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Motivation
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�There is a problem with how to handle 
radioactive waste generated from nuclear 
power plants

�One of the candidates is transmutation 
processing using muon

�However, for heavy nuclei, which are the 
main fission products, there are not yet 
theoretical models and sufficient data
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(https://www8.cao.go.jp/cstp/sentan/kakushi

ntekikenkyu/yusikisha_29/siryo1.pdf)

Need more basic data for realization



Previous Research

2019/12/23 Year-end Presentation 5

�Nuclear Physics A294 (1974) 278-292   
A. Wyttenbach, P. Baertschi, S. Bajo, J. 

Hadermann, K. Junker, S. Katcoff, E. A. 
Hermes and H. S. Pruys

�arXiv:1908.06902v1 19 Aug 2019
A. Gaponenko, A. Grossheim, A. 

Hillaiet, G.M. Marshall, R.E. Mischke
and A. Olin 

	
���
��������������� 	
���
��������������



Active target
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� Test experiment we did
Attach PMT to the target CsI(Tl) crystal.
By stopping the negative muon in the crystal 
and measuring the waveform and charge directly, we can

�) detect low energy particle released after nuclear transmutation
�) identify particles and obtain energy distribution by waveform analysis
�) measure prompt γ-ray and characteristic X-ray simultaneously by 

using a Ge detector

We can analyze events from more diversified data

Identify particles and find their emission probability and enrgy distibution



Setup @ RCNP MuSIC
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Setup @ RCNP MuSIC
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Waveform Analysis
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Create and fit template waveform of muons, electrons and protons

Determine the protons emission rate and energy distribution
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Making Template
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�) Fit the 400-1500ns range of each waveform
with    f t = $%&' − )

* + ,. ..
�) Select waveforms with good χ2/ndf and    

superimposed them normalized by wave height 

�)Profile the 2D histgram

�) Do the same for each particle
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Template Waveform
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The waveform of particles with large dE/dx is 
significantly different from the muon electron waveform

Muon and electron waveforms are almost the same in this energy region



Acquisition of secondary particle waveform
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Remove the incident muon waveform from the double-pulse event 
and make it a secondary particle-only waveform
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Particle Identification by Waveform Analysis
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Define R = Q1/Q2   
R∝ adcpeak if the template and waveform are the same
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Check the correction between pulse height and R
by fitting all residual waveforms with muon template



Particle Identification by Waveform Analysis
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Particle Identification by Waveform Analysis
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This method makes it difficult to distiguish between proton and muon(also e,γ)



Particle Identification by Waveform Analysis

2019/12/23 Year-end Presentation 16

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
fit_Amp

0.2-

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6Q

scat2
Entries  27255
Mean x  0.04413
Mean y  0.1609
Std Dev x  0.04778
Std Dev y  0.1735

0

50

100

150

200

250

300

350

400

scat2
Entries  27255
Mean x  0.04413
Mean y  0.1609
Std Dev x  0.04778
Std Dev y  0.1735

scatμ- 60MeV/c

0 200 400 600 800 1000 1200 1400 1600
1.4285*Iteration$

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

w
av
ef
or
m
[0
][0
]

waveform[0][0]:1.4285*Iteration$Selected residual waveform

Time[ns]

Vo
lta

ge
[V

]

template of proton

This waveform has a sharper rise than the proton waveform and decays faster



The relationship between dE/dx and waveform
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�Phys. Rev. Applied 7,014007(2017)
X. Lu, S. Gridin, and R. T. Williams

Particle with larger dE/dx than proton

When dE/dx is small When dE/dx is large

Deuteron??



Deuteron??
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Number of muon capture events 1627479
Emission probability of deuteron ≈ 6×10&'

Time cut correction ≈0.4
Expected number of events 390

The number of events is 
not significantly different from expected

I will identify from the relationship 
between waveform and dE/dx
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Summary
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• Muon transmutation is considered as one of the new disposal methods of 

radioactive waste, and collection of basic data is urgently required for its 

realization.

• As a new approach to nuclear reaction research, we are considering a 

research method using active target that can also observe low energy 

emission particles directly.

• A test experiment using CsI(Tl) crystal as an active target was performed 

with RCNP MuSIC M1 beamline.

• As a result of waveform analysis, deuteron-like particle can be separated.

• In the future, we will investigate the usefulness of the active target by 

conducting waveform analysis and wave height analysis and 

comprehensively comparing with results of Ge detector.
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Back up
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