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Search of unknown CP violation
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n = (6.05 + 0.07) x 10~19 Planckl3 <:I 77“’10_18 (CP violation in the Standard Model)

E. O. Zavarygin and A. V. lvanchik, J. Phs.: Con. Ser. 661, W. Bernreuther, in CP violation in Particle, Nuclear and
012016, (2015) Astrophysics, Springer, 2022

Existence of unknown CP violation ?

t&. T-violation - Possible in low energy region ( unnecessity of anti-particles )
nvestigation of connection between low and high energy phenomena

European Space Agency - https://www.esa.int/ESA_Multimedia/Images/2013/03/Planck_CMB, CC ZF/x-f 4.0,
https://commons.wikimedia.org/w/index.php?curid=108189337iC &k %



T-violation in low energy region

Two methods only without final state interaction (fake effects) \ .
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Connection to high energy region

A
Fundamental CP-odd phase

Gluon self-coupling

QCD —+ dﬂ, de qu1 qu . 6, dq, dq, w
Muon EDM / pion exchange / Neutron EDM
nuclear CS,P,T \:\\ \\\\ ng’NN \ l
N couptings.
le U l Compound state
|

EDM of nuclei and ions( deuteron )

EDM of paramagnetic atoms(TI, Cs) | ™.

atomic 1™ | 4d molecules(YbF, PbO ) ) v
EDM of diamagnetic atoms

M. Pospelov and A. Ritz, Ann. Phys. 318, 119 (2005) ( Hg, Xe, Ra, Rn )




Search region

N-EDM ). Eagal, et al., Prog. Part. Nucl. Phys. 71, 21 (2013)

dp = —(1.5x 1074) - (g0 — 093 x 1072 - g )

Sensitive

Compound state
Y.-H. Song, et al., Phys. Rev. C 83, 065503 (2011)

WT AO'TP —0.47 _(0) (1)
114 = AO‘P = < h71'L' )(gnNN +0.26 - gnNN)

Both sensitive

Reference: n+p -d+ vy
ht = (3.04 +£1.23) x 1077

n-EDM

Compound state

—(0)
9NN

Complimentary to n-EDM



Helicity Asymmetry

neutron

Nucleus

Ex) 13%La: Ep =0.734eV A, =0.097 £ 0.003
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Proton-proton scattering 106 enhancement

proton proton
o -0 |
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S-P mixing model

Generation of compound state

neutron nucleus
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—
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T-violation in Compound state

4 )
S W T-violating matrix element | T._yjolation  Gudkov, Phys Rep 212, 77 (1992)
AO'T — K(I) r AO'p P-violation Interference between different channel spins
W 4l =1
S—I+§ S_I_E
P-violating matrix element _ _ n n
P-violation
\_ Angular momentum factor /  Interference between s and p waves
.1 . 3
_ s pPJ=5 _D,J=35
_(—D? 1+1 21 1X J= _1 I Fn ,Fn
2.0 1+1x 2
I 1 [21+3y 1 .
— (1)t ——[1-= = J=1+5 Depending on x and
S ) R , I x 2 pending Y

Necessity of measurements of x(J)



Candidates of target nuclel

(139] 5 | s1By 117G 131¥ @
Large PNC effect @ O @ @

Small resonance energy @ @ O O
Small nuclear spin /N T/2 O 3/2 O 1/2 O 3/2

Large natural abundance| © O X /\

T. Okudaira, et al.,
Large |k())| ~71 Phys. Rev. C97,
034622, (2018)

Nuclear polarization ~b0% DNP — — ~1% SEOP

P. Hautle and M. linuma, Molway et al., arXiv: 2105.03076 (2021)
\ NIM A440, 638, (2000) D US NOPTREX




Conﬂgu ratlong Pseudomagnetic effects

Forward scattering amplitude ~ f = A+ B(a-1I) + C(o - k) +[D0' - (k X I)J
P-odd T-even T-odd P-odd




T-violation experiment at J-PARC NOPTREX

J-PARC P76 KEK 2018512 = o
RCNPE [ZILIL7 oy = 7 & |
RCNP, Hiroshima Univ.,, (‘T

Nagoya Univ., KEK =t
. —
NOPTREX Collaboration . i Jutan deector
Neutron Optical Parity and Time Reversal EXperiment ’ ——
' eutron j5pin er
disk chopper ﬂectors (Hefspin filt

pAgolarizer
e spin filter)

P

Indiana Univ,. Kentucky Univ.,
RCNP, Nagoya Univ.

Given by Prof. Kitaguchi




1307 " P(13La)>0.4, V>4cmx4dcmx2.8cm
La LaAlOg; BT
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—| discovery potential
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NVajor systematic effects

Dterm Do - (kX I) Three vectors : orthogonal

Neutron spin rotation in a magnetic field

Reduction of the sensitivity because of averaging

Magnetic field B,

. 4

For o4 g Neutron spin rotation per 1{T] and 1[s]

r
T T LT ~2.91 x 107 rotation/Ts

P At 2.3 [T] (La DNP exp)
p > 1 > Q and thickness of 4cm
o o . _ o
B Rotation angle : 8.1




Use of pseudomagnetic effect
Bterm B(o:I) mm) Pseudomagnetic field for neutron spins

Pseudomagnetic rotation Cancellation of the spin rotation
1\ Nuclear polarization( 50% )

T Nuclear polarization( 50% )
|

»
T L
L — L —1
/ //

ZO_, Ql > Q ZO'_, ﬂ:: ,ZO' Opposite direction
A

v v JV JV y —
JV v MJ

Interaction between a target spin and a neutron spin
LaAlO; @ H' = 0.1 [T] for 50% polarization
V. Gudkov and H. M. Shimizu, Phys. Rev. C 95 045501, 2017

Magnetic field ( 0.1[T] )

External field for the 50% polarized La target ~ 0.1 [T]
Necessity of measurements of B terms in advance




Given by Prof. Okudaira



Research organization (polarized target)

Collaboration of 7 research institutes and 6 universities

—— Hiroshima University
Kyoto University
Yamagata University
Ashikaga University
Japan Weman's University

/

KEK IPNS, KEK CSC
— KEK IMSS

Nagoya Universit
IMR(Tohoku University) — ’

PSI

A
RIKEN Nishina
RIKEN CEMS - RCNP(Osaka University)
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g Crystal growthtohoku Univ,, IMR

e

. i

A Tohoku Univ. / \ RCNP, Nagoya Univ. |

= N_agoyz_;l Univ.. Polarized target Hiroshima Un_iv., RIKEN
”2 Hiroshima Univ. Yamagata Univ., PSI

Cryogenic Active control
of relaxation
Nagoya Univ., | -@AlOs crystal Hiroshima Univ., N-BARD

| Riken, JWU, Nd doped ( DNP)
Ashikaga Univ., \pure (BF) / Hiroshima Univ.

& Hiroshima Univ, Nagoya Univ.
8 KEK, KEK CSC, RCNP
Development of Control of nuclear relaxation
Cryogenic system with aromatic molecules

RN




Summary - activity toward T-violation -

Selection of target nuclei

Measurements of k(J) 13°La, 131Xe, 81Br, 117Sn, ---

T. Okudaira, et al., Phys. Rev. C97, 034622, (2018)
J. Koga, et al., Phys. Rev. C105, 054615, (2022)

Neutron polarizer

3He spin filer
T. Okudaira, et al., NIM A977, 164301 (2020)

4 :
Polarized target
La polarization by the DNP and BF
K. Ishizaki, et al., NIM A1020, 165845 (2021)

RCNP, Nagoya, Yamagata, Tohoku IMR,
N Hiroshima, KEK CSC, etc.

)

Verification of S-P mixing model
Measurements of angular correlations in (n, y)

T. Yamamoto, et al., Phys. Rev. C101, 064624, (2020)
T. Okudaira, et al., Phys. Rev. C104, 014601, (2021)

Neutron detector
D. Schaper, et al., NIM A969, 163961 (2020)

U.S. NOPTREX
RCNP

Investigation of pseudomagnetic effects

Imaginary B term of 139La
First attempt of using polarized 13°La target
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Current states of R & D

Estimation of spin-lattice relaxation time (T;) at 0.1 Kandin 0.1 T ( RCNP )
( K. Ishizaki ,et al., NIM A V1020, 165845, 2021 )

Extrapolation with the measurement results of T, at various conditions
Assumption of electronic spin-spin reservoir (SSR)

* Necessity of optimization of
>
[Tl(o'lT’ 0.1K) = 1lh] ] Nd concentration

Observation of enhancements with the crystals grown by ourselves ( Yamagata Univ. )

Nd condition : 0.01mol% Polarization = 20 % « Establishment of our basic

DNP condition @ 2.3T, 1.3K T, > 120 min. method for the crystal growth
Long T,

Precise control of Nd concentration ( Tohoku Univ. IMR)

Establishment of precise control  Nd optimization : feasible
of 0.001 mol% level « Interesting region: < 0.01 mol%



Current status of Nd optimization

We have achieved the technological level for studying the Nd optimization.

/Crystal growth A > /Evaluation through the DNP A
Control of Nd concentration provided Simple tests at 1.3 Kin2.3T
. Tohoku Univ. IMR ) <feedback g Yamagata Univ. )
Current summary in various Nd concentration ( blue color : our crystals )
[1] : T. Maekawa, et al.,

concentration | ON | cancement [enhancement [Refaxation time | N Avies, 1o 1)
0.05 mol% 2.3T,13K  |2.7 2.7 ~ 15 min (1995) oo et
0.03 mol% [1] 2.3T, 1.5K ~ 100 > 50 ~ 80 min

0.01 mol% 2.3T,1.3K > 100 > 50 > 120 min Best results
0.003 mol% [2] |2.3T, 1.5K 1 1




Image of S-P mixing for P-violation

Initial state : |P)

exit entrance

(sIWP) Q/
S (W) ;

/ P-violating matrix element \

Initial state : |[S)

exit entrance

(s1U1s) @/ _
s W) S

/ matrix element \

Superposition of
two states



-nhancement of PNC

compound state

entrance channel

| V2t pj=312

--—— J/T?2 p-wave

Jrzt o pi=1i2

s j=1/2| vI: s-wave

(sIWlp) = > aibi (il Wlp;) ~ (W) VN 0% eV

randomness of expansion coefficients 10eV




-nhancement of T-violation

entrance channel
compound state _

exit channel




Preparation of solid polarized target

Dynamic Nuclear polarization (DNP) Operation for spin frozen
Electron polarization mmmp Nuclear spins Cooling dQWH to very low temperature( < 0.1 K)
Polarization transfer and reducing the field
A Nuclear A
spin A
Long
O é """" > O $ ------ > O $ relaxation time
in a low field
\ / Switch ~

Electron spin

Low temperature (~ 0.5 K) Very low temperature (< 0.1 K)
High magnetic field (>25T) =) Low magnetic field (<1T)

Too high for a typical beam experiment

Practical polarized target : only proton and deuteron



Relaxation process

Two major processes in a solid polarized target with high quadrupole moment

Dipole-dipole interaction
electron , Nuclear
" spin

e

‘/

thermal fluctuation
D;; : Dipole-dipole interaction

Controllable by changing the
number of electron spins

Quadrupole interaction

thermal fluctuation local charge distribution

Magnetic field

Principle axis of
quadrupole interaction
Electric field gradient

Mixing of Zeeman sublevels

Keeping the high polarization is not easy in a low magnetic field



Development of polarized La target

Metal La

/=51 A=139

Nuclear spin : [ =7/2
Magnetic moment
u=2.783ug (proton: u=2.793uz)
Quadrupole moment
Q = 0.20 [barn] (deuteron : Q = 0.00286 [barn])

Two order higher compared to deuteron

middle in whole nuclear species

First step for opening realization of new polarized target
Key device for the T-violation search with a slow neutron




Use of Nd**:LaAlO;, crystals

Perovskite structure

Paramagnetic ions for the DNP
Nds+*: LaAlO; crystal

Perovskite crystal
Partially replacement of La with Nd
Nyg: Nyg ~ 10000 :1

g-factor of Nd3*: g,, =2.12 g, = 2.68

Twining domain structure

Cubic (Pm3m) =——=  Pseudo-cubic
Phase transition at 813 [K]

LaAlO4 crystal

\
Al O T +c/4
La
*—— Y +c/6
> T~ +c/12
a
\\/
5\\ Dt -c/4
‘/.‘\4. ____________ -c/6
a = 5.3654
c=13.11A G- C/4/

AN




Advantage of crystal symmetry

Y. Takahashi, et. al., NIM A 336, 583 (1993)

Narrow ESR linewidth Magnetically equivalence Diagonalization on C; axis

Electric field gradient V,,, = 1},,,
Principle axis = C5 axis

La
Nd Hiotar = Hzeeman + Hquad
L@ﬁk@a []
Superhyperfine Equilateral triangle eQVz; (312 — I2) + Vex = Vyy _ 12)
of Al C, symmetry 4121 -1 7 Z Y
No mixing of Zeeman sublevels
High efficiency of DNP Equivalent efficiency Possibility of maintaining the polarization

for all sites in a low magnetic field



DNP of La with LaAlO, at PS

Spin transfer by SSR (Spin-Spin reservoir) (thermal mixing )
P.Hautle and M. linuma, NIM A 440, 638 (2000) Results of reanalysis

Al ( positive ) + 2.00 [mK] +61.9 %

Al ( negative ) - 1.58 [mK] -71.0 %

La ( negative) - 1.72 [mK] -49.8 %
« Sample:

e Size: 15x15x4 [mm]
« (Concentration of Nd :0.03 mol%
« Condition:B=235T, T<0.3K

Possibility of realizing a practical polarized target
Necessity of studies on the relaxation in a low field( ~ 0.1 [T] )



Measurements of relaxation time at RCNP

( K. Ishizaki ,et al., NIM A V1020, 165845, 2021 )

Purpose

Measurements at various conditions

Estimation at 0.1 T, 0.1 K based on the results

Measured crystal

e 1.5cmX1.5cmX1.5¢cm

« Nd concentration :
« Direction of magnetic field : parallel to C5 axis

0.03mol%

Measurement conditions

Use of thermal NMR signals without the DNP

Oct. — Dec. / 2019

0.5K (5.0 T)

. Project research in RCNP ( 2018/4 — 2022/3 )
e COREnet proposal in RCNP ( 2020/4 — 2022/3 )

Refrigerator (17T, 10mK) (DRS2500)

\‘.-u

0.5K (0.5,1.0,25T)

Mar. — Apr. / 2020

0.5K (0.5,1.0,2.5T)
0.1K (0.75 T)

1.5K (1.0,2.0T)




Output [V]

Thermal NMR spectra ot La

Condition : 5 [T], 0.5[K] Tuned frequency : 28.04 [MHz] /Zeeman system

25 x107° | | -
20 (a) Absorptive -3 / IZ _ 7/2\
4

ny
15 RN
10 1 2\ Twin 1 l ETWinz | 5 s
” - i Akl 1 | Peak 1
5P il e [ =—3/2
S wT: 15153 41@ ,,,,,, 3 — 7 R ¥ S S—y R Peak 2 I s
;1;): ~~~~~~~~~~~~~ Magnetic Field [T] z = —

Peak 3

I,=+1/2

Output [V]

Peak 4

I,=+3/2
Peak 5

I,=+5/2

el Wkl
A T A L T iRl R R
— 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 :
107065 4655 466 406065 467 4675 K I,=+7/ 2/

Magnetic Field [T]




Thermal NMR spectra ot Al

Condition : 2.5 [T], 0.5[K] Tuned frequency : 28.2 [MHz]

-0.28
4 4 (a) 0.5 K, Dispersive
03 /"ll A .|| I / i IZ — 5/2\
3 AT '
20.32 r L '-' Feasd
! ' | I,=—-3/2
-0.34 II". ||‘|'l A IJF‘“ A ‘
_ Y o Peak 2
% 0.36 L | I, =-1/2
E _____________ L e s e A
N . Peak 5
§ 0.34 =(b) 0.5 K, Absorptive @ 5 peaks | ea Ay 1/2
-0.36 ry
4116
0.38 @3 7 | RS I,=+3/2
-0.4 ry
@ @ Peak 9
-0.42 Py 2! \\ v L, =+ 5/2/
2044 fumwd . RS Wi ! e

254 2542 2544 2546 2548 2.55 _
Magnetic Field [T] Peak 3, Peak 4, Peak 6, Peak 7 : from the other domain



Methods

Condition B,,|........_..

B

m

Condition B,

Buildup
Waiting Waiting
_______________________________ : .
NMR NMR
‘measurement measurement
=0 time
Decay
preparation
NMR NMR
_____________________________ measurement measurement
_________________________________ a //\
Waiting Waiting
t=0 time

Peak height [V]

Peak height [V]

o by oy

16

12

10

10E-

L § 1 l
1 1.3 2 25

Time [h]

14

La

(0.5K, 0.5T)

1.21 +0.17 [h]




-stimation of relaxation time in a low field

Assumption of relaxation process via Electric Spin-Spin reservoir (SSR)

1 1 1
— | C? ( ) (1-P) La relaxation time = Al relaxation time
T1n Hé Tiss |

Nd concentration

o0

Extrapolation of ratio of Tygs ;C’ 6§_E?X|adp§t|:)tion ot r
r(Bo,T) = <T155(20,T)>/ <T155(1.01T,0.5K)> ] 4_
Estimation at 0.1T 0.1K z_ 0.5 [K]
[ 7,(0.17,0.1K) = 1[h] ] R
R S T - S S ¥

Magnetic Field [T]
Necessity of the optimization of Nd concentration



Current issues toward the development

1. Establishment of research environment for Nd optimization

-

-

Preparation of crystals
various Nd concentration

Provided

7

,feedback

Simple DNP tests at 1.3 K

\

J

Preparation of a test bench at RCNP

Necessity of growing crystals by ourselves
Observation of the enhancement with our grown crystals

2. Fundamental studies on a polarized target at low temperature

3. Development of cryogenic system toward the T-violation search

Studies on basic characteristics of LaAlO; at low temperature,
thermal conductivity, Kapitza resistance, etc..



Crystal growth in IMR,

Floating-Zone(FZ) method
Melting : 2100°C

Material rod

rotation

Halogen lamp

B Moving up

Halogen lamp

Elliptical mirror

Grown crystal ——» Melt

ohoku Univ.

IMR cooperative program,
No. 18G0034, 19K0081, 19G0037, 202012-CNKXX-0001,
202012-CRKEQ-0015

Mixed sample : powder of La(OH); + Al,O,

Filament of
Halogen lamps



ypical grown crystals

First crystal Nd: 0.05mol%

Dimension : Diameter 5 mm Length 40 mm

Crystalline part 40 mm

Direction of crystal axis

ESR measurements

Narrower

. 4.38G (< 6G)
<>

438+0.039[G]

Intensity [a.u.]

IiIIIIiII
3150 3155

30 3135 3140 3145
magnetic field [G]

IIIiIIII
31256 31



Simple DNP test at Yamagata Univ.

Condition : 2.336 T, 1.33 K

Apparatus : Glass dewar

e

Microwave generator
> B '\‘-h;‘
AN = <

3 Vacuum pump X | 'K | i |
e PUmMP A | S| Wave guide y{—."«_“‘lfga‘
. 1 : N =k

E

1 B % :

e . . | AT

a8 | ; |\ &
=\

Microwave: 69-71GHz, 200mW

NMR detection :
Al 25.915 MHz La 14.505 MHz



Intensity [a. u.]

~irst results with our grown crystal

First observation of the enhancement with the crystal grown by ourselves.

0.05mol% crystal
La spectrum

~ Enhancement 2.68 = (0.20 La spectrum
0.8 Magnetic Field 2.336 T —— DNP Points
- Temperature 1.33K i) — TE Points
0.6 / \
- \ _1 1
B \ / 2 < + / 2
oal i
N Jilll=tly \
u )i v’)’ T\ \w‘
0.2 h il
’e N
% b1 r” \~~~ ~
0 ) I l
-0.2— ’
: 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1
14.046 14.048 14.05 14.052 14.054 14.056
Frequency [MHz]

Enhancement = 2.68 + 0.20
Poector = 0.202 + 0.011

Intensity [a.u.]

Al spectrum Condition: 2.3 T, 1.3 K

0.002™ Enhancement 5 45 4+ 0 03 Al spectrum
~ Magnetic Field 2.336 T ﬁ Peaks —— DNP Points
so01s - Temperature 1.33K — TE Points
. ~ Peakp, [ Peake,
0.001—
0.0005 —
o
1_ 1 1 1 | 1 1 1 | 1 1 1 | | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1
25.84 2586 2588 259 2592 2594 2596  25.98
Frequency [MHz]

Enhancement = 2.45+ 0.03



Intensity [a.u.]

SBuildup & relaxation

o
o

o
N

0.5

0.4

0.3

0.2

La NMR signal

Buildup time = Relaxation time

-1/, & +1/, transition

%10~
I o B ulldupTIme = 15 04 +4. 41 [min]-
- DNP071><10—3+037><10 4la. u] L ET

Caused by the relaxat|on

0 10 20 30 40
Elapsed Time [min]

Intensity [a.u.]

o
~N

o
[e))

0.5

0.4

0.3

0.2

Condition: 2.3 T, 1.3 K

Short relaxa’uon t|me

— TE027><10—3+020><10 4a u]

0 10 20 30 40 50 60
Elapsed Time [min]



Second attempt
0.01 mol% crystal

Condition: 2.3 T, 1.3 K

Expectation of longer relaxation time

Enhancement > 14

NMR signal [a. u.]

14 f' —— 80 min < Lz
Al spectrum | TE = .
5 2.51 +
121 . £
E ++++
101 +
£ - "
& 2.0 E
81 Q + T
c prEET
o 1.5 .
6 © L Not saturated !!
| Q !
: 2 1.0 E
[ ,
21 +
-
o 0.5
0. o
L AT m"“rr-.u'w' y | | | | | |
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arget materials (DNP)

Chemically-doped Glassy materials Paramagnetic ions : Cr(V) complex

L1 A TR
/
HO---0H  H—{—{i{—0H Mg
H H H H H H H H H
Ethylene glycol Butanol Propanol
Irradiated materials Paramagnetic ions: Radicals produced by irradiation
H
|
Ay Li-H Li—D
Ammonia Lithium hydride Lithium deuteride

Flexible target size, high rate of contents

Practical target : only proton and deuteron typical P(p)>90%. p(d)>50%



DNP mechani

La Zeeman system

/CP I, = — 7/2\

oM = _5/2
\ NMR signals

Q I, =—3/2
O“.‘ I,=—1/2

)

Q% =412
QO I, = +3/2

\
\

I, =+5/2

Q000
KQCXKDQ I = +7/2/

[SIT]

Al Zeeman system

Electronic Spin-Spin reservoir
P P /O IZ=—5/2\

:BSS

-

Microwave
irradiation
Pss = Bze

IBAZ :BSS

,BZe

[ Electron Zeeman system

|

@) I,=—3/2
NMR signals
O I,=—1/2
Bai
00 L=+1/2
Q00 I = +3/2

KQXXXXL IZ=+5/2/

Spin temperature : g =1/,;




-vidence of SSR

T=1.8K B=0.8T Microwave : 24GHz, 200mW

Enhancement (Al)

40 (Xthermal)
: ] Spontaneou‘s ecovery b La transition
SIS O (. AN S N SO S - AI transition
I,=—1/21,=+4+1/2
-90 3 4 55 20 35 50 65 80 95
< - > time (min.)
Microwave ON
T 12 16 30 44 58 72 86 100

Enhancement (La)

time (min.)



Use of Nd:LaAlO, crystals

Symmetry of Perovskite structure Paramagnetic ions : neodymium
Advantage (Y. Takahashi, et. al., NIM A 336, 583 (1993) ) . 53654
« Narrow ESR linewidth : ~ 6G 0365 A/'/— ¢ _ ¥ ¢ %
- Magnetically equivalence of all La(or Nd) sites ¥ | ©la
- Diagonalization of quadrupole interaction in C5 axis 2185 A *-#‘+~\£L B v Al
® O
g-factor of Nd3+: g,, = 2.12 g, = 2.68 | Lo—mlo—+ 1 g
R 3 r.
Spin Hamiltonian A€ r-—.ﬁ!»*_\.w\.
_ _ —>. — 2 b N ‘
H hyyl -H + hD,, (17 —1(I +1)/3) ‘;}; -1 g
Y . gyromagnetic ratio (yy/2m = 0.6 kHz/G) — = i

I:Lanuclearspin (1=7/2)
D,,: quadrupole coupling constant ( D,,/2m = 0.36 MHz )
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