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TRIUMF Ultra-Cold Advanced Neutron
AA—5H+ X DOERELREER
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Electric Dipole Moment (EDM)

Energy —
A /ﬁ:damema] CP—odd [}h‘l‘.ﬂ&
Tev —— \\,_‘
XKD —— ‘ e 5 9 dg arq W
g A L€ qq
;}/ | :
. I T
» 1 t .
nuclear —4— e — e 1
Cxpr ., I | ¥nAN ] neutron EDM
L L
EDMs of EDMs of n
awomic —— | param q%m,nc. diamagnetic
aloms (T1 atoms (Hg)
Tl, Fr, Cs.... 199Hg, 129%e, Rn, Ra...

]

M P T’

* Electric dipole moment (EDM)

* Vector derived from charge distribution

d= d—
N
unit ecm
P | T
spin Even Odd
EDM Odd Even

d=0 — T Violation
Assume CPT conservation
—> CP Violation

new source of CP violation?

EDM search in various kind of system is
important to understand nature of physics

Maxim Pospelov and Adam Ritz,
Annals of Physics 318 (2005) 119-169



EDM D KX &

« P Z L HEFEDMDIGE
|dp| < 1.8 X 1072% ecm
Phys. Rev. Lett 124,081803 (2020)

~1 X 10’m
1fm A

FEF
o 1d < 102 ecm
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1013cm




EDMDCAITE 757

B+d-

_ -
= —U-
B+#0 B+#0 B+0
m=—1/2 E=0 E/l B —E/IB
B=0 / —5—
E =
hvg hv, hv_
" +1/2 _—- ....................................................................
B E B —FE
V11 V1
2uB + 2dE 2uB — 2dE
Vi = h Vi = n

figure from K. Asahi
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BHIZH O mEESEEDE % AT

4dE
AV =vp —Vp = ——

d =102 ecm, E = 10 kV/cm D F&F

Av=1 uHz

cf. PET D T —E 7RI (v,)
30 Hz/uT
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History of EDM search

upper limit
neutron EDM

upper limit of ECM (ecm)

C. Abel et al.
|d,] <1.8x 1026 ecm UCN ppys. Rev. Lett. 124, 081803 (2020)
10-20_ ~ lo® ‘\ Electro- n y ’
i | magnetic electron EDM
1022+ Lo * |d.| <1.6 X102 ecm Cs
. 5} |d,| <1.6 X102 ecm TI B.C. Regan etal,
PRL 88, 071805 (2002)
1024+ - 10 \‘; ,‘: | del <10.5X 1022 ecm YbF 1.1 Hudsonetal,
Lo & W _79 Nature 473, 493 (2011)
1026+ electron: o N Mn%iri j % A\ | del <8.7x10 ecm Tho The ACME Collaboration et al,
Higes EZ .‘USY; atomic EDM Science, 343, 269 (2014)
1 B VEES
s | o) é ¢ % |ng| < 7.4X103% ecm 199Hg B. Garner et al.,
10 f LefiRight 0~ U 7 129 PRL 116 161601 (2016)
. . 7 g |dXe| < 1.5%X10 ecm Xe F. Allmendinger et al,
1030 , : : 1 ioe ! ,L f muon EDM Phys. Rev. A 100, 022505 (2019)
I X x N _
. \‘] |dy| < 1.8%X10 19 ecm G. W. Bennett et al,
1052 Fes Phys. Rev. D 80, 052008 (2009)
|
103 b 10 Sandend Standard model prediction
[ Modd neutron : 1030 - 1032 ecm
0™ ) electron : 1037 — 10-%0 ecm
- 2
)
10'38 L l0* A
pendlebury and Hinds, NIM A 440 (00) 471 much smaller than current experimental sensitivity

good probe of testing new physics
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neutron mirror B )
neutron INEHRDEE) T %)L

| 1 E : kinetic enert X—ANT7 I IRT
E T EDMIE F'@ )itk . " ST
T ZTN 1 T I EEE TR

o o +%
nEDM},ﬁ\'JE ODEEE Fermi potentia

Neutron EDM Upper Limit [ecm]

l0—|7
i L] ® ANL (neutron scattering)
1071 N . :
3 ;% q:] 1&% OMIT/BNL (Bragg reflection)
10" AORNL (cold neutron beam)
] A BNL (cold neutron beam) . >
IO':“'E OILL (cold neutron beam) SO AN g AL R |§
’ A PNPI (UCN) L & _1,\”2“22(::0?'_'?&””?_ : COPPER CHANN\EL §
102" ;7% AND COOLIN LOW PASS FILTER N \
3 a & s e Co-Fe ALLOY N
A ¢ILL (UCN) NEUTRON CONDUCTING {m RADILIS OF d §
1024 X PSI (UCN) . TUBE-32 m RADIUS CURVATURE ARMCO IRON §
A “4 OF CURVATURE , '’ N\
H s REACTOR
y o BAhHET 3
107 e .
A . . i 31 | . ~
B A i - A ‘ 4 ELECTROSTATIC PLATES
10%4 0 . TN AR e 4 S ‘ -
26 s * x D0 MODERATOR - 1.7 . . E MAGNETIC SHIELD
1077 /' Sy BEAM HOLE PLUGT < 4on 40
. o - VR ey e | - HOMOGENEOUS FIELD
1074 SUSY (@ ~ a/m) Predictions I S : AN HOMOGENEOUS FIELD
New!! 2 Co-Fe ALLOY o ——rRA
102k 2020 MAGNETIC MIRROR
E4
107§ icti PSI SPIN ANALYZER-
i Standard Model Predictions SPIN ANALYZ
32 - . - - -~ AGNETIC MIRROR

1940 1950 1960 1970 1980 1990 2000 2010 2020
. ) PRELIMINARY SPECTROMETER
Year of Publication L=086tm (2 ft)

R s e
JER AP EFE— L 2B WAIE,

1980 FE L ) BsHhEF = AW-EEE

BN ThNsd Lok REAME L,

S
l\v’

LIGHT PIPE

LOADE!
GLASS SCINTILLATOR
PHOTOMULTIPLIER

AHMEF A& OB FEDMAIEE E @ORNL .

Phys. Rev. Lett. 14, 381 (1967) 11



Fast

Slow

Various neutrons

Name Energy Wavelength Velocity Temperature Application
Fast neutron >500 keV 40 fm 107 m/s 6% 10°K Nuclear physics
Astro physics
Epi-themral neutron 10 eV 0.1A 44,000 m/s 1X10°K Resonance capture
Thermal neutron 25meV 1.8 A 2200 m/s 300 K Neutron scattering
Cold neutron 2 meV 6A 600 m/s 23K Neutron scattering for
condensed matter (nm)
Very cold neutron 50 peV 40A 100 m/s 0.6 K Neutron interferometer
Ultra-cold netruon | <300 neV 500A 8 m/s 3 mK nEDM etc.

UCN

Slide by K. Mishima
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B —F  Ultra Cold Neutron (UCN)

1 ~14
Fermi Potential ~ 50nm

<«
Magnetic Field

60 neV/T

gravity 102 neV/m

MIE. BH. B RT > vILickBIC
RFE (~8#) O RIA A8

LA

BAHMEF
I J)LF — ~ 100 neV
RE ~5m/s
R ~ 50 nm
':F' MFDZT 5T
B UWHEAERA

7 )L IHEF 2 vl 335 neV (8Ni)

JR FRIEESEICEENUCND REAR WO, B4

DRFEDRT > v IILDFEHERL S
- FFWHEAER

B-decay n—>p+e+y,
- BNH 100 neV/m
. W% 60 neV/T

SIFEFIFAERYEBERICALLNS
nEDM. EJ. Fep.
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Physics using UCN €)= (8777 £ 0.7, 404102 ).

“Fixed” Cleaner %’

Active Cleaner

* neutron life time measurement
* gravity experiment

e NEDM search and so on,

High intensity UCN source is necessary St of UCNt experiment {LANL)

magneto-gravity trap
A2 ICUCNA AR AL 72 L

neutron lifetime measurement

MAMBO experiment 2 ol T, (880 7 1 1 2) .
1 g B
L~ 8 |
’ i
10 = j" it
i / i = :
“‘\ | | i1
W j / ,mx P i _ = e b i
£ B | | ]
S. Arzumanov et al., Phys. Lett B 483, 15 (2000) 0 20 40 60 80 - ]100
A.P. Serebrov et al., Phys. Lett. B 605, 72 (2005) 7958 e
A. Pichimaier et al., Phys. Lett. B,693:221-226 (2010) Zm 2% [ T D EXEL (up-scattering) DY K & 7 kit iR =
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Gravity experiment

Gravity

potential well

V(z)= {mgz (z=0)

o (z<0)

Schrodinger equation

[— ;’—m j n V(z)} V(@) = Ey(2)

y(z) = 4¢(2)
¢(z): Airy function

()
40 -
30+
204
10+
n=1 n=2 n=3
E=1.4peV E=2.5peV E=33peV

UCN detector

—
l ceiling absorber/scatter 10mm
100um U \4
bottom mirror o
cylindrical rod
) 200mm .
[ 200
00—
[ o
E- 160 :—- o
o [°
£ 100/~
3 S
a _
i
5] -
o ol w1 .= 2 P

Position ' [mmj

Ichikawa et al., PRL 112, 071101 (2014)
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Q-Bounce

s Mai?netic shielding

@ Caollimating system

B UCN - Beam pipe

O Vacuum chamber

B Granite table

| Active anti vibration control

B Detector
O Scatterer
H Neutron mirmors

T. Jenke et al. NIM A 611 (2009) 318-321

Measurement of time evolution of quantum state
* UCN fall down at the exit of the slit

* sudden change of boundary condition

» settle new state after certain time evolution

o ] QP T T Y A T
1 ca E[]{]neull‘c-ns in total

counts

10

ca. 4500 neutrons in t-:-{:al i

it

data used for

fit fumction —— "

data —+—— [
thefit —— [

40

30 ]

fit function ———— _[

,F e Hsp,; at exit of slit
| i :
.t L |
0 20 40 60 80 100
height z Jum]
! e

after 6 cm flight

20

'T?T-PJ..:

s

L2
i

el

0 20

40 60
height z [um]

80

100

Fig. 3. Simultaneous fit of the sqguare of the Schrddinger wave function to the data
shown in the upper and lower figure. Upper figure; preparation of the wave
function directy at the step (¥ = 0cm). Lower figure: measurement at a distance
x = bem afier the same step, guantum prediction after falling and rebouncing

16



How to produce UCN? (1) omormounass ik

4

neutron production and thermalization [t

* Neutron source

* Reactor
52235 52236
* JRR3. ILL(grenoble) etc. s U _
b FiSSion Of 235U Or 239PU ial;i *ai:fhi:‘lﬁjzgﬂiudif}ibmn L

* Accelerator (Spallation)
* J-PARC MLF, SNS, PSI, TRIUMF, LANL etc.

* spallation reaction induced by proton beam target
. : o
produced neutron energy ~ MeV @ &
. ton ©
* Neutron moderation proten Spallation
« like billiard reaction
* criteria for a good moderator
* large scattering cross section fast rest slow recoil
e U~ 1u ‘—,' O ‘_> Q——»

* large density (liquid, solid > gas)
* small absorb cross section



Neutron moderator

 Thermal neutron (300K)

* light water: H20
* Pros. good thermalization efficiency (scattering with proton)
* Cons. large absorb cross section
* Heavy water D20
* Pros. small absorb cross section
* Cons. small thermalization efficiency (scattering with deuterium)
D20 is the better moderator in total

e cold neutron (20K)

* solid heavy water (sD20)
* Pros. non-inflammable
* Cons. large binding energy of Oxygen
Wigner energy
* liquid Deuterium (ID2)
* Pros. good thermalization efficiency
* Cons. inflammable
* Solid heavy methane (sCD4)
* Pros. good thermalization (rotation and vibration)
* Cons. inflammable
low radiation hardness



How to produce UCN? (2)

* Doppler shifter (conventional method)
* slow down by reflection on the moving mirror
Restriction by Liouville’s theorem
conservation of phase space density

-V
~—@ @
stop

wall moves v

e Super thermal method (new techinic)

e phonon up-scattering of super-fluid He or solid D2
* use large phase space of phonon
* free from Liouville’s theorem

19



UCN Source at ILL
Doppler sifter type

Institute Laue-Langevin
Grenoble, France
Reactor 57MW

UCN Production

reactor neutron ~100 meV

Lig. D, 25K ~1 meV

vertical guide ~100 peV - VCN
Turbine ~100 neV - UCN

Turbine UCN source
slow down by reflection on the moving mirror
Restriction by Liouville’s theorem
conservation of phase space density

Neutron guide T6C
Tube Guids Caurbe

Entronce shutier

Neutran guide TGV
Tobs Guids Verfoal

D40 Tank

Zn 13m
é P shutter
%

<—Zneutron guide 5m
% 0.2 mbar He gas
%
)

||q . Dz it ﬂ]uneﬂ!ii

_

20
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Super thermal method

* phonon down-scattering in super-fluid He or solid D,
* use large phase space of phonon
* free from Liouville’s theorem

We use superfluid helium as a UCN converter

neutron | UCN production cross section
W : k
] multi phonon excitation d_O' = 472'[?2 —fS(q, ha))
35 dE k,
i k;,k ;- wavenumber
3.0
" S(g,hw):Dynamic stracture factor
%252 resonant energy (single phonon excitation)
g 2'0-: single phonon excitation 1 meV
w ] .
- S(ghw) UCN Production rate
] I ssOovE 0275
] E
= P(E,)dE, - { [N, El,)db;}db;
0.125-  0.175
0.075- 0.125
Gk - % 0025- 0075 5
LN L L LR B BELOW 0.025 h k3 ch h22
0.5 170 1Ts 210 P:J'p(Eu)dEu: NHe47Zb2(_J ?C{J‘ dZ(;Q)S(q’ha):_z q jdq}
) . Q(A) m, m,
dispersion curve of phonon

M. R. Gibbs, et al
J. Low Temp. Phys. 120 (2000) 55



High intensity UCN source at PSI

Pulsed UCN-Source

* UCN Converter
thermal * Solid Deuterium (SD,)
shield (80K)
 Mass: 5 kg
* Temperature: 5K
* Proton Beam
UCN shutter ® power: 13 MW
* 590 MeV, 2.2 mA
* Duty cycle: 1%

cryopump

UCN storage volume,
DLC coated, h=2.5m, 2 m3

neutron guide

3.6m? D,0 moderator

SD2 moderator vessel
30dm®*D, @5 K
"UCN Converter"

pulsed 1.3 MW p-beam
*= 590 MeV, 2.2 mA,

spallation target (Pb/Zr) 1% duty cycle
1]

22



NEDM measurement at ILL/PSI



experimental setup

Four-layer p-metal shield High-voltage lead

Quartz insulating

cylinder Magnetic field

coil
Storage cell Upper
electrode
Hg u.v.
lamp S
PMT for
Hg light
Vacuum wall
Mercury
prepolarizing
® cell
RF coil to flip spins
B T Hg u.v. lamp

Magnet

S _
;

UCN polarizing foil —

< Approx scale 1 m_

magnetic field 1uT
electric field 10kV/cm
t 130s

C

Phy. Rev. Lett. 97 .131801 (2006)

Neutron Counts

Store UCN inside of Electro-Magnetic
field and measure the precession
frequency by Ramsey interferometry.

1. Spin Polarizer

2. Ramsey precession

3. Spin Analyzer

4. UCN detector

24000

mwiﬁ%ﬁféﬂﬁa l””%

mEEEREES B bt

m;;ifi}‘ij’ij L4 H{ JRINER
ERISERARS e it var

s

14000 %i& Jij h‘l i i‘}. Jj% ill%é

12000 g 1‘% Ll %j}j ig {; 4 L}' ?J
Y

10000 1 | | , Rescmlant "E?'T | Ix: mlﬁqing pclnmts

Applied Frequency (Hz)
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experimental setup

Four-layer p-metal shield High-voltage lead

Quartz insulating

cylinder Magnetic field

coil
Storage cell Upper
electrode
Hg u.v.
lamp g
PMT for
Hg light
Vacuum wall
Mercury
prepolarizing
® cell
RF coil to flip spins
B T Hg u.v. lamp

Magnet ——71

Approx scale 1 m
UCN polarizing foil — - -

magnetic field 1uT
electric field 10kV/cm
t 130s

C

Phy. Rev. Lett. 97 .131801 (2006)

Statistical sensitivity

B h
20Et NN

Od

a : polarization (isibility)
E : electric field

t_: precession time

N : number of UCN

The new result reported in 2020
d=(0.0+1.1,,%+0.2,.) %X 1072 e.cm
@ PSI
upper limit
1.8 X102 ecm (90% C.L.)

sys

Statistically limited
—> necessity of high intensity UCN source

25



Co-magnetometer

reduce systematic error by magnetic field stability

Four-layer p-metal shield High-voltage lead

Quartz insulating — i

cylinder Magnetic ff{!?l

Storage cell Upper
electrode

Hg u.v. \

lamp e i T

/ ' PMT for
Hg light

Vacuum wall
Mercury
prepolarizing
° cell
RF coil to flip spins
- T Hg u.v. lamp
Magnet

—[s] Approx scale 1 m
UCN polarizing foll —

20.0845

20,0840 1 -

20.9835 4

LS
. [
J B
&

20.08251

20.9820 4 ﬁ* * Raw neutron frequency
¥ +  Comected frequency

20.9815

Neutron Freguency (Hz)

0 2 4 & B 10 12 14 18 18 20 22 24 26
Time (howrs)

P. G. Harris et al., Phys. Rev. Lett. 82, 904 (1999).

frequency shift
Aw=4x%x10""Hz
( E =10kV/cm, d = 10-?7ecm)
cf. Larmor frequency of neutron
30Hz @ B,= 1uT

required magnetic field stability : 102
1uT * 108 = 10 fT

It is difficult to stabilize magnetic field in such a
accuracy
-> monitor and correct magnetic field

199Hg for co-magnetometer
feels same magnetic field as UCN
polarization is measured by UV laser
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Geometric Phase effect BrozgRzogAERE

. KEH AR & BEEKS 7 b (Bloch- {HEDM o
Siegert shift) BIGRER L 72 & T DREIREE
0B, 2
L wyf ny2 %5z, 2R
Aw = 2 (@g — ) d6PE a7 V9 /2

false ~

2
2 _
w,: angular speed of B, rotation . vB)? — (vg/R)
2 z _ 26
o IKEFH AL P = 1 nT/m correspond error of 10-2° ecm
0B,R Exv MO — KM ZED5 I ENEE

=g, 27T T2
o 118 : WIHIE—FRME
2218 X ERAEE)

. UCN@W’J’CD%TW 2o B 2 & Bxyld[A]ER L
TWH EDICRZAS

A, RN TEAEDHA TS 2L D

2
aB R\’ 4 (Yekz
62 2 c?
FIG. 3. (Color online) A view of the xy plane of the trap

19
2 of the trap used to store " Hg atoms and UCN’s for the neutron  poupded by the circular sidewall. Part of an orbit is sho own projected
(]/BZ)Z — (vd)/R) EDM measurements at the ILL. If another field is superimposed  onio the vy plane for a particle undergoing specular reflection. The
having lines that both enter and leave through the sidewalls, like the

: o side ] be ol £ | ] .l €€ orbit 1s characterized by the angle «. Vectors E and By. point to-
%Ei%&EE@B%%@}EI;};Z;&E%HRO 7(—: ]Z?_jg\c:Ec:tI:{ﬁu_g—%Iﬁbiﬁ%% one on the nght-hand side, 1t will be shown later that 1t does no

Not  wards the reader and @B./é= 1s positive.
affect the false EDM signals that are generated.

<

, 0B, RVoE,

0z 2 CZ FIG. 1. (Color online) The shape of the By field lines, when

there is a positive gradient dB,,./ d=, shown in relation to an outline

yB,

+y

Awgpe = =

Pendlebury et al, PRL 70, 032102 (2004) 27



NEDM measurement at PSI

data accumulation * Basically same setup as ILL experiment

£ * Cellvolume:20L

§ C ¢ 11400 UCN are counted per cycle

C O . * data taken: 2015 - 2016

E B "4 i up to reach 1 X 10726 ecm statistical error

S 6 ° o g

KW * Blind analysis by two groups - _

2 Pendleb t al., PRD92 (2015) 092003 0% 1: ;2 y y g p StatIStlcally |Im|ted

1 ////%//” 7%”’;//4///,//// d,=(0.0 £ 1.1, i%/&) X 1026 ecm

10 100 1000 |dn| < 1.8 >< 10_26 ecm (90% C.L)

Days (since 01.08.15 without annual shutdown)

C. Abel, et al, Phys. Rev. Lett. 124 81803 2020
Typical data cycle

TABLE I.  Summary of systematic effects in 107>% ¢.cm. The

- first three effects are treated within the crossing-point fit and are
80.2230% m ’ resonant included in d.. The additional effects below that are considered
. L separately.
30.2229 F : frequency of
N : < e - .
L 30.0008 {78 . ‘-'% neutron Effect Shift Error
o5 o . Error on (z _ 7
30.2227 P Higher-order gradients G 69 10
T Transverse field correction (B7) 0 5
i 4 Hg EDM (8] 0.1 0.1
g EDM [8 =0. ;
E Local dipole fields cee 4
v x E UCN net motion 2
. uadratic v x E e 0.1
correction e i 5
‘ ncompensated G drift B 1.5
by Mercury light shift e 04
Inc. scattering '"Hg e 7
co-magnetometer
. TOTAL 69 18
0 100 200 300 400 500

Cycle number

systematic error



Hg
polariz.
chamber

L n-l_*EE}_I_ I_':'ﬂ J:

Top
UCN
chamber

« UCNEEIFIRITOL X

RIFEEZIZ 5 DH ERE

Reén

(E A NI

47 cm - 80cm

IR ERBWTCHESRY 7

L85

[ ]
52 48R
ND)-7 X e ¥
==)
o« [AIRFICHIETDIFINIC
= =L
s BRI —IL RIL— L%&FT%
Current n2EDM n2EDM n2EDM n2EDM n2EDM n2EDM
phase 2016 average comin. com. meas. meas. meas. 1ieas.
ID (em) 47 47 47 R0 30 100 100
coating dpPs dpPs iC dPs iC dPs iC
o 0.75 0.8 0.8 0.8 0.8 0.8 0.8
E (kV/em) 11 15 15 15 15 15 15
T (s) 180 180 180 180 180 180 180
N 15000 50"000 1007300 1217000 202'000 160000 4007000

o(dy) (e-cm)
per day

11x10-26

4.1x107%6

2.8x10726

2.6x10726

1.7x10°26

2.3x10726

1.4x10726

o(dy) (e-cm)
500 data days

5.0x107%7

1.8x10°27

1.3x10°27

1.2x107%7

7.5x10728

1.0x10727

6.4%10°28

B. Lauss, nEDM2017
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PSID R ERETIEZ Z DA%
REFEX 47cm > 80cm
ReaNDOWIZDLETEE - —RKEZ R DDA KEEE
2. UCNEEZIERKXIHE3
KiERB/APEFFEORRE

UCNZE ~ 1 UCN/cm3 > 250 UCN/cm3
PSI TUCAN
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TUCANIZ &£ A 55t

THREE . L\ |
N / UCN 77TJ D2
Il

\ E;lbi’J/\U

\

(8]

O< TR EKE
P (LD,)
5 / o\
H—y @ o THE 2 &k
(W) @ @. (D,0)
. o AL
BFE—A
(Ho20RO>)

B R MEF ~ MeV
J D,0/LD, E7 L — & (300K, 20K)
ST ~ meV
J, Phonon scattering in He-ll

BaPEF  ~100neV

BN
]

BN

- UCN;& B

fl%r?i’fl
RasPET (BRI

m\/\ DM FIR
2R EHe-lDBEEEZ L < TZ 5
S WEE T

cUCNT > N —Z @8REIA~Y 7 L
R WETERE
hEFFHFan: 7 #+ / >~ I1Z K D up-scattering
(ty o< T77)

T,=36s atT,. ,=1.2K
t,=600satT,, ,=08K
(Cf. SD, : T, = 24ms)

R ——
=

ﬁ

ﬁTwTTEﬁ@AUﬁA%
Nl

LY
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UCN Storage time

UCN production rate

dpycn P
— p — Pucn
n /T
P : UCN production rate

T: Storage time

UCN density
p = Pt (1 — exp(-t/T)) o< Pt
long T is important

UCN Storage Life Time

1/ 1 1 1 1
/T_ /Tphonon-l_ /Tabs+ /Twall+ /Tﬁ

: absorption by 3He > 1000 s
purification to 3He/*He <1011
Tohonon' PRONON Up-scattering T~ 1.0K
: wall loss clean surface

T
Tp : B decay (886s)

Tabs

wall

#UCN/P 7 [%]

I T -

1 t,= 80.9 + 0.4 sec

50 100 150 200 250

Time (s)
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Purification of “He by Heat Flush Method

Two Fluid Model

Viscosity

wn

Entropy SS =0

Heat Flush

When heat apply,

* zero entropy superfluid is converted to be entropy-
carrying normal fluid

* Normal fluid excess around heater

* Counter flow
* Normal mode (3He) : away from the heater

* Super mode : towards to the heater 005 1018 20 1y

10.1103/Physics.3.5

v
— 3He/*He <1011 is achievable by heat flush method
P.C. Hendry and P.V.E. McClintock, Cryogenics 1987 Vol 27

Heater
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Helium-3 cryostat

* to keep He-ll temp. ~ 1.0 K S

1.0E+3

* decompressed Helium 3
 use latent heat of evaporation

* 3He vs 4He

* vapor pressure @ 0.8K
1.0E-1
* 3He: 3 Torr 00
* 4He: 0.01 Torr

=
o
m
+
N

1.0E+1

Cooling power (W)

1.0E+0 |

Cooling power @ 10* m3/h pumping

0.5 1.0 1.5 2.0 2.5 3.0
0.8 K Temperature (K)

3.5

—4—3He
=li—-4He

e cooling power

@ 0.8K with 10, 000 m3/hour pumping
e 3He: 15W
* ‘He:0.13 W
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| sotopicaly pure' == =
o) o N Hesystem || T e
| i [~ ==L
/ I\ 5 < /( : U C N ;J/ ; \ ~ F",Uwg‘“’dé"”“"--— N B
‘u‘ 77"-‘.53,7] ( B = gqﬂ" % 60 K
|| UCN| Heater : S_;‘ =
3 AN = | | valve g Ul [N @
* RCN PT @)EIE7EQ E'J—'E i M::Ztgfw € F?:“D“I_ i 0%7&
. MEBPUF+BREANY VLD N—R— g droneo| 8 B R
DIHEHE & L THFRME— \ = S8
\ » | S| £
« BFE—LEE L | pmirens q
UCN 0.5 m concrete | 8 (G)
400 MeV X 1 pA =0.4 kW detector |
« UCNZE 9 UCN/cm3 @ UCNJJR | spallation target T,
* Y. Masuda et aI., Phys Rev. Lett. 108, (2012), 134801 |mprovement of UCN Storage time
_ e | | Ty | mpeosement
. TRIUMF/\7I‘§77§§ (2016&—) 2002 14s 12K
. UCN:E$%B%¥ E— /LS4 I-H L TUCNAE Jun2006  29s 0.9K Use 3He cryostat
NN <73 —
UM Nov 2006 34s 0.8K Reduce Hell film perimeter
ﬂc“mlj] (8.5cm—=> 5cm)
° ]Z%% E— N Eaijiaﬁg Jul 2007 39s 0.8K Remove 3He contamination
500 MeV X 40 v A =20 kW Apr 2008 47s 0.8K Fomblin coating

Dec 2009 61ls  0.8K Alkali cleaning

Feb 2011 81ls 0.8K High temperature baking
(140°C)



UCN Source @ TRIUMF

\’ \
UCN Source

T

| @« 2017 shutdown

W target
remote handling

V‘ ~
2016 shutdown /%
Major Milestone

v ~2016 springdedicated proton beam line for UCN(BL1U 500MeV, 40pA completed

-\

v 2016 fall commissioning for proton beam line & cold neutron production succeeded
v 2017 - 2019 UCN production by the prototype UCN source 1 month /year
2021 - Upgrade UCN source
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Timing spectrum

UCN production with the prototype source :o |
* Nov 13, 2017: first UCN produced at TRIUMF §102 3§ \ 3
* 2017 —2019 : UCN production S8 S
— 1 month/year 10 §= § s
s

* Experimental program

— source and UCN hardware characterization T L T e P
Time (hh:mm)

* UCN source performance

3
— For 60 sec proton beam irradiation = 3500 =
« Approx. 5 x 10% per shot at 1 pA E 3005_ rd *1125003K
* >3x10°at10pA < M 7
— Storage life time : 35 sec e #1707 003K
200F ,
(81 sec at RCNP) : $oo7+007K
* Cooling power is not enough 3 - ‘
. . . 1002_ ‘,"' 'D.QSi 0.06 K %[i‘i |
— UCN yield is not proportional to the beam current E Bhe~Y v L
. soF- ,80.94+0.06K OV NN—4&—BE
— Temperature of He-ll increase ;,{91' —
b S S v w e vy T 51 e by oGl
K;Z—% t\_ L 'l:lj jj % J: U— Z) & Eiﬁ%ﬂ/\ U r7 Ly ‘A‘ﬁ*%bbjj a)rgﬂﬁ 0 ? ! ° ® Bear‘:wocurrenp(zllA)
/iR RE BFE—LHNEELESELEED

BEMNEAY . Y HE BUCNEHE D 38
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UCNET v 77 L —F

Helium Cryostat

LD, Cryostat

Radiation UCN Production Volume

Liquid Deuterium
(LD,)

Superfluid Helium _
Heat Exchanger | Heavy Water

™ Tungsten Target

o RIAENKFZ(D)ET L —X—
« BHRUTFT Ty ADE  (X2.5)
s SWARBENEFOANY U LS
« BRBEINY Y LY N— K — (KON (X 3)
e GFE—L—/XT] =83 (X50)
e 0.4 kW at RCNP -> 20 kW at TRIUMF
o BRENANY T LICHD DENETR
c 81W (AEOERZED)
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LD2 Moderator

Shielding penetration

Connection
to cryostat

Detailed engineering model

*  Minimized wall thicknesses with ANSYS

*  Minimized cost for D,O (430 + 200 L) and graphite
(reused)

*  Optimized position above target

* UCN production: 1.4-107to 1.6-10” UCN/s

* Max. heatload: 8.1 W@ 1.1 K

» 27 L He-ll converter (+ ~50 L in guide)

* 125LLD,, max. heatload 63 W @ 20 K

» Storage lifetime in source: ~30 s

* Recently published: 10.1016/[.nima.2020.163525




LD2 vs D20

;105 |
o | _l —— LD, (20K)
8 E |J T!_ sD,0 (80 K free-gas model)
- - = — | meV
.§ L “ | e — — 1.72meV (20K)
3 E A1) L — — 6.89 meV (80K)
| B B e
S —
" - - s
L U N L - | o
— E T N
— L
- wlas | '**";uf
=%
| 4 it e 1]
_fi* 1l |
103 lllllld III!IJ lIIJJ IIIJ IIIIIJ IIIIIIJ IIIIIJ IIIIIIJ JIIIIJ IIIIIIJ L
10" 107" 10° 10°® 10‘7 10 10"" 10* 10° 102 107 1 10 10°

Neutron energy (MeV)

neutron flux

sD,O 1101LD; 2001LD;

UCN production at 5 W heat load (s71) 0.40-107 |1.02-107 | 1.33-107
Heat load at 40 pA (W) 5.1 7.6 5.4
Thickness of lower cold-moderator layer (cm) 14.0 17.5 23.1
Thickness of upper cold-moderator layer (cm) 9.3 .5 15.8
Heat load on cold moderator at 40 uA (W) 60.5 50.0 36.7

factor 2.5 improvement



Superfluid helium UCN converter cooling

3He pumping

heat deposit

iump'ng
— / Heat transport ’

\M Super fluid Helium (He-ll)

=¥ D =150mm

Heat exchanger

A

VY
]

W Taerget

2,000 mm

Torod = Tape T A‘T3He—Ni + ATNi—H?II + ATy
1)
|

Kapitza cond.

Heat transfer in He-ll
3He pumping

Components

1. Helium-3 cryostat

* Have to be placed behind radiation
shield

* L=20m
* High cooling power : ~11 W @1.0K,
* 10 W: beam, 1 W: static

2. Heat Exchanger design
* Kapitza conductance

3. Heat transport in superfluid
helium

* Flow pattern
e Superfluid turbulent
e  Gorter-Millink heat transfer
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1. Helium-3 cryostat

AN 7 L3 REICE Y 1T KLT A
« 1I0W @ 0.8K
« BIFIZXSKE:380Pa @ 0.8K

~Y 7 L3ER
~NY L3I EE
« 308 M /1Lgas
« 3DDREM - ZERDEER
42K BRI~ 7 L4
s KXE
1.6 K &IE~NY 7 L4
« JTEZ5K -> 750 Pa

0.8 K /RIEANY 7 L3
 JTHERR -> 380 Pa
o | BRI HhER
« [MEDOBRTETWER
* mass flow rate
* 1.14 g/sec for 10 W cooling power

IS ;K/\o—:/\/\

IPHe  4He supply 3He d4Herstumn 4Hs  3He
supply  (from CE) suppty {1atm)

RENEY il B 3
(2
X7

—_

(2)

LXH Hdv

20K shield HEX-711 HE

—nd

rom—y
|

HEX-6
i)
M Kireserver
1y
g HEX-6L
I&H

4He (4 2K sat)

HEX-5
(2)

=

-2

ﬁPHL X5

4He return  3He return
return  supply 181!‘?’1] (380Pa)

by I Top Frange

:] i

below 10K

% HEX-4
(2)

Material

All Jackets=SUS304 XJT
(1) : stainless stesl L

(2} : Cu (1220T) 1K pot ! 15
{3} : cupronickel {CW/Ni} s BESALILY

% HE}(-2$(1) or (2)

UCN production voluine

L

JA=RATTZ L

TRAR3He

JT

3He Pot
(0.8 K sat)
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1. Helium-3 cryostat L TEMIIC

insert of the cryostat
* HEX7

to 4He vacuum pump to 3He vacuum pump
P « BEDSENY T L3EAKNY T L
1%75\’9@7?%77 A THNYT
* 3He:300K->10K
e 3He TV X JLE —

© 2074)/g @300K /| #430f=
e 75 J/g @ 10K $

~ « DEEEE
« AN — zﬁ LD 7-53He, 4HeHER B
UDEFI \—HX

« 1K pot, 3He pot DZEFH X DB E
B3hF A

* HEX4 & HEX5

e 4KD3He or 4He7a“:3He pot or 1K pot®
AKENATHPT
« JTRALZNZE (4He)
ITERDBICENT T RE LTERS D
« 42K->16K  59%
« 28K->16K  79% 44

3He (supply)

4He
vacuum line B8

HEX-5

7 3He
vacuum line



KB 7 IN375E

N U NGy N:Y

HXH
e~ LEEBEDNT VR
. ,ﬁﬁﬁb 10W @ 0.8 K
o IEANY T LBEE  <40L /hour
. BUfF
° ;67._)& 7:%%
#H AN B ET D M REE R
o DEA T

2MEIXTET L. SENEEEF @KEK
N L3 YT T Lax{EH

i :ﬂif\wtvéan LU@'% %EEEI%?\

o FERE1.25K (pumping speed: 2,000 m3/hour)
« BRE) —7 7& L
« SR —X—I|ZXDEE AR

insert of the cryostat
to 4He vacuum pump to 3He vacuum pump

S B

100K shield
IPHe  4Hesupply 3He d4Heretum 4He  3He  4Hsreturn  3Heretum L
supply (from CB)  supply {1atm return  supply (1atm) (3B0Pa) i
(1s0Pa)
S N I S Y I | TopFrange
100K shield
+ t % ..3[) : ‘F
2 I
@ 173 g(;z) d
< 1’ ‘/\ -1'
< 1 e 4 >
201 shield

HEX-711

" below 10K

— e Nk
HEX- 6Gd, :
% HEX-5
MKireserver 0 $ ) APH EX5
T; .
3 HEX-6L2

“He (4.2K sat)
!
Material =
Al Jackets=SUS304 XJT %H EX-4
(1} : stainless steel L (2)

(2): Cu (12207} 1K pot 15
4He [1.6K sat)

- < v 3
% HEX-2%(1)0<‘(2) . BAEHe

(3} : cupronickel (CWN)

UCN production voluine

(0.8 K sat)

JA—=RAT T L




2. Kapitza Conductance

e Kapitza conductance is Conductance
at the surface between liquid and
solid is small at low temperature

* Kapitza conductance, h(T) is a
function of temperature.

* There are several theory on Kapitza
conductance.
* Phonon limit
* h(T) ~4500 T3 [W/m2K]
e 2-10times larger than measured
e Khalatnikov theory
* h(T)~20 T3 [W/m2]
e 10-100 times smaller than measured
* Experimental data strongly depends
on surface quality

Phonon limit [ experimental
i \ _ - 7data

SURFACES) <

| Khalatnikov theory

T TITEDY  TTIEGTy s

-'.--.-‘-.
ol E \J.-"""P
E L -
=] i

00

.4 1.& L8 20 22
T(K)

Kapitza conductance

between Copper and He-ll
Helium cryogenics, Steven W. Van Sciver
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Cu Heat exchanger should be plated by Ni
Kapitza conductance between Cu-Ni is large enough

Heat exchanger

1mm

d3=1mm¢

R LLLEHLELLLT L

Cu (RRR=100)

d2 =5mm T 3He pumping
1d1 =5mm ‘ ‘

™ .
k Hedll  Njplating (~10um)) 3He I|q.

L

)
/

ID 150
He-Il (R=75)

since junction is solid-solid

L 500mm

ex) K;=40,T,,,=0.8K, Q=11W
* junction between 3He and Cu
* AT, 34.=0.078 K

T, =0.878K
Kapitza conductance between Ni and He-lI * junction between Cu and He-lI
heni (T) = F*h_Ky o(T) f=0.61 * ATNi-Hell =0.118
Kapitza conductance between Cu and 3He * They=0.996K

he(Hell) = (1.2 =2.6) h,(3He)

Temperature difference in the heat
exchanger can be neglected
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Kapitza conductance Measurement

CX temp sensors (Two 5%5359;5) ]
Cu plate GFRP plates s 8 19
‘ -

Kapitza conductance test at KEK
 Sample

Material : OFHC
* Temperature range :1.82-2.15K

S50

:pm:m radiation timt ; _ 2% ] Test Samp|e
2 : : : : : o it4a cond.
_ ; Result
St { & 3
2 t * Dependence of T
= | | * Enough Kapitza conductance
ﬁ He Teimp ‘ 05 (DIRTY %SI.IRFACES) 4
Cu temp i 1 ]
o . . . . . [ Khalatnikov Theory 1 _ . . o < _
"% 2000 000 G000 S000 TO000 o, | \ .~ 74 VIR THLRROBERIMEOND DT R A
Time (sec) E T 3
00 IT.I4 ll.B IIS l Z.ID 22
T(K)

Van Sciver, Helium cryogenics 48



: M ' N : I\ 4} ( N Z
* 1/10 length model gt/ UEE RGE A &

- NN ..
im )

* 1mm width
* 1Imm gap
* 2mm height

* installed to helium cryostat

* Cool down test
* using 4He
* test on going




3. Superfluid Helium Heat transport

Gorter-Mellink equation

. _ 1/3
Two Fluid M I A3 (Ta
o Fluid Mode Q== F(T)~Ydr
1.0
Viscosity 98 T, : He-ll temperature at the heat exchanger
p. 06 Ty : He-Il temperature at the UCN production volume
Entropy Sn SS =0 — A : cross section of He-ll
g o4 diameter = 150 mm
* Ratio of super/normal component depends on 0.2 L : distance of heat transfer ~ (L=2.0m)
temPerature dependence. ) 0055 10 15 20 f(T) : Heat transfer function
 fraction of normal mode become small in low . T(K) o - - ——
10.1103/Physics.3.5 mEm —— HEPAK
temperatu re. ";012 —— Van Sciver -~ \\
= e \
E
10" / .
Heat transport y
* Since superfluid has no entropy, heat is —1
transported only by normal fluid. %v Large ambiguity

— X

* Heat transport in low temperature (< 1K) become

) ) Heat source
small because of small fraction of normal fluid

0.8 1 1.2 14 1.6 1.8 2 2.2
Temperature [K]

MERTELWVWRAI VXTI X AHMET -> 1K LU DO EER(EH 78 LN 72 80 R EHE 50



emperature distribution in our system

3He pumping

Temperature distribution
* 3He pot

N heat deposit
T,y = 0.800 K
~_ / Heat transport ’ Kapitza cond.

/\/\49-( * Heat exchanger (KG = 40)

UCN
(]
Super fluid Helium (He-Il)

— > —1som Tuex = 0.878 K
Heat exchanger —— N \T / oy e He-Il at HEX
' ] Theqp = 0.996 K
e GM heat transfer
Torod = Tape ¥ ATspe ni + ATnipen + AT e * He-Il at UCN prod.
‘ | ' 4 They = 1.14 K (HEPAK)
Kapitza cond. = 1.10 K (Van Sciver)

Heat transfer in He-ll
3He pumping

Current design meets our requirement
Temperature at the production volume < 1.15K
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UCNA X 2.6 X 107 UCN/sec
UCNZEE @ UCNJR 6,400 UCN/cm?3

UCNZEE @ nEDMEITEREEL | 250 Pol. UCN/cm3

« UCNRT7 v 77 L —FK
c I2ETL—XK—
o FIANU T LSEMBEIC L B20kWA L —2 3 v
UCN k7 > X — b 3h3E 4%
e« MCYIal—Ya3vVICkBdREDLY

METRRE
A E = 10kV/cm N: UCNEL .
Og = ——— t.= 130s ILP A X bd36cm X H15cm (15L) X X 7 )L/l
2aEt VN a =0.8 (visibility) N= 7.8 X 10° UCN/batch

0y =1X107 ecmDFREHREISET 5 £ TICHEL AR

400 H

(1 cycle : 8 fill to determine the resonant frequency)
assume stable running of 14 hours/day
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imeline

2019

2021

2022

AN L R

Bt

ABR

LLTpeS

BRAR

REf

SU1E

LD2:4 B b

=LE
X a

B4

UCN;REA > RAb—)IL

UCNJREaZSwL =>4

nEDM KERF. EX

nEDM £ FEEX
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summary

s ERDIEDEDMDIETE > TXIREDEE
(CPTXI R A E I 4LIE) CPITFRE DAL AL

« BRA IR ZTEDMDBAIEN I NTWBH, WEFIZH
BEDEIZR DA - TLa L

e HE FEDMIEZREER

« IR7E Dupper limit |dp| < 1.8 x 1072 ecm (PSI, 2020)
e 107 ecm ORE X BIZ & L 72 KREFETH]

* n2EDM @ PSI

* TUCAN

« SREUCNIRFEH
« UCN:ERZICEH U AORIBEREH WF 4T
o BRI 7 LEBULIZUCNJE@TRIUMF (TUCAN)
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EEEEER DR T b IILORFEZL
Sk I EEREXR
%SRRI L., AEREwTHEL L TWL 5 EESR

dA dA o xA
—| == w
el del,
WaE—X Y FMOBBEZE
S%
am - _ Mx H
ac| T Y
S
S’ %
dM dM -
—_— e — W
de |, dt|,
=y|V|><(H+$)

A NS B, xy T E I EEREHEH, A A A > T B &

N

wo = YH, (resonant frequency)

DEF, SR TIEH=(O,HL,0)E Y RE > ity FE L

% [Bl85d %

Inertial frame (S)

rotating system (S’ )

rotating speed : w
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Prototype UCN Source

I sotopicaly pure'}j' - e =
4Hesystem || To ™
a3 P pump

|

] -

é;[-uemmé--‘ sSaunI g_aﬁd‘\’f
I L 3m v B

Te
UCN| Heater
valve

l Mass flow

\‘ meter

\ 3He
circulator

]| |

i

U 1 miron+
UCN 0.5 m concrete

detector

Graphite

tion target(J

Previous UCN source
He-Il bottle
®16cm, L41cm, Volume = 8L
Al of 2mm thickness, inner wall coated with nickel
Surrounded by D,0 moderator (ice, water)
Cryostat
keep He-Il the temperature by 3He pumping
3He is pre-cooled by *He pumping
UCN guide
®8.5cm,L=3m
1.25m high from He-Il bottle

Improvement of UCN Storage time

Year n Improvement

2002 14 s 1.2K
Jun 2006 29s 0.9K Use 3He cryostat

Nov 2006 34s 0.8K Reduce Hell film perimeter
(8.5cm—> 5cm)

Jul 2007 39s 0.8K Remove 3He contamination
Apr 2008 47s 0.8K Fomblin coating
Dec 2009 61ls 0.8K Alkali cleaning

Feb 2011 81ls 0.8K High temperature baking
(140°C)

remove He contamination is important
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UCN Production by the Prototype source

UCN

lsotoplcaly pure
N 4He system

&[ LT THEN gwde ¥
I ' 3m

(—’—“N
;

|
ME*

il e N Heater

Mass flow
meter
€
3He n
= (o]
‘ circulator -

1cm hole

I miron +
0.5 m concrete |

detector \

|

proton beam

count/2s

-
o
o

S T

40s

3He crlyosta

S
~
=

Spallation target (O 'n

T
..rr'Ir'_'_l

T |I||I||

T
time (s)

—— Delay : 0s
—— Delay : 20s
—— Delay : 50s
—— Delay : 100s
—— Delay : 150s
—— Delay : 200s
Delay : 250s

lnn.ﬁ}]‘ﬁmﬁ..l....

300 350 400

Graphite

Storage life time measurement
Counting UCN after valve opening

UCN is produced and hold in the UCN
bottle and guide
After time delay UCN valve open

Storage Lifetime : 81 sec
UCN density
26UCN/cm3 Ec= 90 neV
400 MeV X 1 puA=0.4 kW
Y, Masuda et. al., Phys. Rev. Lett. 108, (2012), 134801
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UCN source in the world

Source Type UCN density Max
[UCN/cm?3] energy
Ours @ Spallation He-ll 26@1pA 90 150
RCNP/TRIUMF

Ours @ future Spallation He-ll 1300 pol 90 150
Sussex-RAL-ILL Beam He-ll 1000 250 150
SNS Beam He-II 150 134 500
PNPI Reactor He-ll 12000 250 23

Los Alamos Spallation SD, 200 180 1.6

PSI Spallation SD, 1000 250 6
Munich Reactor SD, 1000 pol 250 k*

There are a lot of UCN facility (including plan)



HEX1 development

* HEX1 prototypel

e annular fins
* push up liquid ?

* HEX1 prototype 2

e vertical fins

« fin pitch optimization is necessary prototype 2
prototype 1

* HEX1 prototype 3
 full size model
* not final design
 fin: annular or vertical or no fin
* less 3He model
* will be installed first cooling at TRIUMF
UCN production?

* Final model will be installed later



GRANI

CleanRoom

Coils

Vacuum Chamber | |

Vibration

Neutron Transport and Trap

GRANIT

Isolators

Fig. 1. GRANIT spectrometer.

magnetically induced resonance transition
extraction mirror and scatter

select low vertical velocity component

transport mirror

a periodic magnetic field induce
resonant transition between quantum
states

absorber

filter quantum state

EXPECTED TRANSITION SPECTRUM FROM THE
GROUND STATE

||.|_}2||1_}4||1:_;3|

MAXIMAL TRANSITION
PROBABILITY

o 100 200 300 400 S00 60D 70D
f=w/!2x[Hz]

Fig. 3. Maximum pmhability for a neutron to leave the grmound state is shown as a
function of the excitation frequency for two different excdtation times.

Resonant transitions

Transport mirror
with edges

Scatterer

0.05 < slit < 0.2 mm

Extraction mirro

i Adjustment micrometric screw

M. Kreuz et al. NIM A 611 (2009) 326—-330
D. Roulier et al. Advances in High Energy Physics
Volume 2015, Article ID 730437,
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Neutron detector

Since neutron has no charge, it is not possible to detect
directly by the electrical signal

e Use nuclear reaction (neutron converter)
* 3He (0 =5333 barn)

* 3He+n > 3H+p +0.765 MeV » Gas detector
* i (o =940 barn)
* li+n > a+3H+4.78MeV

o 10B (0 = 3835 barn) - Scintillator etc.

« 0B4+n>a+’Li+y+2.79 MeV 9%
e 0B+ n->a+Li+2.79 MeV 6.1%
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2 Dimensional UCN Detector

S. Kawasaki et.al., NIM A 615 (2010) 42-47
« CCD sensor

HAMAMATSU S$71710-0909

Active Area 12.288 X 12.288 mm?
Number of Pixels 512 X512

Pixel Size 24 X 24 um?

Full Well Capacity (Vertical) 300 ke

Full Well Capacity (Horizontal) 600 ke

Dark Current Max. 0°C 600 e/pixel/s
Readout Noise 8e rms

neutren°goRVRTIEMeV)+'Li(0.84MeV) + 7(0.48MeV) 93.9%
— a(1.78MeV)+'Li(1.01MeV) 6.1%
n+°Li - a(2.05MeV)+*H(2.73MeV)

Gd absorber
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iy
SO "ﬂ"’#ﬂ, 7

30 (um)

(a) "°B converter

Es's; a 1.78MeV
L. 1135-17Mev]

Clie S

il a1.47MeV |-
0.9-1.35MeV[ -

Events/2.5um

(a) horizof
900—
800

_-—-—'—‘—--\

Ti|
6 j /198

i E——

e ———

20nm  200nm  20nm

\ 500um

40 35 .

ik

~
o
o

o R AR

@
=]
=]

o
=]
=]

w IS
S )
S S
J\l\ll\‘H\\ll\ll‘\\\\‘ll\_'

[N
o
=]

|
T 109 +++ um

00750 zégzéo ‘Vg‘s\éd -
spatial resolution
2.9T0.1 um

=
ar

“500

64



Fine-grained nuclear emulsion

High spatial resolution 3D tracking detector

lonizing particle

AgBr-| crystal Silver grains aligned
' ) = a track
<>
~100 nm
B,C
sOnm  NiC 60 nm T
™ . C30nm
? i
5i base 400 pm emulsion layer
10 um
. Neutron converter
5t :
. Vsl T +
wieead || - nestron 3D tracking of emulsion
Hior a,l' absorption <
point i : ||
Figure 3. A cross sectional view of the . 1 i i i
thin lyer (5,0 type datactor: n @ 10 um submicron spatial resolution

>
particle and a ’Li are emitted back-to-

back from neutron absorption by 1B.
One of them will be detected inside the

Figure 4. A microscopic view of four tracks of o
particles or ‘Li s emitted from neutron absorptions

emulsion layer: The absorption point by 19B. Arrows show the starting peints of the
will be determined by extrapolating the tracks. N. N aganawa et a l. POS (KM |2017) 077
track to the BC layer.



Crystal EDM

 HEANEEBTI5PUTFDREAIEOZE EEE
s HRENOKREZLENEIGZEZAWLZLICL>TREAHITS
- BRhES - "EBEOKRZLERZ AWV DONHE

* Current best value
dn=(2.5 £ 6.5stat = 5.5sys) X 1024 ecm at ILL
V.V. Fedorov et al Phys. Lett. B 694, 22 — 25 (2010)

o ¥EEH FIT7-EEAJ-PARCRESS CEHEI SN T WL S

E :strength of applied electric field
| T :interaction time

Sensitivity of nEDM experiment &(d, ) o m N :neutron counts

Free flight metod £t alnhaceon UCN method
method

interaction tome 7 [s] =0 =10 = ]I~

electric field E [V/em] ~ 104 ~ 108 =0

sensitivity ¢(dn) ~10 *//Day ~10 *//Day ~10 *//Day
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Crystal
the polarization
due to EDM

transmittedy?’
waves v

incident

neutrons
Y= Ca

reflective 2"

waves Ve ¥e

neutron

spin o s
polarized perpendicular ' OGO -G8

to crystal-plane electric potential

inside a crystal
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theta[degree]

Bragg angle 6 [radian] Bragg angle 6 [deg]
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