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• Measure κ J 	using (𝑛, 𝛾) resonance spectroscopy
• Almost no data on κ J 	before NOPTREX
• Ongoing measurements using ANNRI Ge detector 

array at J-PARC

2 Gudkov, Phys. Rep. 212 77 (1992) 

Enhancement of T-odd effects
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κ J  Spin Factor
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𝐽 = ℓ + 𝑠 + 𝐼

𝑗 𝑆 channel spinn entrance spin

total angular 
momenta

n spin nuclear spinorbit

ℓ = 0,1 S = 𝐼 ± 1/2

P-odd ⇒ s-wave and p-wave 
interference 

T-odd ⇒ channel spin S 
interference

⇓ ⇓

V. Gudkov and H. Shimizu, Phys. Rev. C 97, 065502 (2018)4

𝐽 = 𝑗 + 𝐼 𝐽 = ℓ + 𝑆
⇓ ⇓
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entrance channel compound state

p-wave

s-wave
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P

P-odd ⇒ s-wave and p-wave interference

states with different ℓ 
but same  𝐽 = 𝐼 + !

"
, 𝑗 = 1/2

V. Gudkov and H. Shimizu, Phys. Rev. C 97, 065502 (2018)5
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#

V. Gudkov and H. Shimizu, Phys. Rev. C 97, 065502 (2018)6

recoupling angular 
momentum
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withratio of differences in 
total neutron cross section 

V. Gudkov and H. Shimizu, Phys. Rev. C 97, 065502 (2018)7
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can be measured in (𝑛, 𝛾)
⟹

can reparametrize in terms
of j=1/2, 3/2 mixing angle

𝐽 = 𝐼 + 1/2 corresponds 
to the p-wave resonance

V. Gudkov and H. Shimizu, Phys. Rev. C 97, 065502 (2018)8



9

ANNRI Data
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ANNRI Detector at JPARC
• High-Purity Germanium Detectors (HPGE)

• 14 vertical detectors (Type-A)
• 8 horizontal detectors (Type-B)

• Bismuth Germinate (BGO)

• 20 crystals surrounding HPGE detectors 
• Summed into 4 channels

• Increased JPARC power to 830 kW

10 T. Okudaira et al., Phys, Rev. C 97, 034622 (2018).
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Raw HPGE Data
• CAEN v1724 100-MHz 14-bit ADC 

• Gamma ray events are converted from pulse 
shape to 

• Pulse height
• Time-of-flight

• Overlapping event are flagged as pile-up 
events 

• Coincidence, timestamp, and trigger number 
also recorded
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Raw Data Example
• Rows are single detector events
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Analysis Using RDataFrame
• Similar to popular frameworks like 

Pandas/Dask 

• Can work with data sets larger than 
memory

• Allows multi-threading

• Lazy actions reduce number of event 
loops in computation graph

• JIT compiled C++ in PyROOT
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Analysis Using RDataFrame
• Similar to popular frameworks like 

Pandas/Dask 

• Can work with data sets larger than 
memory

• Allows multi-threading

• Lazy actions reduce number of event 
loops in computation graph

• JIT compiled C++ in PyROOT
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RDataFrame Example
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RDataFrame Example

JIT compiled C++
expression

event loop is 
executed here

fill histogram with 
given column (lazy)

define and Filter are 
lazy actions

using PyROOT

easy parallelism
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RDataFrame Example

JIT compiled C++
expression

event loop is 
executed here

fill histogram with 
given column (lazy)

define and Filter are 
lazy actions

using PyROOT

easy parallelism
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Why RDataFrame?

• Enables interactive and idiomatic large-
scale distributed data analysis

• Python API (PyROOT) with C++ event 
loop 

• Short learning-curve: 
- No TTreeReader + explicit event loop
- No TTRee::Draw() 

• Native multi-threading
• Scalable with cluster backends such as 

Spark, Dask, …

… 

Front-End
Back-End

Cloud

RDataFrame 
computation 

graph
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κ J  Measurement & 
Analysis Method
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• κ J  related to 𝑎! via 𝜙
• Measured using unpolarized 

neutrons and target 
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!#$La(𝑛, 𝛾) data
example
 

T. Okudaira et al., Phys, Rev. C 97, 034622 (2018).
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Measure a lower/higher asymmetry on p-
wave resonance

A%& has correlation with cos 𝜃' 

Can extract values for A, B from fit

22 T. Okudaira et al., Phys, Rev. C 97, 034622 (2018).
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can show 

from fit

from resonance 
parameters

can solve for x and y 
giving two solutions!
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• Measured in !#$La 0.73 eV p-wave

• κ J 	~0.53
• The first measurement of κ J  ever

24 T. Okudaira et al., Phys, Rev. C 97, 034622 (2018).

𝑥 = 𝑐𝑜𝑠𝜙, y = 𝑠𝑖𝑛𝜙
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127I and 111Cd a1 
measurements 
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Targets

• NaI
• 10 mmt, 24 mmφ
• 20 mmt self-filter

• natCd
• 2 mmt
• 4 mmt self-filter
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127I resonances 

largest PV 
asymmetry
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Self-Filter
• used upstream self-filters to reduce pileup from nearby s-waves

NaI natCd



INDIANA UNIVERSITY BLOOMINGTON29

127I Beam Intensity with Self-Filter

• Measure beam intensity 
using natBo target

• Can clearly see drop in 
intensity from self-filter 
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NaI Interesting Features

known p-wave 
24.2 eV

unknown
p-wave?

unknown
feature

absorbed 
s-waves

Discovery still possible! 
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highest energy decays with 
known final state spins F

SEDE

γ-ray 
from 
excited 
!"#I

Difficult to isolate decays 
from single p-wave resonance 
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SEDE

γ-ray 
from 
excited 
!"#I

gate on suspected
𝛾-rays from p-wave 

Gate on suspected full 
absorption and single escape 
peaks for ALH analysis

Gate is wide to capture 𝛾-rays 
responsible 
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0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8
γθcos

0.15−

0.1−

0.05−

0

0.05

0.1

LHA

 / ndf 2χ  1.691 / 4
p0        0.04396± 0.08749 
p1        0.02531±05 −4.743e− 

 / ndf 2χ  1.691 / 4
p0        0.04396± 0.08749 
p1        0.02531±05 −4.743e− 

I 13.6 eV p-wave127
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nuclei Resonance energy
(eV) ALH slope AL (%)

111Cd 4.5 0.04627 ± 0.07446 1.3 ± 0.4
117I 7.4 0.02724 ± 0.05476 0.13 ± 0.14

117I 10.35 0.02845 ± 0.02671 -0.005 ± 0.0.03
117I 13.6 0.08749 ± 0.04396 0.01 ± 0.04
117I 22.2 0.11350 ± 0.05768 unmeasured
117I 24.2 0.07808 ± 0.05999 1.65 ± 0.16

ALH Summary
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PV-Search at JPARC
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• Unmeasured range 140<A<180 with 
nonzero spin

- 169Tm, I=1/2 (100%), DNP possible in a 
diamagnetic salt 

- 171Yb, I=1/2 (14.1%), has been hyperpolarized 
- 149Sm, 151Eu, 167Er, and 165Ho polarizable 

• Many unmeasured nuclei → just one 
discovery is meaningful!

Search for Parity Violation in Unmeasured 
Heavy Nuclei

level spacing 
too large to 
find ~1eV p-

wave 
resonances
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- 171Yb, I=1/2 (14.1%), has been hyperpolarized 
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Original Plan

• Original plan was to use NaI array 
or pure CsI in current mode on 
BL04

• Could not use to to space 
constrains and necessity for large 
spin-transport coils

• Decided to use existing HPGe 
array instead  
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PV Search Experiential Setup

• 3He spin-filter gives net longitudinal polarization of neutrons
• Measure gammas and transmission through target
• Can also easily measure a1

source 3He spin-filter ANNRI Ge Array 6Li, 7Li detectors
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lower cluster

upper cluster

spin-transport

3He spin-filter
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target location

Spin-transport

neutron shielding
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Thank you!
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BL04 Long-Term Plans



𝐧

in-situ $He

NaI 
detector

6Li, 7Li 
detectors

BL04 Layout

polarized proton 
spin-filter

Hope to install various upstream spin-
filters to cover large energy range

ANNRI Ge 
array



BL04 Experimental Area 2
(downstream) NaI det

Target 
location

Large sized NaI detectors for higher 
energy cross-section measurements  

Neutron 
shielding
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Backup Slides
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Cd 4.5 eV p-wave111
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I 7.4 eV p-wave127
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I 10.35 eV p-wave127
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127I 24.2 eV p-wave
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𝟑𝐇𝐞 Spin-Filter

• Polarized #He has a large spin 
dependent cross-section 

• Effective for meV to eV neutron 
energies

• Polarize 3He with Spin 
Exchange Optical Pumping

unpolarized
neutrons

polarized
neutrons

polarized
	#He

59
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Spin Exchange Optical Pumping

• Use SEOP to polarize #He gas cell

• Optically pump Rb vapor with 795 nm 
laser
- Uniform holding field B$
- Photons with circular polarization transfer 

spin angular momentum to Rb electrons
• Rb electrons exchange spin with #He 

atoms upon collision

60

(T.R. Gentile et al. 2017)
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energy

61
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κ J  Measurement & 
Analysis cont.
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rotationally invariant and 
independent terms in 𝑛, 𝛾  
differential cross section for 
unpolarized neutrons

𝑎", 𝑎% can be decomposed into 
functions of x and y
with 𝑎$," ≫ 𝑎% 

63 T. Okudaira et al., Phys, Rev. C 97, 034622 (2018).
Okudaira Takuyu. PhD. thesis, 2018.
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define (F𝑎(,!,#)*,+ the weighted 
average for lower and higher 
sides of the resonance 

64

dispersive shape as a function of 
neutron energy near the p-wave 
resonance

T. Okudaira et al., Phys, Rev. C 97, 034622 (2018).
Okudaira Takuyu. PhD. thesis, 2018.
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Lower and higher 𝛾-ray	count	in	𝑑,- 
detector
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ignoring 𝑎%, lower higher 
asymmetry for the 𝑑'( 
detector can be written as

("𝑎!)",$ are linear 
combinations of x and y

comparing to 
measured A%& 

66 T. Okudaira et al., Phys, Rev. C 97, 034622 (2018).

Can solve for x and y (or 𝜙) 
giving two solutions!

from A%& vs. cos 𝜃'  fit

from resonance 
parameters


