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Neutron Sources

Slow neutron beam is attracting scientists’ attention as its sensitivity to light elements, dynamics and
magnetism. However, it is less commonly used than X-rays. One of the reasons is that its low luminosity.
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(Analyzing Capability)=(Source Power)x(‘Efficacy’)
/

deceleration, optics, detector, sample environment, signal
processing, analysis algorithm, theoretical model, ... etc.
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@ sample most neutrons are not contributing to physics data
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Function of Neutron Optics

Beam Transport

Beam Delivery to Remote Place
Neutron Guide

Phase Volume Shaping

Beam Definition to Sample Position
Beam Collimation Beam Focus

Increase of ‘Efficacy’
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NeUtrOn SCience (Interdisciplinary Playground)

Industry

Diffraction
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Fundamental Physics
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Neutron Optics (device-level achievements)
Imaging Detector

Reflective Optics MHino et al. (Kyoto Univ.)
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1. Fundamental Physics

probing new physics

through quantum loops
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Neutron

CKM matrix
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Electric Dipole Moment




neutron EDM ﬁw—ZunB+2dnE
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Baker et al., PRL97 (2006)131801
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TeV—EDM
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constituent particle EDMs pion exchange
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Measurement Procedure

search for the phase change when the electric field is reversed
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Statistics Systematics

larger storage volume@smaller storage volume
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Neutron Fundamental Physics

TRIUMF: He-Il UCN Source
UCN-EDM

Lifetime, Decay Correlations
PSI: D2 UCN Source

NIST: UCN EDM
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SNS: UCN-EDM .
Hadronic-weak Interacton (measurement in X
Lifetime, Decay Correlations production volume)
UCN-EDM(measurement in - .
production volume) L 4 S

existing UCN facilities - ILL/ LANL/Mainz 1~ 101
UCN facilities in construction - PSI/SNS/TUM ~>103
UCN facilities planned - J-PARC / TRIUMF / NCSU
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ILL-UCN (~TOUCN/cm3) gravity+mechanical turbine
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Superthermal UCN Production

MeV keV meV peV neV
106eV 10%eV 104eV 103eV 102eV 10eV 1eV 10-leVl10-2eVv 1o-|3ev 1o-|4ev 'lO|5eV 'lO|6eV 'lO|7eV 1o-|8ev 'IO'|9eV

Kinetic Energy E <
1o1|0K 'lO|9K 10|8K 10|7K 10|6K 10|5K 10|4K 10|3K 10|2K 10K 1K 10-.1K 10‘.2K 10‘|3K 10‘|4K 10‘.5K

Temperature T <

7 6 5 4 3 2
10 Im/s 10 Im/s 10 Im/s 10 Im/s 10 Im/s 10 Im/s 10Fn/s 'lrp/s

Velocity v <¢
10-13m 10-12m 10! Tm 10-10m=1A 107:9m=1nm 10:8m 107/m 10-5m
Wavelength A -

Fast Epithermal Thermal Cold  Very Cold Ultracold

R N

25meV
300K
2200m/s
1.8A

O

elastic scattering inelastic scattering
phonon, roton, magnon, ...

X
A lif 100 200 300 400 500 600 700 800 900 1000 A

6  2A 4A  6A  8A 3
2000m/s 1000m/s 500m/s 445m/s 7m/s

Date(2010/02/16) by(H.M.Shimizu)
Title(Precision Frontiers with Opticall
Conf(Kyoto Univ. GCOE Symposium)

26



Superthermal UCN Converters

C.-Y.Liu, Dissertation, Princeton Univ. (2002)

converter Solid ortho-D2 a-02

interaction phonon magnon?

converter 5K 2K
temperature

optimal neutron

2] ¢ 29K 12K
temperature

production rate

90x10-1Tdocm=3s1 M1300x10-1Tdocm-3s1§ ~1000x10-11do cm-3 s-1
(30K neutrons)

ideal lifetime 886 s 146 ms 489 ms

(no wall loss, no upscattering)

low loss large production rate

pPucn=10"11Po

(thermal moderator)
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Measurement Procedure

spin analysis
filling precession emptying

> <€ )I(

~10s ~100s
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UCN Sources (Accelerator+Spallation)

high power TRIUMF BRETALES
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yarXiv:0907.051 S[physics.ins-det

Proton Beam Availabilit

LINAC

181MeV, 25Hz
(400MeV, 50H2z)

400MeVx50mA=20MW
iInstantaneously bright

pean cdrrent 50mA

maximum 250kW (400MeYV) is available
for 2nd Target Station, Nuclear Transmutation and UCN
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\\;\

et cold neutron spectrum P density of state of sD2

Arbitrary un

o

)

a
[

o
N
L L R R

p .

i i i i

File = 3dshow.dat
100 —

80 —

60 —

40 —

20 —

8

o
w
T

; (\ fffff

\\i\\\\i\\\\i\\\\i\\\\i\\

Neutron Energy (meV)

Date = 04:42 18-Dec-200

H Graphite
SS304
Light Water

Hl Glass SiO2

[ E Heavy Water

Lead

| W Liquid D2

Solid D2

\\\\\\\\\\\\\\;\\\ iyxxix T I |
10 12 14 16 18 %1 3 4 5 6 7 8 9 10

0

plotted by ANGEL 4.35

40 60 80 100
calculated by PHITS 2.1

C

Date(2010/02/16) by(H.M.Shimizu)
Title(Precision Frontiers with Optically
Conf(Kyoto Univ. GCOE Symposium) At

Energy of state (meV)

6200 cm-3 pulse-]

proton 400MeV
tpulse=o.5ms |peak=5omA

(10 kJ pulse-1)

41



Experimental Errors po = 6200 cm-3
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UCN Rebuncher
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Faster neutrons are more strongly decelerated
so that slower neutrons catch them up.
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UCN Rebuncher

t=0000.88900s
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Experimental Errors po = 6200 cm-3
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J-PARC P33: J-PARC UCN for |dn|<10-%27 e cm

for the study of new physics with the improved experimental accuracy by the optically controlled transport of

pulsed ultracold neutrons to the measurement cell.
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UCN COndenser Pulsed Source+Rebuncher+Juggler

t=0000.00000s

p=po(1-r*1)/(1-r)

r=survival probability on juggling

p=7.3p0 (n=10)

absorpt\ion
polarization loss ~ 0.13 (1cm D2)

production synchronized with return back
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UCN COndenser Pulsed Source+Rebuncher+Juggler

t=0000.00000s

p=po(1-r"1)/(1-r)

r=survival probability on juggling

p=30p0 (n=30)

condense time = 15 s (2Hz)
10% of measurementtime T

j . polarization loss ~ O (He, O2)

spinless converter
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Experimental Errors FIEEEJXS %
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Experimental Errors PFLEXy{elolo]oX %
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Experimental Error FLEXy{el ool %
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Baker et al., PRL97 (2006)131801

neutron EDM  fiw=2pnB+2dnE

upper limit |dn| [e cm]
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Neutron Fundamental Physics

medium range force search

interference

neutron charge  spinor

subatomic equivalence principle

n-nbar oscillation
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J-PARC BLO5 s
Neutron Optics and Physics (NOP)
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J-PARC BLO5
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J-PARC BLO5
Neutron Optics and Physics (NOP)
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- ‘Decay”
Polarized-beam Branch | .o . IF

4.0x108 cm2s-!1 MW-! > iy OF G0 urire \
‘104 decay m' s"! MW-‘

T SIation, | [ |
10cmxd4cm P=0.998

Unpolarized-beam Branch

1.2x10° cm-2s-!1 MW-!
Scmxd4cm
“Interference” .. .
Low-divergence-beam Bram:ll ———— [ T3

9.2x105 cm-2usr-! s-! Mw-‘ t: . e
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On-going Researches at BLO5

&>
Neytron Optles and Physics

|

doppler shifter UCN

production for R&D
iSRS - |

| interferomtry
and spin echo
(MIEZE)

b
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Demonstration

guide field

NOP-HP branch
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Gravity

PROPERTIES OF THE INTERACTIONS

Interaction
Prope 1, aranetizaal Str-
Fundamental

Acts on: Mass - Egergy
A\ 8o p'jE M |

-
wr

e

Flavor

D, a 1

Color Charge

See Residual Strong
Interaction Note

- Elﬁtriﬁharge
ed

Quarks, Gluons

Hadrons

Pacticles medizting: % aitg g

Strengh.. L ve ~ & _on jg 10 Sm | - }

for two u quarks at:
q 3x10-"7 m 10~4

for tW #2285 T 30V ars

“hierarchy problem”: Mcur~1024eV & Msu2)xu(1)~1011eV

entidlat t

V)

0X
104

0 a
o

e Planck scale.

Gl lons

Mesons

60
Not applicable
to hadrons

Phenomena out of the standard model is existing.

Neutrino Oscillation. Dark E Dark Matt
WMAP

Super-K, SNO, KamLAND
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Gra\"ty medium-range force search
V(r)=-(GM/r)(1+ae"/A)

10°
10° :
| Yukawa messeRgers
o — dilator.
&
10 ey

[ ~mo IIil

"o -:,'-—."-“-"' 4 _: .
VII"‘U Tl ll]_ ‘ ﬂ ! ‘

10° 10" 10 10" 10* 10° 10
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Gravity

3-dim. Gravity N-dim. Gravity
m.m m.m
| 17749
F(r) G 2 FN(F)=GN N1
continuity at r=R*
G, [ G,
R %2 = R *N -1 G R xN-3

If R* is longer than the Planck’s length, Gz becomes smaller.

Parametrization: V(r)=-(GM/r)(1+ae/A)

KK-graviton, which is emitted off our brane with the momentum
(a1, gz, ....an) along the extradimension, looks having the mass |q]|.

momentum is quantized in the unit of 27 /L in the extra-dimension

V(r) _G E -(2n\k\/L)r ( )fd"ue—”

m1m2 (k r r<<lL
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Torsion Balance

1{]8 T T T T T T T T T TTTTT
= EXCLUDED _
1 06 -4—— Stanford REGION
- v 2
10& _ Colorado >
= B - | | 2 extra —
g dimensions
= 102 L scenario _
10{] — Y e Irvine _|
= I TR n
10-2 — radion !
— ' - -Eot-wash 2004
10'4 C vl R EETI |E?t|_:h:?151rr EDEEE W EEIIl
107 107 1074 1073 102
Hoyle et al. PRD70, 042004 (2004) ¥ Tt

Karper et al. PRL98, 021101 (2007)
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Atomic Force Microscope

1 l | |

Excluded

by
experiments

10
A (meters)

—
-6
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Gravity

Van der Waals force is dominant closer than 10um

_1/1*
I(JP)_E(E ) (ref. PDG2008)
mass

electric polarizability | m=939.565360:0.000081 MeV

7=885.7+x0.8 s
magnetic dipole moment
3hc 1=(-1.91304273£0.00000045) un
electric dipole moment

U —_— 1d|<2.9%10-26 e cm (90%CL)
mean square chae radius

8 1’

electric polarizability
a=(11.6x1.5)x10-4 fm3

B=(3.7%£2.0)x10-4 fm3
charge
q=(-0.4£1.1)x10-21 e
mean time for nn transition
Tni[free]>8.6x107 s (90%CL
Tni[bound]>1.3x108 s (90%CL)
mean time for nn’ oscillation
T >103 s (95%CL)
decay modes
n—peve 100%
A=ga/gv=-1.2695+0.0029
e- asymmetry parameter
_3 3 A=-0.1173+0.0013
neutrons a~ m
B=0.9807+0.0030
proton asymmetry parameter
=-0.2377+0.0010x+0.0024
e-Ve angular correlation coefficient
a=-0.103+0.004
phase of ga relative to gv
dav=(180.06+0.07)°
triple correlation coefficient
D=(-4+6)x10-4
n—pevery (3.13+0.35)x10-3 (35-100keV)

n—pveVe < 8x10-27 (68%CL)

atoms a~101°fm3
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dog _ (xz(
dQ
E,=2meV

GmnM)2 1
4

-+ 8E, sin” —

m.c

o\ (4°Ar)=0.421 b
o\ (36Ar)=77.9 b

Beam size: 4cmx4cm Collimation: 1.7mradx1.7mrad
Target: “°Ar 0.1atm, 10cm Detector efficiency: 0.4

20

-
=

Rate [count/s/0.1deg.]

N
()]
I

I I I I I I I I I I I
—— Gravity scattering
(A=10nm, 0.=10%)

Nuclear scattering

| | |
0.8 1.2 1.6 2
Scattering angle [deg.]

Date(2010/02/16) by(H.M.Shimizu)
Title(Precision Frontiers with Opticall
Conf(Kyoto Univ. GCOE Symposium) A

0./0,=01% = a=5x10"

75



Gravity

10%° —————rrmm

(EXCLUDED BY

k.
10% L T [NanderWaals  pREVIOUS EXPERIMENTS)
E N Ederth
1020 B
0 b Mohideen
3 10" E .
\ dBZ Casimir
L gauge reaux
1010 B
10°
100- 1 1 lllllll 1 1 lllllll | | 1 lllllll 1 1 llllll‘
107 107 107 10" 10°

A [um]
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2. applications to material
researches
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Neutron

is good at studying

the nm-scale structure and slow dynamics

Hy He

Lb e :;.let;:i:lg:c'::)tering length ?b

Mg As

Ko |Ga ﬁ

- V® ) s
of light elements Y CIE
Fr |[Ra |8°

57 |
-71 e
89 Ac
-103

with small chemical change.
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(Analyzing Capability)=(Source Power)x(‘Efficacy’)
/

deceleration, optics, detector, sample environment, signal
processing, analysis algorithm, theoretical model, ... etc.

Reactor Building Experimental Building
\_,\ Y Y 5 |
/”' A U e u U J U U r |
V. T A “ ™\ SANS-J s <
4 F G JBI-3 onr s P o £3+2 At
V4 % =) :‘:«‘%_} o\ Gna 7 TR g b
V4 : a®: J»\'C" b\ 1C \:. T\ 2= A e -
%/ "Q_i- 1] }/ 'S ':5_;‘ -.“ 10-4 sr I éé(f-"" i [[; c,
f/} v l)(.f . \ ’i 3 VA é::’ }E' -3\ — a _._:"_ . sample et .'
ff crrasf A" ‘___,,9.»”-*’*' e — acees - —
(R == =2 = L g g s =B o 108 ncm2 st _:( 1
~1cm \ source 7 - % e s Kt SANS »:“-‘."]:D —

. PONT . ﬂ S O dmmddl'  roncen = <
neutron guide L 102 nem?2stsr! | ¥—11 R T2 wn: e g Qo
o 4 ” R 23 B 2, 3 -:1

Iy J = S, e g
e 2/ g - =~ a B
- \ < V4 GCuide Hall N —R
\\\\\ Reactor Hdl\// / @ } : - . —J
\{‘ /_.’-’ il o - 0 1 - 1 J1 - )
\k\ s &
\t}’-’ 2 )

JRR-3M Beam Experimental Facilities 2002 .5

@ sample most neutrons are not contributing to physics data
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Focusing & ‘Efficacy’
Concentrating Neutron

increase spatial density
accepting large beam divergence

Kumakov Lens
Converging Guide
Mosaic Mirror
Mosaic Crystal

Fine Focus
Curved Mirror

Refractive Lens
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Prompt r-ray Analysis

element/isotope analysis
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Powder Diffraction

sacrificing g-resolution
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High Pressure Neutron Diffractometry
Y Kirkpatrick-Baez Optics

‘guide hlock 7
; G.Ice et al., Nucl. Instrum. Methods A539 (2005) 312

m=3
curved
(1-dim)

Horizontal Vertical
R " ]
A=0.1nom o * .__J_ -
120 FWHM=185L1m 'H;"”'_T_—_' 100- - L a
00 ¥ 2=0.12 am ; FWHHD&Z
Fruu 186ym 8
g° ] . f .
g / . T 1 e @
L 80 {'.___,,--—-‘T'_-‘ f
A=0.15 am 30 | A=0.15 nm
40 :é"ﬂﬂmls‘ﬂlm # FWHM=04pm
J'III’, 20+ “
20 -'__,-’. ] |'|
:--;'‘_._""i-.:"""fF 8 _:’
T =
%0 2.3 100 105 1.0 8.0 8.5 00 165 10 NS 120
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Example: Small Angle Neutron Scattering
Pin-hole Geometry (P-SANS)

collimator
detector

neutron guide ,
collimator

Focusing to Sample

focusing lens

collimator

neutron guide A

collimator

more neutrons for large Q-region

Focusing to Detector (F-SANS)

ample

fine focusing

focusing lens

fine imager

detector

neutron guide

collimator sample

fine spot image for small Q-region without losing neutro
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Focusing SANS

Focusing-Mirror High-Resolution SANS and Reflectometer (KWS-3)

L tm

Focusing-Lens SANS (NIST)

5600 mm 250 mm 1500 - 6300mm

< \I/ »
~ ,I\ >

N\ N/ \

|:| [

Neutron Guide Tube ,T A MgF , CRL x 30 )
A1 :2mm-pinhole A2 : 25mm-aperture Area Detecter

(i28K4AR) : 5x5mm 2

Biconcave MgF, lens x 30
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Focusing SANS with Quadrupole and

Sextupole Magnetic Lens

quadrupole neutron

neutrons with
magncjt absorber positive polarity

unpolarized
neutrons

slit | _ slit
neutrons with

P=O. 99 negative polarity

108" L 4 YY'V'Y]"‘V

T T Y"YYI v
gain of peak intensity: 2.8
10" - S polarizer with -
e .. o« quadrupole magnet
S 10° - ‘\‘\. (polarization P>0.99+
quadrupole solenoid » Z s \'\L
magnet uide coil N\ e . e D -SRI :
lit g . - two dimensional qC) . polanzelx with
sl s N " g l/ - £ 10" ~magnetic supermirror g
~eutron Wﬁm"l,.;/— . ¢ N\ . sextupole & 3 (polarization P~0.96) background
ne . \ spin flipper 2 10° level: 1/3 ]
|/ | id magnet o evel. 1/3
" solenol e L, ke ..
monochromator < 10?] {
o' Beam profile b .
o Al A L Aenladal l " sal ' N W W A L Lanhallal A
10 2 4 68 2 4 638 l 2 4 68
0.1 1 10 100

distance from the magnet axis (mm)
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- Spln Fllpper

{ Paal: &ﬂha

‘T _' Solen0|d C0|I

.i_'ll.l.l_ln_-

. ) b= re—
electron d.ltff.r.afctlon , - - - 4 _ii_t"l‘ Magnetic Lens

i

i

e oy
10:7m 10:5m 103m 0\ S

=0.1 uum) (=10um)

Focusing SANS

beam efficacy enhancement more than 100 times
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Extended Application to Pulsed Sources

Multiplet with Spin-flippers Focusing for wide-A

1st magnetic lens

Flipper: off—on
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Applications at JRR-3 Magnetic Lenses for SANS

3-fold beam branch S sANs U Focusmg SANS 2 S

= —.- NOP e
: . /
MINE |
- s L 4 .
MINE-II T P G B
A A—J 77— | [ - -
o Imaging Detectors
TAS~1 \\
\ 3= oS o 18l Bank 49m 1
& \'G‘I{' IREN \\ @\/{Z pree et ‘ » ‘
— - ¥ . o T
1) beam branch A 7 R
e - i CTAS K % :E‘;"w . = T = -
J“ 3 . .= i g . ’ i
- meANS (under construction) s RE " — 7y MR e - Magniitic Lans
" (superparallel SANS) W e A ukl Ty :

e N E _‘.; MgF, Lens [L2all (£
\ A l—l e — — J :l.':;;i gy X : 1
/[ wew - Focusmg SANS |
Smgle Crystal Diffraction 4. Prompt r-ray Analy5|s i
Powder lefractlon S5y - :

N

7
‘\T%? \ytxf

_chusir_!g SANS

Ellipsoidal Supermirrors for mfSANS Multichannel Focusing Guides
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Appll C atl on S at J RR 3 M.Furusaka, Hokkaido Univ.

Magnetlc Lenses for SANS 'W
PaBIm AEUNT I~ T

nrnmogmngpﬁg

inci

Made by JNOP
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Neutron Spin Echo

measures momentum transfer and energy transfer
for observation of slow dynamics

Ad=0if AE=0
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Imager
Neutron Image Intensifier

Input window made by Corporation

@ mmm— @

[
|
°
Neutron Image

/' Photocathode
\ /-~ (multi-Alkali)

GnggS:Tb
9, 6, and 4.5 inch
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|mager MPGD (Micro Patterned Gaseous Detector)

u-PIC (Kyoto Univ.) GEM (KEK)
F

30cmA -PIC

-

)
SREEEREEEN

[ HCOORDIMNATE
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Neutron Optics

Advances in neutron optics enhance the capability of neutron beam.

Optical Imaging
Deveices Detectors

B

conventional advanced neutron optics

—

Efficacy of Neutron Beam

Utilization
Large-scale Neutron Facility D — EXiSting
Small- and Medium-scale Window

Neutron Sources

T

Newly Activated Window

Date(2010/02/16) by(H.M.Shimizu)
Title(Precision Frontiers with Optically C
: Conf(Kyoto Univ. GCOE Symposium) At(

94



Compact Neutron Source

X-ray neutron
Synchrotron Radiation Spallation Source
Sy chrotron Radiation Reactor

Sy nchrotron Radiation
Facility Neutron Facmty

new methods
new fields new ideas

Facility Neutron Fac|I|ty

Lab \1.4.4. Lab\ i.é-é- Lab. ;.+4. Lab. \g.g.g. Lab ;.:g:
b»[Lab X ray )| fm-~{Lahy. X-ray] é+[L\pb X rayj > Nemmren Source )| P Rekion source |5~ Maron souree |
Lab. fudads|Lab. fu|lab. Nudeds rLab. i_.éé Lab. ﬁﬂéé Lab. \udurisl

IR A\ IR R -
fu-+(Lab. X-ray]|du+{Lab. X-ray]|du»[Lab, X-ray] | fu—»{Neuron source )| o J [N souree |
Lab. fududs|Lab. dudsds/Lab. . Lab. fdududs Lab J.éé Lab. éﬂ\ﬁé

Ly Ly A . E vy
fu-»[Lab. X-ray]|fu»[Lab. X-ray]| fu-»Lab. X-ray] |fm—{ s source Lé-»[:i:;'::n 1 | neren source |

more opportunities to incubate new ideas,
pioneering works and epoch-making break-throughs
for both of fundamental and material researchs
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Compact Source at Kyoto

| |

°Be(p,n)
"Li(p,n)

Li(p,n)aalr |

fundament

Ik

P

il I
. rrTLL@ </
4 W

uls;ed c¢old neutron
(0.7-2:8)x1011 n/s
™ 1 4

Feb.19, 13:00-17:30
Room#525 Building #5 Faculty of Science, Kyoto Univ.

to be discussed

(
]

on Feb. 19

©
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http://www-nh.scphys.kyoto-u.ac.jp/QuantumBeam/
http://www-nh.scphys.kyoto-u.ac.jp/QuantumBeam/

3. summary
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Time Scale

AE [eV]

MeV

keV

meV

feV

aeV

zeV

soft X-4ay

infra

A

photon
electron
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NeUtrOn SCience (Interdisciplinary Playground)
Material Science

Industry

Diffraction
» '0 1- 'IOnm Radiography v

P e
2] I ]

*5,

Residual Stress

Sperosc0py
AE<100meV t>10-13s

CRERR Neutron Optics

,’/ ,}\‘ ,’/\ /\ Optics Detectors
9 @ .V__\ Signal Processing

Gravity
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