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Why is there far more matter than antimatter?

Sakharov conditions


・Baryon number violation

・Departure from thermal equilibrium

・C, CP Violation

One solution : 

“existence of unknown CP-violation”

Observation

nb/nγ = 0.61 ± 0.02 × 10−9

Standard theory cannot explain the matter-dominated universe.

There must be CP-violation somewhere .

nb/nγ = 10−18

Standard Model

Baryon number density

Photon number density

CMB

We Search for Unknown CP-violation 

  through the T-violation search

Using compound nuclear resonance.
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P-violation measurements

Polarized Proton
(15 MeV)

Proton In nucleon-nucleon scattering, P-violation is ≃ 10−7

= − (1.7 ± 0.8) × 10−7

P-P scattering
Helicity dependence of cross section

Compound nuclear reaction with a Neutron

Helicity dependence of cross section at  nuclear139La

= − (0.97 ± 0.03) × 10−1

In Compound nuclear resonance, P-violation is ≃ 10−1
139LaPolarized Neutron

(0.74 eV)

In compound nuclear resonance, 

        the amplification is ~ ,

                    compare with P-P scattering.

106Using  Nuclear resonance
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f = A′￼+ B′￼ ̂σ ⋅ ̂I + C′￼ ̂σ ⋅ ̂k + D′￼ ̂σ ⋅ ( ̂I × ̂k)

Spin Independent

P-even, T-even

Spin Dependent

P-even, T-even

Forward scattering amplitude in the Compound nuclear resonance

T-violation

P-odd, T-odd

P-violation

P-odd, T-even
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C’x

yZ

k̂
̂σ+

̂σ−

̂σ ⋅ ̂kP-odd

f = A′￼+ B′￼ ̂σ ⋅ ̂I + C′￼ ̂σ ⋅ ̂k + D′￼ ̂σ ⋅ ( ̂I × ̂k)

Spin Independent

P-even, T-even

Spin Dependent

P-even, T-even

P-violation

P-odd, T-even

Discover T-violation

Forward scattering amplitude in the Compound nuclear resonance

T-violation

P-odd, T-odd

Difference in P-odd cross section 

between Up and Down spin.

Measure :

 (neutron spins)

Helicity dependence of cross section at  nuclear139La

= − (0.97 ± 0.03) × 10−1

In Compound nuclear resonance, P-violation is ≃ 10−1
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Time reversalT
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k̂
̂σ+

̂σ−
D’ ̂I

̂σ ⋅ ( ̂I × ̂k)T-odd

f = A′￼+ B′￼ ̂σ ⋅ ̂I + C′￼ ̂σ ⋅ ̂k + D′￼ ̂σ ⋅ ( ̂I × ̂k)

Spin Independent

P-even, T-even

Spin Dependent

P-even, T-even T-violation


P-odd, T-odd

Difference in T-odd cross section 

between Up and Down spin.

Discover T-violation
Measure :

 (neutron spins)

Forward scattering amplitude in the Compound nuclear resonance

P-violation

P-odd, T-even

Time reversal converting is only neutron spin flip
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B’
7

Forward scattering amplitude in the Compound nuclear resonance

x

y
Z

̂Îσ+

̂σ−
θ

̂σ ⋅ ̂IP-odd

Pseudo-magnetic field

rotation

Largest systematics error of the T-violation search. 

f = A′￼+ B′￼ ̂σ ⋅ ̂I + C′￼ ̂σ ⋅ ̂k + D′￼ ̂σ ⋅ ( ̂I × ̂k)

Spin Independent

P-even, T-even

Spin Dependent

P-even, T-even

P-violation

P-odd, T-even

T-violation

P-odd, T-odd
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Polarized targetPolarized Neutron

̂I
k̂

̂σ+

̂σ−

Pseudomagnetism

Pseudo-magnetic field

rotation

V.Gudkov and H.M.Shimizu, pays. Rev. C95 045501 (2017) 

Rotating neutron spin

Pseudo-magnetic field effect
created by interaction with the nuclear potential of the target

θ(transmitted through the sample)

Magnitude of the external field

  Magnitude of the pseudo magnetic field at the  crystal≃ LaAlO3

Cancellation of the pseudo magnetic field with the target nucleus

Polarization of 　139La

50%  →  0.1   [T]
100%  →  0.23 [T]

Solutions

Future experimental design of T-violation search at low field (0.1 T )

Cancel pseudomagnetic field

̂I

θ ≃ 0
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Setup image and Developments

DNP Target

Neutron

detector

Neutron Polarizer
Neutron Analyzer

Disc chopper

Neutron collimator

Install Image

T-violation search at  J-PARC

Polarized La targetPolarized Neutron

̂I
k̂

̂σ+

̂σ−

Tokai, Ibaraki Pref. in Japan

Developments

Growing crystals
multiple 

DevelopmentHyper Polarization

Japan

DNP Target

0.74 eV
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・Achievement of the high polarization by the DNP

・Quadrupole interaction diagonalized on  axisC3

LaAlO3 crystal (Nd3+ doped)

(P. Hautle, M. Iinuma, 2000, NIM A)

Polarize Target

Merit

139La
Spin 7/2I =
Attic number  57

High Natural Abundance 99.91 %

One of the plan 

Condition of the polarized target  → 0.1 K, 0.1 T

            　・ Canceling the pseudo magnetic field

C3 AxisLa

Al

O

𝑎 = 5.365Å
𝑐 = 13.11ÅPerovskite / Pseudo Cubic

LaAlO3 crystal structure

・ Spin frozen for a long relaxation time.

・Increase of doping amount Nd 

                       → Higher efficient polarization transfer

                       →Strong spin-lattice relaxation
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Estimation of the Relaxation Time at 0.1 [T]

T1 measurement at the Al nuclei in the  crystal LaAlO3
Nd conc. : 0.03 mol %

(15 mm cubic)

15 mm

700 mm

mixing camber

to sample

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

La relaxation time   Al relaxation time≅

Measurement conditions

La Al

Oct. – Dec. / 2019 0.5K (5.0 T) 0.5K ( 0.5, 1.0, 2.5 T )
Mar. – Apr. / 2020
 0.5K (0.5, 1.0, 2.5 T)


0.1K (0.75 T)
1.5K (1.0, 2.0 T)

Use of thermal NMR signals without the DNP

Nd Conc.

[mol %]


( Temp. , Mag. Field )

( [K], [T] ) — — Relaxation Time 


at 0.1 T, 0.1 K

0.03 (0.1 K, 0.1 T) — — ー

Result : La nuclear similary,    >  1 [hour] T1 Not Good for use as a target

T1 > 60 min

K.Ishizakietal., Nucl. Instr. and Meth. A 1020(2021)165845. 



“Workshop on Polarized Source Target and Polarimetry 2022 (PSTP2022)”, Sept. 26 - 30

“Development of a polarized La target for the T-violation search with slow neutrons”


Ikuo IDE,  Nagoya University, ΦLab page 12

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

1
𝑇1𝑛

∝ 𝐶2 1
𝐻2

0 ( 1
𝑇1𝑆𝑆 )(1 − 𝑃2

0) La relaxation time   Al relaxation time≅

Extrapolation of 

（Al data）

𝑟

𝑟(𝐵0,  𝑇) ≡ ( 1
𝑇1𝑆𝑆(𝐵0,  𝑇) )/( 1

𝑇1𝑆𝑆(1.0𝑇,  0.5𝐾) )
Extrapolation of ratio of 𝑇1𝑆𝑆

[h]𝑇1(0.1𝑇,  0.1𝐾) ≥ 1

Estimation at 0.1T 0.1K

0.1 [K]

0.5 [K]

Necessity of the optimization of Nd concentration

Nd concentration
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Estimation of the Relaxation Time at 0.1 [T] in RCNP, Osaka University.
T1 measurement at the Al nuclei in the  crystal LaAlO3

Nuclear Inst. and Methods in Physics Research, A 1020 (2021) 165845

Contents lists available at ScienceDirect

Nuclear Inst. andMethods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

Measurement of nuclear spin relaxation time in lanthanum aluminate for
development of polarized lanthanum target
K. Ishizaki a,<, H. Hotta a, I. Ide a, M. Iinuma b, T. Iwata c, M. Kitaguchi d, H. Kohri e,a,
D. Miura c, Y. Miyachi c, T. Ohta f, H.M. Shimizu a, H. Yoshikawa e, M. Yosoi e
a Nagoya University, Furocho, Chikusa, Nagoya, 464-8602, Japan
b Hiroshima University, Kagamiyama, Higashi-hiroshima, 739-8527, Japan
c Yamagata University, Koshirakawa, Yamagata 990-8560, Japan
d KMI, Nagoya University, Furocho, Chikusa, Nagoya, 464-8602, Japan
e Research Center for Nuclear Physics, Osaka University, Ibaraki, Osaka, 567-0047, Japan
f The University of Tokyo Hospital, Hongo, Bunkyo, Tokyo, 113-8655, Japan

A R T I C L E I N F O

Keywords:
Solid polarized target
NMR
T-violation

A B S T R A C T

The nuclear spin–lattice relaxation time (T1) of lanthanum and aluminum nuclei in a single crystal of lanthanum
aluminate doped with neodymium ions is studied to estimate the feasibility of the dynamically polarized
lanthanum target applicable to beam experiments. The application of our interest is the study of fundamental
discrete symmetries in the spin optics of epithermal neutrons. This study requires a highly flexible choice of the
applied magnetic field for neutron spin control and favors longer T1 under lower magnetic field and at higher
temperature. The T1 of 139La and 27Al was measured under magnetic fields of 0.5–2.5 T and at temperatures
of 0.1–1.5 K and found widely distributed up to 100 h. The result suggests that the T1 can be as long as
T1 Ì 1 h at 0.1 K with a magnetic field of 0.1 T, which partially fulfills the requirement of the neutron beam
experiment. Possible improvements to achieve a longer T1 are discussed.

1. Introduction

The feasibility of the polarized nuclear target of 139La is explored
for the study of the spin-related correlation terms in compound nuclear
states induced by polarized epithermal neutrons, which introduces
an enhanced sensitivity to the breaking of spatial and time-reversal
symmetries. Enhanced parity-nonconservation (PNC) effects are ob-
served in the compound resonances of medium heavy nuclei and the
enhancement factor reaches 106 compared with the PNC effect in the
nucleon–nucleon interaction [1,2]. The enhancement mechanism is
further studied for 139La by observing the neutron spin dependence
and angular distribution of �-rays in the reaction 139La(n, �)140La. These
studies are conducted to quantitatively estimate the possible enhance-
ment of the time-reversal violation (T-violation) in the optical behavior
of the neutron spin on transmission through a polarized target [3–5].

To polarize the nuclear spins of 139La, two well-known techniques,
static nuclear polarization (SNP), and dynamic nuclear polarization
(DNP), are applicable. In SNP, preparing an environment of a huge
magnetic field and an ultra-low temperature makes it possible to obtain
high nuclear polarization in thermal equilibrium. In the case of a hy-
drogen deuteride (HD) target [6–8], for example, the nuclear relaxation
time is approximately a few hours before the aging of the HD target

< Corresponding author.
E-mail address: ishizaki@phi.phys.nagoya-u.ac.jp (K. Ishizaki).

and longer than several months after aging. This is a special case
because, generally, SNP requires a long aging time to achieve high
thermal polarization. In the case of 139La, a magnetic field of 17 T
and temperature of 0.01 K can provide a polarization of approximately
59%. One candidate target for the beam experiments is a metal target,
which has been used in some beam experiments [9–11], because metal
targets have a considerably shorter relaxation time than the insulating
materials. However, keeping high polarization under a low external
magnetic field is difficult during the beam experiments.

The dynamic nuclear polarization (DNP) is a method to dynamically
polarize nuclei by transferring the polarization of the paramagnetic cen-
ters to the nuclear polarization via a double spin-flip process induced
by microwave irradiation, and it is appropriate to fulfill the require-
ments of the T-violation experiment. Lanthanum aluminate doped with
neodymium ions La1*xNd3+x AlO3 has been studied as the candidate
material for the polarized lanthanum target after the dynamical en-
hancement of 139La and 27Al was successfully observed at the Paul
Scherrer Institute (PSI). The achieved polarization was approximately
50% in the 139La spin (I = 7/2) with the dopant content of 0.03 mol%
(x = 3 ù 10*4) at a magnetic field of 2.35 T and a temperature lower
than 0.3 K [12]. The LaAlO3 has an additional advantage that the 139La

https://doi.org/10.1016/j.nima.2021.165845
Received 10 June 2021; Received in revised form 15 September 2021; Accepted 22 September 2021
Available online 28 September 2021
0168-9002/© 2021 Elsevier B.V. All rights reserved.
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La spectrum

DNP Points

TE Points

Summary of past experiments

Nd Conc.

[mol %]


( Temp. , Mag. Field )

( [K], [T] )

Polarization

[%]

Relaxation Time

[min]

Relaxation Time 

at 0.1 T, 0.1 K

0.3 (1.5 K, 2.3 T) small ー ー

0.05 (1.3 K, 2.3 T) 0.2% 15 min

0.03
(1.5 K, 2.3 T)

20% 82 min

0.003 ー ー ー

Measurement of polarization and relaxation time of  nuclei (in ) hyperpolarized by DNP139La Nd3+: LaAlO3 Crystal

・Best Nd concentration: 0.03 mol% (0.3, 0.03, 0.003 mol %)

・0.03 mol %  has Higher Polarization and longer Relaxation-time than 0.05 mol %

→ The appropriate amount of Nd concentration needs further study at lower Nd concentrations.

Don’t Grow

by Nagoya

Crystal

was Grown

by Nagoya

T1 > 60 min

Required : Technique to control Nd concentration in the order of 0.001 mol %
→Growing crystals with different Nd concentrations
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Growing LaAlO3 Crystal (Doped Nd ion)

 - Floating-Zone Method-

Φ 4 mm

40 mm

Grown crystals

FZ Growing Machine

Ellipsoid mirror

Pull up

Halogen

ramp

Floating

Zone

Method
1. Condense light on the melting region 


using an ellipsoidal mirror, 

and melt raw material.


2. The crystals are pulled up while rotating, 

and cooled.

Melting

Temperature ~ 2400 K

Successful 
preparation of some crystals

with different Nd concentration
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マイクロ波導波管

ガラスCRYOSTAT
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DNP Experiment at Yamagata Univ. (2022.03)

Sample Information

Nd3+ : LaAlO3 Crystal

Sample size  :  Cylinder (φ4 × 5 mm)

 conc.  :  0.01 mol %Nd3+

grown by Nagoya

5 mm

4 mm

M.W.

Guide tube

Pumping out LHe4

Glass

Dewar

5 mmn = 8

 4 mm
 34 mmϕ

 1
00

0 
m

m

Sample
Filling L4He

sample box Microwave
Freq. ~70 GHz
Power 200 mW

Temperature ~1.3 K

Detail of mount method

He  pumping the refrigerator (glass Dewar)4

Continuous running time ~5 [h]
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DNP Experiment at Yamagata Univ. (2022.03)

Sample Information

Nd3+ : LaAlO3 Crystal

Sample size  :  Cylinder (φ4 × 5 mm)

 conc.  :  0.01 mol %Nd3+

grown by Nagoya

5 mm

4 mm

5 mmn = 8

 4 mm
 34 mmϕ

 1
00

0 
m

m

Sample
Filling L4He

sample box Microwave
Freq. ~70 GHz
Power 200 mW

Temperature ~1.3 K

Detail of mount method

Magnetic field : 2.336 T
NMR Frequency : 14.505 MHz

Temperature : 1.33   K
Experiment Condition

[1] Polarization of  nucleus139La

Measurement details

[2] Buildup Time of  nucleus139La

Positive Polarization by DNP
Measures all NMR peaks of La nucleus (= 7 peaks) 

Estimates relaxation time from BuildupTime

M. W. Frequency : 69.435 GHz

He  pumping the refrigerator (glass Dewar)4
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Conditions : B = 2.336 [T],

                      T = 1.33.  [K]

M.W. Freq. : 69.435 [GHz]

La

M.W. Irradiation Time :  2.5 [h]

[1] Polarization of  nucleus139La

Positive Polarization by DNP

Measures all NMR peaks of La nucleus (= 7 peaks) 

Result

couldn't measure TE spectrum

measured DNP spectrum

→ impossible to conduct experiments

　　　　for a long time due to lack of LHe

→ TE signal Intensity is Small.

Monitors only the Center Peak growing by microwave (DNP)

→ Measure Build-up Time.

Result
Polarization : 19.7  2.6 [%]±

~ 700 kHz



14.03 14.035 14.04 14.045 14.05 14.055 14.06 14.065 14.07

0.02−

0

0.02

0.04

0.06

0.08

0.1

0.12
La spectrum

DNP Points
TE Points

14.03 14.035 14.04 14.045 14.05 14.055 14.06 14.065 14.07

0.02−

0

0.02

0.04

0.06

0.08

0.1

0.12
La spectrum

DNP Points
TE Points

14.03 14.035 14.04 14.045 14.05 14.055 14.06 14.065 14.07

0.02−

0

0.02

0.04

0.06

0.08

0.1

0.12
La spectrum

DNP Points
TE Points

14.03 14.035 14.04 14.045 14.05 14.055 14.06 14.065 14.07

0.02−

0

0.02

0.04

0.06

0.08

0.1

0.12
La spectrum

DNP Points
TE Points

page

“Workshop on Polarized Source Target and Polarimetry 2022 (PSTP2022)”, Sept. 26 - 30

“Development of a polarized La target for the T-violation search with slow neutrons”


Ikuo IDE,  Nagoya University, ΦLab

0 0.5 1 1.5 2 2.5
Elapsid Time [h]

0

1

2

3

4

5

6

7

8

En
ha

nc
em

en
t o

f t
he

 c
en

te
r p

ea
k 

(*
th

er
m

al
) [

a.
u.

]

19

Positive Polarization

Tbuild up

Only Center Peak ( 　　　)

= 2.13 ± 0.23 [hour]

La

Estimates polarization relaxation time from BuildupTime

 = 2.13 ± 0.23 [hour]Tbuild up

Build up rate 1/Tb Relaxation rate 1/Tr

・Bare growth rate

Tb Tr

・Attenuation rate ・Attenuation rate

 = 2.13 ± 0.23 [hour]Trelaxation > Tbuild up

…Relaxation Time could not be measured.
For time and other reasons.

Elapsed Time 
buildup rate   >  relaxation rate

Build up rate : 1/Tb

Relaxation rate : 1/Tr : ~ 2.5 h

1
2

↔ −
1
2

[2] Buildup Time of  nucleus139La
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M.W. Irradiation Time
Polarization : ~ 20 %
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La spectrum

DNP Points

TE Points

Summary of past experiments

Measurement of polarization and relaxation time of  nuclei (in ) hyperpolarized by DNP139La Nd3+: LaAlO3 Crystal

Nd Conc.

[mol %]


Polarization

[%]

Relaxation Time

[min]

Date of measurement

0.3 small ー Kyoto Univ.

0.05 0.2% 15 min 2021 at Yamagata Univ.

(Nagoya Univ.)

0.03 20% 82 min Kyoto Univ.

0.01 2022 at Yamagata Univ.

(Nagoya Univ.)

0.003 ー ー Kyoto Univ.

This talk!

Don’t

made by Nagoya

Crystal

made by Nagoya

T1 > ~120 minP > ~20%
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Summary

・Nd :LaAlO  Crystal is a strong candidate for La polarization.

　　Best Nd  concentration: around 0.01 mol% 

3+
3

3+

・  Polarization ( Nd3+ concentrations of 0.01 mol % )  reached ~19.7 ± 2.6 %.

・  Estimated nuclear relaxation time T1 from BuildupTime, longer than 2 hours.
・  Buildup Time by DNP was measured as ~2 hours.

   DNP Experiment @ Yamagata Univ.

@ B = 2.335 T ,  T = 1.3 KNd :LaAlO  Crystal ( Nd : 0.01 mol %)3+
3

Future Plan
・More accurate measurement of T1 at 0.01 mol %.

・T-violation search (NOPTREX) require highly polarized target crystals with long relaxation times.

・Need to more Study the effect T1 & Polarization by Nd concentration .
・More dilute Nd conc. than 0.01 mol %

・confirm that the grown crystals (Nd Conc. 0.03 mol %) are consistent with the previous experiments.

・Growing large crystals

・  not saturated polarization
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Statistics required for T-violation search @ J-PARC
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Discovery potential

corresponding to nEDM (  = 3.0 )dn × 10−26 [e cm]

Discovery potential

corresponding to nEDM (  = 3.0 )dn × 10−27 [e cm]

Existing technology → Statistics required about 1 week.

Nuclear Polarization ~ 40 % (pusedo magnetic field )≃ 0.1 [T ]

11

時間反転非対称の探索能力
P(139La)≥0.4, V≥4cm×4cm×2.8cm
B0≤0.1T

スピン偏極度100%を仮定した場合に、新発見の可能性のある統計精度に
到達するのに必要な時間

既存技術を集約した場合、新発見の可能性のある統計精度に
到達するのに必要な時間

1−10 1 10 210

7−10

6−10

5−10

Graph

Measurement Time [day]

discovery potential 
corresponding to 
dn =3.0×10-26 e cm

discovery potential 
corresponding to 
dn =3.0×10-27 e cm

既存技術の集約

P( 3He)=70%, P( 139La)=40%

(究極技術)

P( 3He)=100%, P( 139La)=100% 

page

Title(複合核共鳴における時間反転対称性の破れの増幅効果を用いた新物理探索) 
Conf(2020年度科研費基盤Sヒアリング) 
Date(2020/06/28-29) At(WebEx) 12

まとめ

複合核状態の非対称増幅を利用して 

時間反転非対称(未発見のCP非対称( ))を通じた 

新物理探索を目指して

偏極核標的の開発、偏極核標的内のスピン輸送 

複合核状態内核子相互作用の微視的理解に取り組む

偏極核標的が開発され次第、時間反転非対称測定へ移行する

(Existing Technology)

(Ultimate Technology)

Measurement Time [day]

139La

Polarization Condition:

Nuclear Target

LaAlO3 crystal
Size

4 × 4 × 2.8 [cm]

B / T

1 = ( 0.1 [T]
100 [mK] )

Low Field

thickness
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Frequency [MHz]

[1] Polarization of  nucleus139La

Result

Spin Temperature : 3.782 mK
Polarization : 19.68  2.6 [%]±

Spin state

Maximum Polarization  ~19.6 [%]≥

Horizontal axis

　→ converted to Energy of the spin state 

                                            

Vertical axis

　→ converted to Population

Assumption of following

                              Boltzmann distribution 

Convert for the calculation 

∝ exp(−
ν

kbTs
)Fit function
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Calculation Method of the Polarization at  139La
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Result
Spin Temperature : 3.782 mK
Polarization : 19.68  2.6 [%]±

Energy Levels : Em (−Iz ≤ m ≤ + Iz)
Frequency : ν(m) = ν′￼(m) + ν0

Population : P(m) = P′￼(m) + P0
 is standard stateP0, ν0

Po
pu

la
tio

n 
[a

.u
.]

Frequency [MHz]

ν′￼m

z

∑
m=−z

νm

P′￼m

+
7
2 m

P′￼0 = 0

ν′￼0 = 0

ν−3/2

−
1
2

−
3
2

−
5
2

−
7
2

ν−5/2 ν−7/2

ν′￼+7/2 ν′￼−3/2 ν′￼−5/2 ν′￼−7/2

P′￼+7/2

P′￼−7/2
∝ exp(−

ν
kbTs

)



“Workshop on Polarized Source Target and Polarimetry 2022 (PSTP2022)”, Sept. 26 - 30

“Development of a polarized La target for the T-violation search with slow neutrons”


Ikuo IDE,  Nagoya University, ΦLab page 25

Calculation Method of the Polarization at  139La

80− 60− 40− 20− 0 20 40 6020−

10−

0

10

20

30

40

50
9−10×

 / ndf 2χ  89.65 / 5
Prob  18− 7.977e
p0       09− 2.799e±08 − 4.865e
p1        0.0005169± 0.01027 

 / ndf 2χ  89.65 / 5
Prob  18− 7.977e
p0       09− 2.799e±08 − 4.865e
p1        0.0005169± 0.01027 kbTs

−
7
2

+
7
2

−
5
2

−
3
2

+
3
2

+
5
2

−
1
2

+
1
2

∝ exp(−
ν

kbTs
)Fit function

 = 3.782 mKTS
P  = 19.68  2.6 %±New frame graph

Po
pu

la
tio

n 
[a

.u
.]

Frequency (Energy) [MHz]

Boltzmann distribution

Result
Spin Temperature : 3.782 mK
Polarization : 19.68  2.6 [%]±

Energy Levels : Em (−Iz ≤ m ≤ + Iz)
Frequency : ν(m) = ν′￼(m) + ν0

Population : P(m) = P′￼(m) + P0
 is standard stateP0, ν0

Po
pu

la
tio

n 
[a

.u
.]

Frequency [MHz]

ν′￼m

z

∑
m=−z

Pm

P′￼m

+
7
2 m

P′￼0 = 0

ν′￼0 = 0

P−3/2

−
1
2

−
3
2

−
5
2

−
7
2

ν′￼+7/2 ν′￼−3/2 ν′￼−5/2 ν′￼−7/2

P′￼+7/2

P′￼−7/2

P−5/2
P−7/2


