue geometry

J-PARC MLF BL17(Sharaku)

Polarizer
o "
S1 52 83 54 55 se [, : )
irystal series
Cirg,s T series Cadmium
; /
L Y Y 58
neutronpPl ! [ S
beam i : Vo T 5 i :
T T T 19':[mm ;Guiﬂecuil
TO chopper Spin flipper 1 \ —_—

Design of magnetic condition.

Practical use of poli-chromatic analysis.

10mm

Incident Beam Width

Goniometer stage

The most advantageous crystal and geometry.

Use of the refrective neutrons, and so on.

[ Crystal block19.1x50x38.5

S8

Magnetic shield

Schwinger magnetic field ~0.1G
Corresponding magnetic field to the false EDM of 1¢10-2°ecm ~107'G

i

Spin flipper 2

Analyzer

Guide coil

Another candidate; Bi12Ge02o

59

l ‘He-detector

10 crystal blo:cks is seriesed, but only 5 blocks is showed in this figure.

Use of multi crystal-planes and TOF method

Our first milestone is the upper limit ~10-* ecm by the crystal diffraction method.
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EDM#EZ EER Feasibility Study

FIIE, EREICKIEREREL-24FHIELT

%€ : J-PARC MLF BL17(Sharaku) 1MW;iEix
V/cm 2.0E+08 N 5.2E+08 % HE 3.5E+08 —
mm 38.52 14.82 7.70
mm x mm 50x382 50x382 50x382
fm 15.6546 23.6949 133.52
degree 88.5 88.5 88.5
A 4.91 3.29 3.48
msec 1.83 0.50 0.70
Gauss 0.047 0.172 0.123

Si02(110)#911H Tle-24IZEET 3

BGO(532)D B LMERM T ENIIHN1H Tle-24I2FEZES B
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Setup for the measurement of pendellésung fringes

J-PARC MLF BL17(Sharaku)

Sl I
jm==-- j=====- j===--
]

S8 S9

4
-- ..
I
|
1
I
[ ]

h
spin fllpper 2 analyzer I

goniometer stage

Crystal holder

and slit system

Guide coll

jmm———— jm === 3He-detector
]
1
:

38



Past results

1. (2017/11) we had achieved to observe the Pendelldsung fringes of a single Si crystal and established the techniqu

1000

050 + Nuclear Inst. and Methods in Physics Research, A 908 (2018) 78—81
900 + Pendellésung interferometry by using pulsed neutrons
850

Shigeyasu Itoh *, Masaya Nakaji, Yuya Uchida, Masaaki Kitaguchi, Hirohiko M. Shimizu

Department of Physics, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, 464-8601, Japan

800
750
700

Pendellésung interferometry is one of the technique for accurate determination of the structure factors of crystals.
650 Observation method of Pendelldsung fringes by using pulsed cold neutrons and the time-of-flight analysis were
established. We measured the nuclear scattering length of silicon by the Pendelldsung fringes with pulsed
neutrons as (4.125 + 0.003(stat.) + 0.028(syst.)). This indicates the applicability of Pendellésung interferometry
at high-intensity pulsed neutron facilities for various precision measurements.

600

Neutron couonts for 2 hours (n)

550

RRRRNRRRN LR RN RRRRE LRRRS LARR LRI RN
———

8

500

PRI [T S NS S S AU SR SR NS S MR
0.41 0.415 0.42 0.425 0.43

6 (radian)

2.(2018/12) The observation of the Pendelldsung fringes with a non-centrosymmetric crystal,
Si02, by using non-polarized pulsed neutrons had been achieved.

= 0.0025
X r
[ - -
5, 0002
€ -
S 0.0015F
O r
0.001F
0.0005 [~
0.545 0.55 0.555 0.56
0 [rad]
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